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Editorial on the Research Topic
 Renal Function in Acute and Chronic Kidney Diseases




INTRODUCTION

Acute and chronic kidney diseases have devastating consequences on human health. Renal vascular function, glomerular filtration, and epithelial transport are required for water and electrolyte homeostasis. Nephrotoxicity and diseases such as hypertension, diabetes, and metabolic syndrome contribute significantly to acute and chronic kidney diseases (Barnett and Cummings, 2018). These pathological states impact on renal vascular and epithelial function and the ability for the kidney to maintain water and electrolyte homeostasis. Experimental and clinical studies over the past decade determined that there is a transition from acute to chronic kidney injury (Fiorentino et al., 2018). Acute kidney injury in the clinical setting can cause sustained alterations in epithelial transport and renal hemodynamics that increase the risk for developing chronic kidney disease (Sharfuddin and Molitoris, 2011). Currently, there are extremely limited options to treat acute and chronic kidney diseases.

A Research Topic on acute and chronic kidney diseases is timely because this is a very fast-moving field that is focused on the tremendous need for kidney disease therapeutics. Articles in this Research Topic advance our understanding of organismal, cellular, and molecular mechanisms that contribute to acute and chronic kidney diseases. The Research Topic has broad interest since it covers acute kidney injury, chronic kidney disease, diabetic nephropathy, and hypertension mediated kidney disease. Research articles span cell signaling, animal studies, human and animal disease pathology studies, renal hemodynamics, glomerular filtration, and renal epithelial transport studies. Thirty contributions focus on novel developments defining renal vascular and epithelial mechanisms that contribute to acute and chronic kidney diseases.



REVIEWS

The Research Topic contains five review articles that discuss issues associated with acute and chronic kidney diseases. Macrophages and acute kidney disease are the focus of one review (Baek). Contributions to acute kidney injury for M1 pathogen destroying and inflammatory macrophages and the M2 immunosuppressive and tissue regeneration macrophages are discussed with an emphasis on the potential for therapeutic modulation (Baek). Mitochondrial fatty oxidation in acute and chronic kidney diseases that elicits tubular injury, inflammation, and fibrosis are explored in another review article (Jang et al.). Insight is provided on adenosine triphosphate (ATP) depletion, lipotoxicity, and mitochondrial energy metabolism in kidney diseases with a prospective for developing therapeutics. The theme of lipotoxicity and fibrosis in kidney diseases continues in a review article that focuses on sterol regulatory-element binding proteins (SREBPs) as mediators of kidney fibrosis via lipid-independent pathways (Dorotea et al.). Next, a mini-review examined the therapeutic potential for erythropoietin to combat renal fibrosis and chronic kidney disease (Zhang, Zhu et al.). Lastly, an opinion piece described heat strain, external workload, and chronic kidney disease in endurance athletes based in the tropical regions (Rojas-Valverde et al.). The authors advocate for more research for endurance athletes in the tropical regions to prevent chronic kidney disease in this population (Rojas-Valverde et al.). These reviews, mini-review, and opinion piece provide valuable insight on the pathology of acute kidney injury and chronic kidney disease, as well as, providing possible therapies to combat kidney diseases.



ACUTE KIDNEY INJURY

Mechanisms of acute kidney injury and potential therapeutic approaches were the emphasis of eight scientific articles in the Research Topic. The therapeutic potential for resolvin D1 to attenuate ischemia/reperfusion injury via the anaplastic lymphoma kinase/formyl-peptide receptor-2 (ALX/FPR2) pathway was demonstrated (Luan et al.). This article convincing evidence is presented that resolvin D1 protects against ischemia/reperfusion acute kidney injury by increasing regulatory T cell (Tregs) to reduce inflammation and renal tubular injury in mice (Luan et al.). Another therapeutic article described neferine, an alkaloid of the green seed of Lotus, on ischemia/reperfusion and lipopolysaccharide (LPS) induced acute kidney injury in mice (Li et al.). Pretreatment of neferine attenuated apoptosis and inflammation and increased kidney Klotho expression to mitigate acute kidney injury (Li et al.). Next, opioid regulation of rat renal epithelial cells exposed to hypoxia was evaluated (Luo et al.). This article found that δ-opioid receptor activation or inhibition regulates anti-inflammatory cytokines in renal epithelial cells exposed to hypoxia (Luo et al.). Anti-inflammatory cytokines were also the focus of a study in mice that had albumin overload induced acute kidney injury (Peruchetti et al.). The findings of this experimental study revealed that the interleukin-4 (IL-4) receptor α chain protects the kidney for albumin overload injury through modulation of the pro-inflammatory response (Peruchetti et al.). The acute kidney injury therapeutic theme continues with a study that demonstrates dexmedetomidine protects against LPS kidney injury in rats (Zhao et al.). Dexmedetomidine enhances kidney autophagy via the phosphoinositide 3-kinase/protein kinase B/mammalian target of rapamycin (PI3K/AKT/mTOR) pathway to decrease LPS induced renal damage (Zhao et al.). The attention on LPS renal injury in mice continued with an article on 15-hydroxyprostaglandin dehydrogenase (15-PGDH) treatment (Miao et al.). Inhibition of 15-PGDH with SW033291 decreased renal apoptosis, enhanced autophagy, and decreased oxidative stress rather than decreasing inflammation to reduce LPS induced acute kidney injury (Miao et al.). The last two acute kidney injury therapeutic articles utilized cisplatin-induced nephrotoxicity. The antioxidant, ferrerol was found to attenuate cisplatin induced kidney injury in mice through inhibiting reactive oxygen species-mediated oxidation, reducing inflammation, and decreasing apoptosis signaling pathways (Ma et al.). Another cisplatin-induced acute kidney injury study revealed that PTEN-induced kinase-1 (PINK1) knockout rats had ameliorated kidney damage via effects on mitochondrial fission and mitophagy (Zhou et al.). Taken together, this cadre of acute kidney injury articles provide several therapeutic targets and prospective drugs that could eventually improve outcomes in humans with acute kidney injury.



DIABETIC NEPHROPATHY

A trio of studies evaluated kidney damage associated with diabetes. The first of these experimental studies evaluated resveratrol in rabbits with diabetic nephropathy injected with the contrast dye, iohexol, to induce acute kidney injury (Wang Y. et al.). Resveratrol protected against renal injury by activating the sirtuin-1/peroxisome proliferator-activated receptor gamma coactivator 1-α/hypoxia inducible factor 1-α (SIRT1/PGC-1α/HIF-1α) signaling pathway to reduce hypoxia, mitochondrial dysfunction, and tubular cell apoptosis (Wang Y. et al.). Next, the therapeutic potential for trimetazidine in streptozotocin-induced diabetic nephropathy was evaluated (Yang et al.). Trimetazidine prevented diabetic kidney damage through anti-fibrotic and anti-oxidative stress mechanisms (Yang et al.). The last diabetic nephropathy study utilized renal tubular epithelial cells and glomerular mesangial cells in culture that were exposed to high glucose (Wang L. et al.). Metabolomics of renal epithelial and mesangial cells exposed to high glucose were compared to human plasma samples from diabetic nephropathy patients to reveal potential biomarkers for diabetic nephropathy (Wang L. et al.). Future studies are needed to further test the therapeutic approaches and validate biomarkers for diabetic nephropathy.



CHRONIC KIDNEY DISEASE

Four articles examining four different types of chronic kidney diseases are presented that tackle very different pathological aspects of chronic kidney disease. The first article tackles refining the mouse subtotal nephrectomy model to get consistent changes in chronic kidney disease (O'Sullivan et al.). Subtotal nephrectomy in male 129S2/SV mice resulted in progressive proteinuric renal disease, renal inflammation, and cardiac hypertrophy that was reliably reproducible (O'Sullivan et al.). Folic acid nephropathy and progressive fibrosis in mice was examined in response to Smad3 and c-Jun N-terminal kinase (JNK) pathway blockade (Jiang et al.). The Smad3 inhibitor, SIS3, and the JNK inhibitor, SP600125, given combined ameliorated progressive renal fibrosis through actions on PGC-1α (Jiang et al.). Bilateral ureteral obstruction and release in mice was used to determine the effects of the renin inhibitor, aliskiren (Hu et al.). This study found that aliskiren increased renal aquaporin 2 expression and suppressed NLR family pyrin domain containing 3 (NLPR3) inflammasome activation to improve the urinary concentration defect in ureteral obstruction and release (Hu et al.). Nephrogenesis disturbances induced by angiotensin type 1 (AT1) receptor blockade were the focus of the last chronic kidney disease article (Deluque et al.). Calcitriol treatment attenuated the AT1 receptor blockade altered renal microvascular differentiation (Deluque et al.). Overall, these four articles provide a snapshot of the wide variation in disease models and mechanisms that contribute to chronic kidney disease.



HYPERTENSION

Five articles in the Research Topic addressed hypertension and kidney disease. Hypertension and kidney disease in the Ren-2 transgenic rats focused on diuretic treatment (Vaněčková et al.). This study found that progressive proteinuria was lowered by combined AT1 receptor and endothelin type A (ETA) receptor blockade that was further reduced by the diuretic, hydrochlorothiazide (Vaněčková et al.). Endothelin-1 (ET-1) regulation in human proximal tubule cells was the focus of an article investigating cellular proliferation (Douma et al.). This study identified a long, non-coding RNA (lncRNA) that is an antisense for the gene that encodes ET-1 (EDN1-AS) which increases renal epithelial cell ET-1 secretion (Douma et al.). In another article, salt-sensitive hypertension and renal glomerular mitochondrial function were evaluated (Domondon et al.). Glomerular mitochondria were structurally and functionally defective in salt-sensitive hypertension rats which contributes to glomerulosclerosis (Domondon et al.). Continuing with the glomerular theme, another article assessed preglomerular arterioles in spontaneously hypertensive rats (SHR) for myogenic constriction (Nademi et al.). The findings in this study revealed that enhanced myogenic constriction of preglomerular arterioles was due to thromboxane A2 synthesis (Nademi et al.). The fifth hypertension article focused on the electrogenic Na+:[image: image] cotransporter NBCe2 (Slc4a5) in the renal epithelial cells of the connecting tubules and collecting ducts to blood pressure regulation (Barbuskaite et al.). Genetic deletion of NBCe2 resulted in net base extrusion and hypertension; however, hypertension was not observed in connecting tubule and intercalated cell NBCe2 knockout mice (Barbuskaite et al.). On the whole, these hypertension and kidney disease studies provide exciting and novel mechanisms responsible for blood pressure regulation and kidney disease progression.



CLINICAL STUDIES

A Research Topic on acute and chronic kidney diseases would not be complete without clinical studies that explore therapies. Treatment for contrast-induced acute kidney injury in hypertensive patients evaluated the calcium channel blocker amlodipine (Yin et al.). Amlodipine given prior to contrast exposure resulted in protecting a Chinese cohort of hypertensive patients from contrast-induced acute kidney injury and increased long-term survival (Yin et al.). Another article explored the risk for acute kidney injury in patients with urinary tract infections (Hsiao et al.). This study found that the urinary tract infection, urolithiasis, increased the risk for uroseptic shock and acute kidney injury (Hsiao et al.). The ability for an anti-erythropoietin antibody to predict the need for erythropoietin treatment in dialysis patients with end stage renal disease was the focus of another study (Zhang, Bian et al.). This study found that the anti-erythropoietin antibody combined with age and potassium levels prior to dialysis predicted the need and dose of erythropoietin required during maintenance dialysis (Zhang, Bian et al.). Dialysis was also the focus of a study that explored inflammation and oxidative stress (Gutiérrez-Prieto et al.). The findings of this study revealed that adults that undergo peritoneal dialysis have significant changes in inflammation, oxidative stress, and oxidative damage to DNA (Gutiérrez-Prieto et al.). The devastating disease, hepatorenal syndrome, was examined in the fifth clinical study (Abdel-Razik et al.). Type-1 hepatorenal syndrome patients with an early reduction in ET-1 to nitric oxide ratio had better outcomes when treated with terlipressin and albumin (Abdel-Razik et al.). These five clinical studies highlight advances in the treatment of acute and chronic kidney diseases and provide insight on the considerable demand for better therapies.



CONCLUSION

The Research Topic Renal Function in Acute and Chronic Kidney Diseases demonstrates emerging areas of research and clinical studies. This collection of 30 articles demonstrates that inflammation, mitochondrial dysfunction, and oxidative stress that contribute to the development and progression of renal diseases. Novel mechanisms and potential therapeutic targets are identified for acute kidney injury, hypertension induced kidney disease, diabetic nephropathy, and chronic kidney disease. Clinical studies highlighted the need for better kidney disease biomarkers and therapeutic approaches to improve kidney disease outcomes. Taken together, this Research Topic features recent advances and provides future directions for understanding renal function and treating acute and chronic kidney diseases.
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Resveratrol (Res) is a multi-functional polyphenol compound that has protective functions in acute kidney diseases. Here, we examined whether the resveratrol could ameliorate post-contrast acute kidney injury (PC–AKI) following diabetic nephropathy (DN), and explored any underlying mechanism(s) in vivo and in vitro. Twenty-four rabbits with DN were randomly divided into four groups: control (Cont), resveratrol (Res), iohexol (PC–AKI), and resveratrol plus iohexol (Res+PC–AKI) groups. Functional magnetic resonance imaging, renal histology, blood and urinary biomarkers, silent information regulator l (SIRT1), peroxisome proliferator-activated receptor gamma coactivator-1 alpha (PGC-1α), hypoxia-inducible transcription factor-1α (HIF-1α), and apoptosis-associated protein expression were assessed ex vivo. For in vitro experiments, renal tubular epithelial (HK-2) cells subjected to high glucose conditions were treated with resveratrol, Ex527, an SIRT1 inhibitor, or 2-methoxyestradiol (2-MeOE2), HIF-1α inhibitor, before treatment with iohexol. With regard to the rabbit model of acute renal injury in DN, compared to the PC–AKI group, the Res+PC–AKI group showed decreased levels of cystatin C and urinary neutrophil gelatinase-associated lipocalin, increased pure molecular diffusion (D) and the fraction of water flowing in capillaries (f ), a decreased apparent relaxation rate (R2*), renal injury score and apoptosis rate, increased protein expression levels of SIRT1 and PGC-1α, and decreased levels of HIF-1α and apoptosis-associated protein. In addition, iohexol decreased HK-2 cell survival and increased the cell apoptosis rate; results were reversed after treating cells with resveratrol. Resveratrol reduced renal hypoxia, mitochondrial dysfunction and renal tubular cell apoptosis by activating SIRT1–PGC–1α–HIF-1α signaling pathways in PC–AKI with DN.

Keywords: PC–AKI, diabetic nephropathy, SIRT1, PGC-1α, HIF-1α, apoptosis

Introduction

Post-contrast acute kidney injury (PC–AKI), described as a decrease in renal function that follows the intravascular administration of contrast medium, is one of the leading causes of hospital-acquired acute kidney injury (Takahashi et al., 2017; Van Der Molen et al., 2018). This type of injury is associated with adverse short- and long-term outcomes (Maioli et al., 2012; Chalikias et al., 2016). Overwhelming epidemiological and clinical evidence has demonstrated that diabetes mellitus may significantly contribute to the development of PC–AKI after the application of contrast medium (Tziakas et al., 2014; Chalikias et al., 2016). Therefore, the identification of new molecular target(s) has been a major focus for the prevention of PC–AKI in high-risk patients.

Silent information regulator l (SIRT1) is a nicotinamide adenine dinucleotide-dependent protein deacetylase that is the human homolog of yeast silent information regulator 2 (Xu et al., 2016; Morigi et al., 2018). Resveratrol, as a chemical SIRT1 activator, can effectively repair SIRT1 activity. Accumulated experimental evidence suggests that resveratrol may inhibit the inflammatory response and tubular apoptosis, and scavenge oxygen free radicals in cisplatin-induced nephropathy, renal ischemic/reperfusion injury and diabetic nephropathy (Kim et al., 2011; Gu et al., 2016; Xiao et al., 2016).

Recent studies have shown that resveratrol promotes the activation of peroxisome proliferator-activated receptor-gamma coactivator-1 alpha (PGC-1α), and decreases oxidative stress and apoptosis in acute renal injury. PGC-1α is a nuclear-encoded transcriptional coactivator that regulates the expression of nuclear-encoded mitochondrial proteins (Ishimoto and Inagi, 2016). As reported, the overexpression of PGC-1α produces a robust increase in mitochondrial numbers, respiratory capacity and intracellular ATP concentration in cultured proximal tubular cells, and may promote repair and recovery after hypoxia damage (Rasbach and Schnellmann, 2007). Previous studies have shown that hypoxia-inducible transcription factors (HIFs), recognized as master regulators of hypoxic adaptation, are detected during the development of PC–AKI (Rosenberger et al., 2005). Many molecular pathways are involved in the protective effects of resveratrol, but the role of the SIRT1–PGC–1α–HIF-1α pathway in PC–AKI–based diabetic nephropathy has not yet been fully described. The aim of the present study was to assess the effect of resveratrol on the development of PC–AKI in diabetic models and to provide experimental evidence for the prevention and treatment of PC–AKI.

Materials and Methods

Animals and Experimental Design

A total of 24 male white New Zealand rabbits (weighing 2.5–3.0 kg) were housed in an environment with a temperature of 22 ± 1°C, relative humidity of 50 ± 1% and a light/dark cycle of 12/12 h. All animal studies (including rabbit euthanasia) were conducted according to the China Medical University Application for Laboratory Animal Welfare and Ethical Review (201802 Edition). The protocol was approved by the Ethics Review Committee of China Medical University.

All animals were acclimatized for 7 days before the start of each experiment. Rabbits with diabetic nephropathy (DN) and renal impairment were established by a single intravenous injection of alloxan monohydrate (100 mg/kg) dissolved in 0.9% saline after 12 h of overnight fasting (Zhao et al., 2016). Furthermore, the rabbits were treated with 10% glucose solution for 24 h to get through the early stage of drug-induced hypoglycemia. Three days after alloxan injection, blood was collected and fasting blood glucose levels analyzed. A successful diabetes model was established when glucose levels were > 16.7 mmol/L (Zhao et al., 2016). Consequently, blood glucose levels were monitored once a week.

Twelve weeks after the induction of diabetic nephropathy (Wang et al., 2014), rabbits were randomly divided into four groups: saline–treated control group (Cont; n = 6), resveratrol alone–treated group (Res; n = 6), contrast medium–treated group (PC–AKI; n = 6), and contrast medium plus resveratrol–treated group (PC–AKI + Res; n = 6; Figure S1). The animals were treated with or without resveratrol (80 mg/kg/d, p.o.; Sigma, St Louis, MI, USA) once a day, for a total of 14 days before applying iohexol, a contrast agent (Li et al., 2016). Furthermore, iohexol (Omnipaque; 350 mg iodine/ml, 830 mOsm/kg H2O; GE Healthcare, Shanghai, China) was intravenously injected at a dose of 2.5 g iodine/kg body weight via a venous cannula (24 G) inserted in the marginal ear vein (Bhargava et al., 1990; Lauver et al., 2014).

Functional MRI Mapping and Data Analysis

Animals underwent magnetic resonance imaging (MRI) 24 h after the injection of iohexol. MR imaging was performed on a 3.0-T scanner (General Electric Medical Systems, Milwaukee, WI, USA) using a cardiac matrix coil. An advanced workstation (General Electric Medical Systems) was used to extract intravoxel incoherent motion (IVIM) and blood oxygenation level–dependent (BOLD) parameters, including D, D*, f and R2* values. Quantitative regional IVIM parameters and R2* measurements were performed, using manually defined region-of-interest (ROI) measurements, by two experienced radiologists who remained blinded to each group assignment. Regions of interest were manually placed in the renal cortex (CO) and outer medulla (OM; Figure S2) according to a previously described approach (Prasad et al., 2010).

IVIM parameters were consecutively calculated using a nonlinear biexponential fit based on the following equation: Sb/S0 = (1-f ). exp (-b D) + f. exp [-b (D + D*)], where S0 = signal intensity in the absence of the diffusion weighting (b = 0); Sb = signal intensity with diffusion gradient b; slow diffusion coefficient (D) = pure molecular diffusion; fast diffusion coefficient (D*) = flow velocity; and the perfusion fraction (f ) = the fraction of water flowing in capillaries (Hu et al., 2015). BOLD parameters were able to indirectly measure the partial oxygen pressure by estimating the deoxyhemoglobin concentration in the renal parenchyma and blood vessels (Liu et al., 2013). Data acquisition of IVIM and BOLD parameters is shown in Table 1.





	
Table 1 | MRI parameters used for IVIM and BOLD parameters.





	
	
IVIM


	
BOLD





	
Sequence type

Orientation

Repetition time, ms


	
DW–EPI

Coronal

4,050


	
2D–GRE

Coronal

96.2





	
Echo time, ms


	
95.5


	
4.4–48.7





	
Flip angle


	
–


	
30°





	
Bandwidth, hertz per pixel


	
–


	
41.67





	
Field of view, cm2


	
16.0 × 16.0


	
16.0 × 16.0





	
Matrix

Section thickness, mm


	
160 × 160

3.0


	
256 × 256

3.0





	
Number of excitations


	
2.0


	
2.0





	
Acquisition time


	
6 min 41s


	
4 min 10 s





	
b-values (s/mm2)


	
0, 10, 20, 50, 100, 200, 400, 600, 800, 1,200


	
–





	
MRI, magnetic resonance imaging; IVIM, intravoxel incoherent motion; BOLD, blood oxygenation level–dependent; DW–EPI, diffusion-weighted echo-planar imaging; 2D-GRE, two-dimensional gradient-recalled echo.









Renal Function Biomarkers

A total of 1.0–1.5 ml of blood and urine samples was collected from each animal after MRI. Blood samples were centrifuged and used to examine serum creatinine (Cr), blood urea nitrogen (BUN), and cystatin C (CysC) levels. Urine samples were collected for the assessment of urine creatinine and urinary neutrophil gelatinase-associated lipocalin (uNGAL). Concentrations of CysC and NGAL were assessed using an enzyme-linked immunosorbent assay (ELISA) kit (Yuanmu Biological Technology Co., Ltd, Shanghai, China) according to the manufacturer’s instructions, and concentration levels of NGAL were normalized to the urine creatinine concentration (Li et al., 2014a; Li et al., 2014b). Serum Cr, BUN, and urine Cr were analyzed by a local clinical laboratory.

Histological Observations

After MRI, rabbits were sacrificed, and the right kidneys removed and fixed in 4% buffered paraformaldehyde for 72 h. Samples were then dehydrated, embedded in paraffin, cut into 5 μm sections, and finally stained with hematoxylin and eosin (H&E). Histological assessment of renal damage included observing tubular vacuolization and degeneration, renal tubular casts, inflammatory infiltration and obvious necrosis in the cortex, and the disruption of the tubular structures in the outer medulla after iohexol administration. Renal alterations were graded as follows: 0, normal kidney; 1, minimal injury (0–5%); 2, moderate injury (5–25%); 3, intermediate injury (25–75%), and 4, severe injury (75–100%) (Colbay et al., 2010). Two independent pathologists, who were blinded to the experimental conditions, evaluated the samples according to the scoring criteria. Renal cell apoptosis was assessed using terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) staining (WL029a; Wanleibio, Shenyang, China) as previously described (Deng et al., 2015) and the percentage of apoptotic cells was quantified using ImageJ software.

In Vitro Experiments

Immortalized human proximal tubule (HK-2) cells were purchased from Basic Medical Cell Center of School of Basic Medicine, Peking Union Medical College (Beijing, China). Cells were grown in low-glucose (LG, 5.5 mM) RPMI 1640 medium (Gibco Laboratories, Grand Island, NY, USA) containing 10% fetal calf serum (Gibco Laboratories) and cultured in a humidified atmosphere containing 5% CO2/95% air at 37°C. The culture medium was supplemented with a high level of glucose (HG, 25 mM) to induce a DN cell model. An in vitro model of contrast injury was constructed based on a previously described method (Billings et al., 2008). The SIRT1 inhibitor, Ex527, and HIF-1α inhibitor, 2-methoxyestradiol (2-MeOE2), were purchased from Selleckchem (Shanghai, China), while the SIRT1 activator, resveratrol, was obtained from Abcam (Cambridge, UK).

Well-differentiated HK-2 cells were divided into five groups: high glucose + resveratrol + iohexol (25 mmol/L glucose + 50 μmol/L Res + 100 mg/ml iohexol; Res), high glucose + Ex527 + iohexol (25 mmol/L glucose + 10 μmol/L Ex527 +100 mg/ml iohexol; Ex527), high glucose + iohexol (25 mmol/L glucose + 100 mg/ml iohexol; PC–AKI), high glucose + resveratrol + 2-MeOE2 + iohexol (25 mmol/L glucose + 50 μmol/L Res + 10 μmol/L 2-MeOE2 +100 mg/ml iohexol; 2-MeOE2), and low glucose (5.5 mmol/L glucose; Cont; Figure S3). The cells were stimulated under high glucose conditions for 24 h (Chen et al., 2018). In order to evaluate the effect of activating SIRT1, the cells were pretreated with Ex527 for 24 h or 2-MeOE2 for 2 h before the iohexol treatment. After Res, Ex527 or 2-MeOE2 treatment, cells were exposed to iohexol for 16 h.

CCK-8 Cytotoxic Assay

In order to evaluate the protective effect of resveratrol, HK-2 cell viability in the five groups was quantified by a Cell Counting Kit-8 (CCK-8) assay (Dojindo Laboratories, Shanghai, China). Briefly, cells were incubated with 10 µl CCK-8 test solution for 2 h at 37°C. Absorbance values were measured at 450 nm using a microplate reader (Thermo Fisher Scientific, Waltham, MA, USA).

Flow Cytometry Analysis of Cell Apoptosis

HK-2 cells were seeded into 6-well plates at a density of 1 × 105 cells/well. The treated HK-2 cells were harvested and stained using an Annexin V- Light 650 Apoptosis Detection Kit (Wanleibio; WLA002b, Shenyang, China). After incubation for 15 min in the dark, the cell apoptosis ratio was measured using a flow cytometer (Acea Bio, San Diego, CA, USA).

Western Blot

Both kidney tissue and isolated HK-2 cells were centrifuged at 12,000 rpm for 20 min after homogenization in radio-immunoprecipitation assay lysis buffer containing a protease inhibitor cocktail. Total protein concentrations were determined by a bicinchoninic acid method. Afterward, protein samples were boiled at 95°C for 5 min. About 50 µg equal amounts of protein samples were separated by gel electrophoresis on an 8% to 12% sodium dodecyl sulfate–polyacrylamide gel and then transferred onto a polyvinylidene diﬂuoride membrane using wet transfer at 80 V for 60 min, and 120 V for 60 min. Nonspecific binding sites were blocked with 5% skim milk powder at room temperature for 2 h and the membrane then incubated with the following primary antibodies: SIRT1 (1:500, abs120289; absin, Shanghai, China), PGC-1α (1:500, TA343708; OriGene, Rockville, MD, USA), HIF-1α (1:500, NB100-105; Novus Biologicals, Centennial, CO, USA), Bax (1:5000, 50599-2-Ig; ProteinTech, Wuhan, China), Bcl-2 (1:2000, 12789-1-AP; ProteinTech, Wuhan, China), cleaved caspase-3 (1:1,000, ab2302; Abcam, UK), and cytochrome C (Cyt-C; 1:5,000, NB100-56503; Novus, Saint Charles, MI, USA) at 4°C overnight. After washing, films were incubated with horseradish peroxidase-labeled conjugated secondary antibodies (Proteintech) for 2 h. The immunostained protein bands were visualized with an enhanced chemiluminescence system and analyzed using Image J software. Beta-actin was used as an internal control.

Statistical Analysis

All values were analyzed with SPSS22.0 (SPSS Inc., Chicago, IL, USA) or GraphPad Prism 5 and expressed as mean ± standard deviation. Continuous data were analyzed with a one-way analysis of variance (ANOVA) followed by Fisher’s least significance difference test between multiple groups, and unpaired data were analyzed with the Kruskal–Wallis test. The Mann–Whitney test was used for nonparametric comparisons between the two groups. P < 0.05 was considered statistically significant.

Results

Effects of Resveratrol on Renal Function

Contrast medium significantly increased serum Cr, BUN, and CysC levels and the uNGAL level. In contrast, serum Cr, BUN and CysC levels were significantly lower in the Res+PC–AKI group compared to the PC–AKI group (P = 0.038; P = 0.035; P = 0.048, respectively), whereas there was no significant difference between Cont and Res groups (P = 0.562; P = 0.631; P = 0.895, respectively). Furthermore, compared with the Cont group, the urinary concentrations of NGAL were significantly increased 24 h after iohexol injection in the PC–AKI group (P < 0.001); however, resveratrol treatment markedly reduced levels of uNGAL induced by iohexol in the Res+PC–AKI group (P = 0.04; Figure 1). Thus, resveratrol ameliorated acute renal dysfunction after exposure to contrast medium in DN.
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Figure 1 | Changes in renal function were evaluated after the injection of iohexol and co-administration of resveratrol in rabbits. Iohexol caused renal dysfunction in the PC–AKI group, while the co-administration of resveratrol decreased the level of Cr (A), BUN (B), CysC (C) and NGAL (D). *P < 0.05 vs. Cont; #P < 0.05 vs. PC–AKI. Cr, serum creatinine; BUN, urea nitrogen; CysC, cystatin C; NGAL, neutrophil gelatinase–associated lipocalin; Cont, control; Res, resveratrol; PC–AKI, post-contrast acute kidney injury.



Effect of Resveratrol on Functional MRI Parameters

The IVIM parameters and R2* values between the four groups of rabbits are presented in Table 2 and their corresponding representative images are shown in Figures 2, 3.





	
Table 2 | Summary of IVIM parameters and R2* for kidneys of rabbits with different treatments.





	
Kidney tissue


	
Groups


	
Cont


	
Res


	
PC–AKI


	
Res+PC–AKI





	
CO


	
D (×10-4 mm2/s)


	
3.99 ± 0.28


	
4.02 ± 0.30#


	
2.93 ± 0.33*


	
3.58 ± 0.34*#





	
	
D* (×10-3 mm2/s)


	
9.86 ± 0.28


	
9.86 ± 0.30#


	
9.31 ± 0.35*


	
9.61 ± 0.38





	
	
f (%)


	
39.13 ± 1.84


	
39.78 ± 1.90#


	
31.83 ± 1.67*


	
35.07 ± 2.91*#





	
	
R2* (s-1)


	
23.42 ± 2.38


	
23.91 ± 4.92#


	
31.22 ± 3.07*


	
27.14 ± 1.58#





	
OM


	
D (×10-4 mm2/s)


	
3.74 ± 0.21


	
3.65 ± 0.42#


	
2.43 ± 0.28*


	
3.06 ± 0.46*#





	
	
D* (×10-3 mm2/s)


	
8.97 ± 0.25


	
9.06 ± 0.27#


	
8.31 ± 0.32*


	
8.54 ± 0.42*





	
	
f (%)


	
36.78 ± 1.78


	
37.20 ± 2.83#


	
28.75 ± 1.91*


	
33.28 ± 2.59*#





	
	
R2* (s-1)


	
29.26 ± 4.85


	
28.65 ± 4.41#


	
41.32 ± 5.20*


	
35.40 ± 2.57*#





	
*P < 0.05 vs. Cont; #P < 0.05 vs. PC–AKI.

Cont, control; PC–AKI, post-contrast acute kidney injury; Res, resveratrol; CO, renal cortex; OM, outer medulla.










[image: ]

Figure 2 | Parametric images obtained from the intravoxel incoherent motion (IVIM) model for rabbit with different treatments. Representative IVIM images of D (A), D* (B), and f (C) maps. The maximum D, D* and f signal changes were observed in the PC–AKI group. The D, D* and f values increased after the application of resveratrol. Cont, control; Res, resveratrol; PC–AKI, post-contrast acute kidney injury; IVIM, intravoxel incoherent motion.
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Figure 3 | Parametric images obtained from the BOLD model for rabbits with different treatments. The window and level settings for each map were kept the same. Compared to the control group, the brighter R2* maps in the PC–AKI group indicated increased hypoxia after iohexol injection. In the Res+PC–AKI group, the R2* values were significantly lower compared to the PC–AKI group, indicating increased oxygenation when using resveratrol before iohexol. (A) Control group, (B) Res group, (C) PC–AKI group, (D) Res+PC–AKI group. Cont, control; Res, resveratrol; PC–AKI, post-contrast acute kidney injury; BOLD, blood oxygenation level–dependent.



After the injection of iohexol, D was significantly lower in the PC–AKI group compared with the Cont group in the CO (P < 0.0001) and OM (P < 0.0001). D was significantly higher in the Res+PC–AKI group compared with the PC–AKI group in the CO (P = 0.002) and OM (P = 0.009). Perfusion-related parameters of D* were slightly higher in the Res+PC–AKI group when compared with the PC–AKI group; however, significant differences were not found between the renal CO (P = 0.144) and OM (P = 0.214). In addition, the mean f values were significantly lower in the PC–AKI group compared to the Cont group in the CO (P < 0.0001) and OM (P < 0.0001). The mean f values significantly were greater in the Res+PC–AKI group compared with the PC–AKI group in the renal CO (P = 0.016) and OM (P = 0.003). The mean R2* values were significantly greater in the PC–AKI group compared with the Cont group in the renal CO (P < 0.0001) and OM (P < 0.0001), whereas R2* was lower in the Res+PC–AKI group when compared with the PC–AKI group in the renal CO (P = 0.041) and OM (P = 0.030). Thus, resveratrol increased oxygenation in kidney damage induced by exposure to contrast medium in DN.

Effects of Resveratrol on Histopathological Changes and Renal Cell Apoptosis

Histopathological examination showed no pathological alterations of the kidneys in the control group, whereas glomerular injury, tubular vacuolization–necrosis, and exfoliation of renal tubular epithelial cells, as well as the disruption of tubular structure scores were significantly greater in the PC–AKI group than in the other groups (Figure 4). Furthermore, the co-administration of resveratrol with iohexol (Res+PC–AKI) significantly decreased the severity score compared to the PC–AKI group (P = 0.015).
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Figure 4 | Representative photomicrographs of HE-stained kidney sections in rabbits with different treatments. Iohexol induced obvious morphological alterations in kidneys of rabbits in the PC–AKI group. Resveratrol reduced contrast medium–induced morphological changes in the Res+PC–AKI group. (A) Cont group, (B) Res group, (C) PC–AKI group, and (D) Res+PC–AKI group. (E) Renal injury scores. Original magnifications: ×٤٠٠. *P < 0.05 vs. Cont; #P < 0.05 vs. PC–AKI. Cont, control; Res, resveratrol; PC–AKI, post-contrast acute kidney injury; HE, hematoxylin and eosin.



As shown in Figure 5, the number of TUNEL-positive cells was increased in iohexol-treated kidneys, while resveratrol substantially decreased the number of apoptotic cells in the Res+PC–AKI group compared with that in the kidneys of the PC–AKI group (P = 0.001, P = 0.015). In short, resveratrol ameliorated pathological changes in the kidney in response to contrast medium exposure in DN.
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Figure 5 | Representative images of transferase dUTP nick-end labeling (TUNEL) staining for rabbits with different treatments. (A–D) TUNEL staining (E) Quantitative analysis of TUNEL-positive cells. A significant increase in TUNEL-positive cells was observed in the kidneys of rabbits with DN 24 h after contrast medium injection, whereas resveratrol inhibited renal tubular cell apoptosis. Original magnifications: ×٤٠٠. *P < 0.05 vs. Cont; #P < 0.05 vs. PC–AKI. TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labeling; DN, diabetic nephropathy; Cont, control; Res, resveratrol; PC–AKI, post-contrast acute kidney injury.



Effects of Resveratrol on Cell Toxicity Induced By Iohexol Under HG Conditions

As shown in Table 3, iohexol caused a marked elevation in HK-2 cell apoptosis when compared with controls (P = 0.005). In contrast, preincubation with resveratrol inhibited iohexol-mediated cell death (P = 0.196). Moreover, the HIF-1α inhibitor, 2-MeOE2, enhanced the renoprotective effect of resveratrol against cell apoptosis in iohexol-treated HK-2 cells under HG conditions (P = 0.047; Figure 6). In summary, resveratrol reduced cell cytotoxicity and apoptosis induced by contrast medium under HG conditions in a HIF-1α–mediated manner.





	
Table 3 | Quantitative analysis of the percentage of viable cells in different groups.





	
Groups


	
Res


	
Ex527


	
PC–AKI


	
2-MeOE2


	
Cont





	
	
0.5498 ± 0.1161


	
0.3419 ± 0.1448*


	
0.4093 ± 0.1825*


	
0.6334 ± 0.1885


	
1.0176 ± 0.1345





	
*P < 0.05 vs. Cont.

Cont, control; PC–AKI, post-contrast acute kidney injury; Res, resveratrol; Ex527, SIRT1 specific inhibitor; 2-MeOE2, HIF-1α specific inhibitor 2-methoxyestradiol; HG, high glucose; LG, low glucose.

Groups: Res, HG+res+iohexol; Ex527, HG+Ex527+iohexol; PC–AKI, HG+iohexol; 2-MeOE2, HG+res+2-MeOE2+iohexol; Cont, LG.
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Figure 6 | Quantitative analysis of HK-2 cell apoptosis by ﬂow cytometry. (A) HG-induced HK-2 cells were divided into five groups: Res, Ex527, PC–AKI, 2–MeOE2 and Cont groups. (B) Quantification of cell apoptosis in different groups. A significant increase in apoptotic cells was detected in the PC–AKI group; however, the up-regulation SIRT1 and silencing HIF-1α could both reduce iohexol-induced cell apoptosis. *P < 0.05 vs. Cont; #P < 0.05 vs. PC–AKI. HG, high glucose; PC–AKI, post-contrast acute kidney injury; Cont, control; Res, resveratrol; SIRT1, silent information regulator l; HIF-1α, hypoxia-inducible transcription factor-1α; Ex527, SIRT1 specific inhibitor; 2-MeOE2, HIF-1α specific inhibitor 2-methoxyestradiol; LG, low glucose. Groups: Res, HG+res+iohexol; Ex527, HG+Ex527+iohexol; PC–AKI, HG+iohexol; 2-MeOE2, HG+res+2-MeOE2+iohexol; Cont, LG.



Effects of Resveratrol on SIRT1–PGC-1α–HIF-1α Signaling in DN Rabbits In Vivo

To investigate the molecular mechanisms associated with the renoprotective effects of resveratrol in DN rabbits with PC–AKI, the expression levels of SIRT1–PGC-1α–HIF-1α signaling proteins and those in its downstream pathway were analyzed (Figure 7).
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Figure 7 | Effects of resveratrol on the expression of SIRT1, PGC-1α, HIF-1α and apoptosis proteins in vivo. (A) Activation of the SIRT1–PGC-1α–HIF-1α signaling pathway in PC–AKI associated with DN in rabbits. Representative western blot images of proteins in the rabbits with DN treated with saline (Cont), resveratrol alone (Res), iohexol (PC–AKI), and co-treatment with resveratrol and iohexol (Res+PC–AKI). (B–H) Relative densitometry analysis of the ratios of SIRT1–PGC-1α–HIF-1α signaling proteins to β-actin were expressed as mean ± standard error. *P < 0.05 vs. Cont; #P < 0.05 vs. PC–AKI. Cont, control; Res, resveratrol; PC–AKI, post-contrast acute kidney injury; SIRT1, silent information regulator l; HIF-1α, hypoxia-inducible transcription factor-1α; DN, diabetic nephropathy; PGC-1α, peroxisome proliferator-activated receptor gamma coactivator-1 alpha.



Briefly, significantly higher levels of SIRT1 protein were detected in resveratrol-treated DN rabbits compared with rabbits in the control group [P < 0.001 (Res), P = 0.008 (Res+PC–AKI), respectively]. In addition, we found that the PGC-1α protein level was higher (P = 0.447) and the HIF-1α protein level lower (P = 0.112) in the Res+PC–AKI group compared to the PC–AKI group, but no statistical differences were observed between these two groups. Furthermore, the protein level of Bcl-2 (P = 0.515) was slightly increased, and those of Bax (P = 0.045), cleaved caspase-3 (P = 0.006) and Cyt-C (P < 0.001) were significantly lower in the Res+PC–AKI group compared with the PC–AKI group. In summary, resveratrol modulated SIRT1–PGC-1α–HIF-1α signaling proteins and associated pathways in DN rabbits by upregulating SIRT1 and PGC-1α and by downregulating HIF-1α, Bax, cleaved caspase-3 and Cyt-C protein levels.

Effects of Resveratrol on SIRT1–PGC-1α–HIF-1α Signaling Under HG Conditions In Vitro

To further verify that SIRT1–PGC-1α–HIF-1α signaling was involved in renoprotection against PC–AKI under HG conditions, Ex527 and 2-MeOE2 were applied to HK-2 cells.

As shown in Figure 8, SIRT1 and PGC-1α protein levels were increased after treating cells with resveratrol. Resveratrol significantly reduced the protein levels of HIF-1α and its downstream factors, namely cleaved caspase-3, Bax and cytochrome C; co-treatment with 2-MeOE2 enhanced this reduction under HG conditions. However, the protective role of the SIRT1–PGC-1α–HIF-1α pathway was suppressed by the SIRT1 inhibitor, Ex527. The expression of SIRT1 (P = 0.201), PGC-1α (P = 0.258), and Bcl-2 (P < 0.001) proteins in cells treated with iohexol and Ex527 were decreased and the expression of HIF-1α (P = 0.008), Bax (P < 0.001), cleaved caspase-3 (P = 0.001), and cytochrome C (P = 0.001) were significantly increased compared to the control group. In summary, resveratrol also modulated SIRT1–PGC-1α–HIF-1α signaling proteins and associated pathways in HK-2 cells under HG by upregulating SIRT1 and PGC-1α, and by downregulating HIF-1α, Bax, cleaved caspase-3 and cytochrome C protein levels in a SIRT1-mediated manner.
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Figure 8 | Effects of resveratrol on the expression of SIRT1, PGC-1α, HIF-1α and apoptosis proteins in vitro. (A) The expression of SIRT1, PGC-1α, and Bcl-2 proteins were lower in iohexol treated HK-2 cells compared with control cells, which was reversed by treatment with resveratrol. The expression of HIF-1α, Bax, cleaved caspase-3, and Cyt-C were markedly increased after iohexol injection, which was reversed by treatment with resveratrol. Furthermore, this effect was enhanced by HIF-1α inhibitor, 2-MeOE2. (B–H) Relative densitometry of SIRT1–PGC-1α–HIF-1α signaling proteins expressed as mean ± standard error. *P < 0.05 vs. Cont; #P < 0.05 vs. PC–AKI. Cont, control; Res, resveratrol; PC–AKI, post-contrast acute kidney injury; SIRT1, silent information regulator l; HIF-1α, hypoxia-inducible transcription factor-1α; Cyt-C, cytochrome C; PGC-1α, peroxisome proliferator-activated receptor gamma coactivator-1 alpha; Ex527, SIRT1 specific inhibitor; LG, low glucose. Groups: Res, HG+res+iohexol; Ex527, HG+Ex527+iohexol; PC–AKI, HG+iohexol; 2-MeOE2, HG+res+2-MeOE2+iohexol; Cont, LG.



Discussion

Post-contrast acute kidney injury is one of the leading causes of hospital-acquired acute kidney injury (Takahashi et al., 2017; Van Der Molen et al., 2018). Epidemiological and clinical evidence suggests that diabetes mellitus plays a part in the development of PC–AKI after the use of contrast medium (Tziakas et al., 2014; Chalikias et al., 2016). The identification of new molecular target(s) is thus crucial for the development of therapies for the prevention of PC–AKI in high-risk patients.

The development of PC–AKI with DN was found to lead to a decrease in the expression of SIRT1. Furthermore, we found that resveratrol could reverse the decrease in SIRT1 expression induced by PC–AKI with DN, which suggests that this may improve renal function, alleviate renal injury, and decrease iohexol-induced hypoxia and apoptosis in renal tubular cells. In addition, our findings also suggested that resveratrol may reduce iohexol-induced HK-2 cell apoptosis under HG conditions. Notably, resveratrol prevented the down-regulation of PGC-1α and up-regulation of HIF-1α in response to iohexol and DN in both a rabbit kidney and tissue culture model. These results indicate that resveratrol is an important survival mediator that protects against PC–AKI based DN complications by activating the SIRT1–PGC-1α–HIF-1α signaling pathway.

We found that resveratrol can protect the kidneys against damage induced by contrast medium in rabbits with DN. Suggested mechanisms for the protective action of resveratrol on PC–AKI with DN based on observations by us and others are as follows: 1) We found that resveratrol alleviates impaired renal hypoxia observed in PC–AKI as shown by observing functional MRI R2* parameters. 2) Resveratrol exerts a protective effect against contrast medium–induced injury by reducing oxidative stress and the excessive generation of reactive oxygen species (ROS) (Hussien et al., 2018). As reported, ROS may exert direct tubular and vascular endothelial injury, and further intensify renal parenchymal hypoxia by virtue of endothelial dysfunction and dysregulation of tubular transport (Andreucci et al., 2014). 3) We also found that resveratrol significantly alleviates tubular apoptosis in a PC–AKI animal model with DN.

PGC-1α has been characterized as a master regulator of mitochondrial biogenesis, which facilitates the combustion of stored energy by increasing its mitochondrial production (Dong et al., 2015; Ishimoto and Inagi, 2016). The deacetylation of PGC-1α ameliorates renal ischemic–reperfusion injury by recovering mitochondrial homeostasis (Funk and Schnellmann, 2013). As previously noted by Humes et al., contrast medium can impair mitochondrial energetics, resulting in a reduction in tubular ATP (Zager et al., 2003). We found that resveratrol countered the effect of contrast medium on mitochondrial function by increasing PGC-1α expression and therefore exerting a protective effect.

Previous studies have indicated that HIF-1α is upregulated in PC–AKI (Rosenberger et al., 2005). Accumulating evidence has also suggested that hypoxia has an important role in the development of PC–AKI (Wybraniec et al., 2015). In addition, diabetes mellitus with endothelial dysfunction may render the kidneys susceptible to further hypoxia by contrast medium (Calvin et al., 2010). Furthermore, hypoxia contributes to the formation of ROS and oxidative stress (Heyman et al., 2008). Similarly, contrast media can enhance oxidative stress leading to renal tubular epithelial cell apoptosis. In turn, that this may cause tissue hypoperfusion and hypoxia, which can aggravate the initial tissue damage caused by contrast medium, leading to a vicious circle (Liu et al., 2014; Patschan and Muller, 2016). It should be noted that resveratrol participates in PC–AKI with DN via a complex signaling network that includes PGC-1α, HIF-1α and other proteins, and that the inhibition of HIF-1α observed in our present study may be a dependent pathway through which resveratrol exerts its renal protective effects. Moreover, after treating cells with an inhibitor of HIF-1α, 2-MeOE2, the beneficial effect of resveratrol was greatly reinforced. Alternatively, given that SIRT1 expression and activity gradually decrease during hypoxia, HIF-1α may take over hypoxic signaling. In contrast to our results, Manotham et al. have suggested that HIF-1α has a role in a natural hypoxic adaptation to kidney ischemia that protects the medulla against ischemic insults (Manotham et al., 2005). Additionally, the potential protective impact of HIF upregulation has been extensively studied in AKI in a preclinical study (Loeffler and Wolf, 2015). Together with the discordant role of HIF-1α in AKI, we interpret these findings to mean that a “window of opportunity” for a HIF-dependent transcriptional response may exist. When the severity of hypoxia exceeds this, HIF-1α may begin to play a damaging role, resulting in the failure of this response and injury that may become irreversible.

In the present study, the elevated D observed in the renal cortex and medulla may be attributed to iohexol-induced tubular damage, renal tissue edema and inﬂammatory cell infiltration that may become alleviated after intervention with resveratrol. Meanwhile, we hypothesized that an increase in blood flow was responsible for increased D* and f values observed in the kidneys of resveratrol-treated rabbits; resveratrol, as an activator of SIRT1, may significantly decrease renal vascular dysfunction. Moreover, the application of iohexol led to a prolonged increase of R2* values and HIF-1α expression, which suggested that hypoxia may be a major factor associated with the early development of PC–AKI and was consistent with other studies (Li et al., 2015). The decrease in R2* values may be attributed to the inhibition of hypoxia production induced by resveratrol during the diabetes stage, and the amplification of secondary hypoxia signaling after iohexol injection. However, since there was very little blood flow change (the D*) in Res+PC–AKI rabbits compared with PC–AKI rabbits, we think that resveratrol may have led to a decrease in oxygen consumption to ameliorate renal glomerular hyperfiltration. Regardless of the mechanism, our findings support the concept that resveratrol may have decreased the iohexol-induced renal hypoxia observed. Therefore, in this manner, resveratrol may promote the recovery of renal function after contrast injury in DN.

Nevertheless, potential limitations exist in the present study that require discussion. 1) The PC–AKI model we used was based on a DN procedure that increased the complexity of the model. 2) The sample size was small, and the SIRT1 inhibitor was not used in rabbits. Thus the current in vivo study could not adequately confirm the effect of resveratrol and subsequent apoptosis as observed in renal tubular cells. 3) We only explored the effects of resveratrol on HK-2 cells; a reduction in SIRT1 activity may also occur in other types of kidney cells and this should be addressed in future studies. 4) The mitochondrial membrane potential was not measured in our study so that the nature of the apoptosis and degree of mitochondrial dysfunction observed are yet to be elucidated.

In summary, our results suggest that resveratrol may prevent the development of post-contrast acute kidney injury. Increased SIRT1–PGC-1α–HIF-1α signaling is associated with renoprotection against PC–AKI with DN. Such beneficial effects are mainly mediated via anti-hypoxia, anti-apoptotic and energy maintenance effects. Consequently, understanding the relationship between resveratrol and PC–AKI following diabetic nephropathy may lead to a greater clinical perspective on tackling this disease.
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Acute kidney injury (AKI) is a common and devastating clinical condition with a high morbidity and mortality rate and is associated with a rapid decline of kidney function mostly resulting from the injury of proximal tubules. AKI is typically accompanied by inflammation and immune activation and involves macrophages (Mϕ) from the beginning: The inflamed kidney recruits “classically” activated (M1) Mϕ, which are initially poised to destroy potential pathogens, exacerbating inflammation. Of note, they soon turn into “alternatively” activated (M2) Mϕ and promote immunosuppression and tissue regeneration. Based on their roles in kidney recovery, there is a growing interest to use M2 Mϕ and Mϕ-modulating agents therapeutically against AKI. However, it is pertinent to note that the clinical translation of Mϕ-based therapies needs to be critically reviewed and questioned since Mϕ are functionally plastic with versatile roles in AKI and some Mϕ functions are detrimental to the kidney during AKI. In this review, we discuss the current state of knowledge on the biology of different Mϕ subtypes during AKI and, especially, on their role in AKI and assess the impact of versatile Mϕ functions on AKI based on the findings from translational AKI studies.

Keywords: macrophage, acute kidney damage, fibrosis, macrophage depletion, chronic kidney disease


INTRODUCTION

Severe AKI is a clinical condition closely linked with a high morbidity and mortality rate (Zuk and Bonventre, 2016). AKI manifests as a rapid decline of kidney function and is associated with CKD (Chawla et al., 2014; Fiorentino et al., 2018). AKI mostly results from the injury of proximal tubules and is accompanied by inflammation and immune activation (Zuk and Bonventre, 2019). Thereby, distinct Mϕ subtypes are involved across different stages of AKI (Huen and Cantley, 2017; Chen et al., 2019): (1) “Classically” activated (M1) Mϕ, which are poised to destroy potential pathogens, are recruited to the inflamed tissue and exacerbate inflammation in the initial stage of AKI; (2) “alternatively” activated (M2) Mϕ predominate in the injured tissue during the resolution phase of AKI and mediate immunosuppression and tissue regeneration; and (3) the last-mentioned also play a role in the transition of AKI to CKD. As M2 Mϕ are found to be protective against AKI, there is a growing interest to use M2 Mϕ and Mϕ-modulating agents as therapeutic tools to treat patients with AKI (Chen et al., 2019). Whilst valuing its immense therapeutic potential, it is to acknowledge that the clinical translation of Mϕ-based therapies needs to be critically reviewed and questioned, especially since Mϕ act like double-edged swords being both beneficial and harmful to the injured tissue (Figure 1) (Braga et al., 2015). In this review, we discuss the current state of knowledge on the biology of different Mϕ subtypes during AKI and on the impact of global Mϕ and Mϕ subtypes on AKI based on the findings from in vivo Mϕ depletion studies. At the end, we outline Mϕ-based therapeutic strategies for the treatment of AKI.
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FIGURE 1. Schematic representation of versatile functions of Mϕ during AKI.





KIDNEY Mϕ IN STEADY STATE AND INFLAMMATION

Mϕ are, as their name implies: [Greek: macrophage = μακρóς (large) + φαγεíν (to eat)], cells highly specialized in phagocytosis, belonging to the mononuclear phagocytic system (MPS). They reside in virtually all organs and orchestrate tissue homeostasis and inflammation, being capable of both inducing and suppressing immune responses as well as promoting tissue repair. Mϕ are also the most abundant leukocytes in the resting and inflamed kidney, maintained by two main Mϕ survival factors, CSF-1 and interleukin-34 (IL-34), primarily expressed by tubular epithelial cells (Isbel et al., 2001; Menke et al., 2009; Zhang et al., 2012; Baek et al., 2015). Both cytokines are further up-regulated during renal inflammation and account for Mϕ expansion of in the kidney tissue (Baek et al., 2015). CSF-1 and IL-34 both signal through the CSF-1 receptor (CSF-1R), whereas the signaling via CSF-1R is the key pathway for Mϕ proliferation, differentiation, and survival (Baek et al., 2015). In addition to CSF-1R, IL-34 activates another receptor, which is receptor-type tyrosine-protein phosphatase zeta (PTP-ζ), (Nandi et al., 2013). However, there is so far no evidence that PTP-ζ is expressed by Mϕ (Baek et al., 2015).

Like Mϕ in other organs, first kidney Mϕ arise during organogenesis, derived from erythro-myeloid progenitors that are generated in the yolk sac before E8.5 and colonize the fetal liver of the embryo. These primitive progenitors give rise to pre-Mϕ, which simultaneously populate the whole embryo from E9.5 and differentiate to fetal and perinatal tissue-specific Mϕ activating tissue-dependent transcriptional machinery (Mass et al., 2016). Tissue-resident Mϕ are known to renew themselves in situ throughout the lifetime of the host (Figure 2). However, Mϕ arising from blood-circulating monocytes (also known as circulating Mϕ precursors) are also detected in resting adult kidneys, but they turn over within 14 days and do not substitute kidney-resident Mϕ unless kidney-resident Mϕ niches become available (Lever et al., 2019).
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FIGURE 2. Schematic representation of Mϕ fate in embryogenesis and adults.



In the occurrence of inflammation, additional Mϕ are recruited from the blood circulation (Sere et al., 2012). Blood-circulating monocytes are attracted to the site of inflammation, where they differentiate to Mϕ and clear pathogens and cellular debris (Figure 2).

Mϕ exert multiple biological functions in health and disease. Most importantly, they are instrumental in both promoting and resolving inflammation, which are two contrasting features. Correspondingly, Mϕ are broadly classified into two subpopulations according to their phenotype and function: So-called “classically activated” Mϕ (M1) are the Mϕ subpopulation inducing cytotoxicity and tissue injury; conversely, “alternatively” activated (M2) Mϕ comprise the other subpopulation, which is involved in immunosuppression and tissue repair (Mills et al., 2000; Murray and Wynn, 2011). Overall, M1/M2 paradigm is a theoretical and oversimplified concept, which was firstly proposed by Mills et al. based on the observation that Mϕ from mouse strains with Th 1 (e.g., C57BL/6, B10D2) and Th2 (e.g., BALB/c, DBA/2) display distinctive activation profiles differing in metabolic programs (Mills et al., 2000). Correspondingly, both Mϕ phenotypes were named M1 and M2 and characterized in vitro by stimulating bone marrow or monocyte-derived Mϕ with either Th1 (e.g., LPS, Interferon γ) or Th2 stimuli (e.g., IL-4, IL-10, IL-13) (Figure 3). In addition, M2-activated Mϕ are further subdivided into different groups based on the Th2 stimulus, with which Mϕ are treated for M2 polarization. Of note, different M2 stimuli have distinct effects on transcriptional profiles and cellular functions of Mϕ (detailed information in Murray et al., 2014; Chen et al., 2019).


[image: image]

FIGURE 3. Schematic representation of Mϕ polarization in vitro.



One of the unique characteristics of Mϕ is functional plasticity. In other words, Mϕ can easily change their phenotype from one activation state to the other. Thus, in vivo Mϕ are, in reality, somewhere along the continuum between the two in vitro-defined phenotypes (M1 and M2), and in vitro polarized Mϕ do not fully recapitulate in vivo Mϕ in pathologic conditions (Figure 3) (Geissmann et al., 2010).

As Mϕ play important roles in many biological processes, their malfunction is linked to various diseases. While Mϕ-mediated immune hyper-activation can lead to autoimmune and inflammatory diseases, unregulated tissue homeostasis can promote cancer growth and organ fibrosis. Accordingly, Mϕ are implicated in numerous renal diseases including lupus nephritis, glomerulonephritis as well as in AKI (Nikolic-Paterson and Atkins, 2001; Baek et al., 2018).



EXPERIMENTAL AKI MODELS

AKI is characterized by an abrupt loss of kidney function arising from different events, such as (1) sepsis/septic shock, (2) ureteral obstruction, (3) kidney ischemia, (4) hypoxia, (5) nephrotoxicity, (6) oxidative, and (7) metabolic stress. Of note, all etiologies share one common feature, which is the proximal tubular injury accompanied with inflammation and immune activation (Basile et al., 2012; Chevalier, 2016; Xu and Han, 2016). Proximal tubular injury can be acutely detrimental to the kidney as well as to the whole organism by impairing key kidney functions, such as reabsorption and secretion, and can lead to long-term problems (e.g., transitioning to CKD and increased risk of CKD and eventual death even after a complete recovery) (Bucaloiu et al., 2012; Jones et al., 2012). Of note, proximal tubules are highly vulnerable to injuries due to the high demand of oxygen consumption, which is required for multiple transport processes, and a relative paucity of endogenous antioxidant defenses (Chevalier, 2016). Thus, proximal tubules are the major target of AKI, and, in line with this, clinically relevant studies demonstrate that molecular targeting of the proximal tubule is sufficient to induce AKI and its transition to CKD (Chevalier, 2016).

For studying AKI, a number of experimental techniques have been developed to directly or indirectly target the kidney, including: (1) surgical approaches – UUO, IRI, CLP (via sepsis), etc.; (2) systemic administration of drugs or toxins inducing nephrotoxicity – injection of cisplatin, glycerol (via rhabdomyolysis), bacterial LPS (via sepsis) etc. (Ramesh and Ranganathan, 2014; Ortiz et al., 2015; Rabb et al., 2016; Bao et al., 2018; Johnson and Zager, 2018); and (3) selective depletion of proximal tubules in genetically modified mice, i.e., injecting mice with DT, which express human DT receptor (DTR) on proximal tubules – Ggt1-DTR (Zhang et al., 2012, 2017; Wang et al., 2015), Ndgr1-CreERT:iDTR (Takaori et al., 2016), etc. Importantly, molecular mechanisms of AKI progression may differ depending on the type of insult to the proximal tubule. In effect, methods using (1) septic versus aseptic approaches, (2) systemic versus local, and (3) mild versus severe insults may involve different signaling pathways. This point is well illustrated in studies showing that the nucleotide-binding oligomerization domain, leucine rich repeat and pyrin domain containing 3 (NLRP3) inflammasome pathway is activated in ischemic, but not cisplatin-induced AKI (Kim et al., 2013). As AKI is a major risk factor for CKD progression, CKD is often assessed as a readout for AKI, and experimental AKI models are commonly utilized in the CKD research (detailed information in Tanaka et al., 2014; Chou et al., 2017; Fiorentino et al., 2018). Of note, not all experimental AKI are irreversible and lead to CKD (Chawla et al., 2011; Basile et al., 2012). Overall, it is important to determine the appropriate AKI model depending on the question being asked by giving consideration to the possibility that findings may not be transferable between experimental models. While designing the experiment, we need to consider the pathophysiology of mouse models and the mode of action of tested drugs and specify the model type, functional determination and time course of tissue collection (Ramesh and Ranganathan, 2014). Limitations and pitfalls of animal AKI models as well as the differences between AKI models have been recently described in several reviews. For a comparative overview of the various AKI animal models, please refer to the reviews: Ortiz et al. (2015), Rabb et al. (2016), and Bao et al. (2018).



Mϕ IN AKI


Infiltrating Mϕ in the Initial Phase of AKI

In experimental AKI models, blood-circulating Ly6Chigh monocytes are recruited to the inflamed kidney as early as within 1 h (Li and Okusa, 2010; Zhang et al., 2012). The migration of Ly6Chigh monocytes to the site of inflammation occurs through chemotactic mechanisms (e.g., via CCR2 and CX3CR1). Therefore, deletion or blockage of chemotaxis receptors on monocytes is found to be protective against ischemia-induced AKI in mice (Furuichi et al., 2003; Li et al., 2008; Lu et al., 2008; Oh et al., 2008; Yang et al., 2019). Monocyte infiltration occurs in the first 48 h (Lu et al., 2008) and completely ceases before day 3 of AKI. Accordingly, studies showed that the number of Ly6Chigh monocytes and M1-like Mϕ drastically declines before day 3 of IRI (Lee et al., 2011; Lever et al., 2019) and CX3CR1-dependent monocyte migration is not detectable at day 3 of UUO (Peng et al., 2015). Interestingly, the peak of tubular injury [e.g., following IRI (Lee et al., 2011) and glycerol injection (Bussolati et al., 2005)] timely overlaps with the maximum presence of infiltrating monocytes, indicating a close spatial and temporal relationship between the tissue destruction and the accumulation of infiltrating monocytes.

Ly6Chigh monocytes differentiate into Mϕ, which are primarily skewed toward an M1 phenotype. M1 Mϕ polarization is mediated by pro-inflammatory cytokines [e.g., IFN-γ, IL-6, IL-1β, IL-23, IL-17, C3, C5a, and C5b (Rabb et al., 2016)] and DAMPs [e.g., high mobility group protein B1 (HMGB1), adenosine triphosphate (ATP), uric acid, or hypomethylated DNA (Anders, 2010; McDonald et al., 2010)] released by dying cells or damaged ECM (Anders and Schaefer, 2014). Most recently, soluble epoxide hydrolase was identified as a proximal tubular factor driving M1 polarization of Mϕ in IgA nephropathy (Wang Q. et al., 2018). DAMPs activate various PRRs [e.g., TLR families (Kulkarni et al., 2014; Leaf et al., 2017), NLRP3 and purinergic receptors (Anders and Schaefer, 2014)] on Mϕ and parenchymal cells (Leaf et al., 2017). The importance of DAMPs in inducing innate immune responses is highlighted by findings that the inhibition of PRR signaling suppresses immune responses in AKI (Kim et al., 2013; Leaf et al., 2017). Similar mechanisms are known from acute injuries in other organs, corroborating that DAMPs are central to the immune activation during tissue injury (Egawa et al., 2013; Wang et al., 2014; Groves et al., 2018). Interestingly, TLR4 activation was also shown to induce the expression of IL-22 in Mϕ, which is protective against AKI accelerating kidney regeneration (Kulkarni et al., 2014). M1 polarization of infiltrating Mϕ is additionally supported by parenchymal factors [e.g., Krüppel-like factor 5 (KLF5) expressed by collecting ducts (Fujiu et al., 2011) and suppressor of cytokine signaling 3 (SOCS3) upregulated by proximal tubules in AKI (Susnik et al., 2014)]. Both KLF5 and SOCS3 promote M1 activation of Mϕ and inhibit the expansion of M2 Mϕ in AKI (Fujiu et al., 2011; Susnik et al., 2014). M1-activated Mϕ largely produce pro-inflammatory cytokines and mediators (e.g., IL-1α, IL-6, IL-12, IL-18, TNF-α, nitric oxide), in turn, exacerbating the kidney inflammation (Li and Okusa, 2010).



M2 Polarization of Infiltrating Mϕ in the Resolution Phase of AKI

Inflammation following a transient insult is meant to prepare the tissue for healing. When the inflammation escalates (before day 3 of AKI), Mϕ seek to counteract overwhelming immune activation by skewing toward an immunosuppressive M2 Mϕ to restore tissue homeostasis (Figure 3) (Lee et al., 2011; Baek et al., 2015). However, this only depicts the global view of Mϕ dynamics and does not resolve how individual Mϕ subtypes change during AKI. Since Mϕ are highly plastic and rapidly adapt to the tissue microenvironment, it is difficult to trace the development of individual Mϕ subtypes during AKI. Nevertheless, we are steadily expanding our knowledge base through genetic fate mapping studies and parabiosis experiments. Earlier fate mapping studies revealed that Ly6Chigh monocytes infiltrating the inflamed kidney give rise to Ly6Clow and Ly6Cint Mϕ, both phenotypically resembling tissue-resident Mϕ (Lin et al., 2009) (Figure 4). Several studies have shown that monocyte-derived Ly6Cint and Ly6Clow Mϕ populations display transcriptionally and functionally distinct M2 phenotypes, both implicated in immunosuppression and tissue regeneration. In the later stages of AKI, Ly6Clow Mϕ predominate over Ly6Cint Mϕ and are found to promote interstitial fibrosis (Lin et al., 2009; Clements et al., 2016; Lever et al., 2019; Yang et al., 2019) (Figure 4). More recent studies revealed that quiescent tissue-resident Mϕ remain in the tissue independently of monocyte-derived Ly6Clow Mϕ (Lin et al., 2009; Zhang et al., 2012; Lever et al., 2019) and are reprogramed in AKI toward a developmental state resembling perinatal Mϕ (Schulz et al., 2012; Mass et al., 2016), which are implicated in early kidney development (Lever et al., 2019). These cells display a unique transcriptional profile complying with neither canonical M1 nor M2 nor quiescent Mϕ phenotypes during the first 3 days after IRI. Interestingly, they activate the canonical wingless-type MMTV integration site family (Wnt) signaling by expressing Wnt ligand genes and downstream intracellular signaling mediators, implying that they mediate kidney healing after AKI (Lever et al., 2019). How reprogramed kidney-resident Mϕ further develop in the later stages of AKI and whether they are related to interstitial fibrosis following AKI deserve further investigation (Figure 4).
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FIGURE 4. Schematic representation of Mϕ subtypes throughout different stages of AKI.





Beneficial Effects of M2-Activated Mϕ in AKI

Beneficial effects of M2-activated Mϕ in AKI are supported by many findings: (1) M2 Mϕ clear intraluminal debris (e.g., by apoptosis inhibitor of Mϕ [AIM]-dependent mechanisms) (Arai et al., 2016); (2) secrete tissue-reparative factors, which limit cell cycle arrest (Lin et al., 2010) or apoptosis (Lin et al., 2010; Sola et al., 2011) or which support proliferation in tubular cells (Schmidt et al., 2013) [e.g., Wnt-7b (Lin et al., 2010), lipocalin-2 (Sola et al., 2011), breast regression protein 39 (BRP-39) (Schmidt et al., 2013)]; (3) secrete anti-inflammatory cytokines, which suppress effector T cells or activate regulatory T cells (e.g., IL-10, TGF-β) (Chen et al., 2019); and (4) reduce neutrophil infiltration by downregulating intracellular adhesion molecule-1 (ICAM-1) (Karasawa et al., 2015) and potentially also by sequestering the tissue damage through “cloaking” mechanisms as found in the peritoneal serosa (Uderhardt et al., 2019) etc. As M1 Mϕ are converted into M2 Mϕ in the resolution phase of AKI, a number of studies have focused on identifying stimuli driving Mϕ phenotypic switch during AKI. These stimuli include: (1) paracrine factors released from parenchymal and immune cells; (2) systemic factors, which are released into the blood circulation; and potentially (3) (tissue micro)environmental changes [e.g., apoptotic neutrophils (Filardy et al., 2010; Lee et al., 2011), oxygen (Raggi et al., 2017), and nutrient availability (Geeraerts et al., 2017)].



Paracrine Factors Released by Proximal Tubules

As mentioned above, proximal tubules are the main locale of the inflammation and potent producers of cytokines in AKI. Therefore, it would not be surprising if they substantially contributed to the phenotypic switch of Mϕ in AKI. In proximal tubule/Mϕ co-culture experiments (proximal tubules and Mϕ physically separated), quiescent proximal tubules are capable of polarizing both non- and M1-activated Mϕ toward an M2 Mϕ phenotype in a paracrine manner, similarly as known from mesenchymal stem cells (Lee et al., 2011; Huen et al., 2015). Unfortunately, the proximal tubular mechanisms of M2 polarization are still largely elusive, and it is also unclear whether the contribution of proximal tubules or proximal tubule-derived factors is indispensable for M2 Mϕ polarization in the resolution phase of AKI. Several studies suggest that proximal tubule-derived Mϕ survival factors (e.g., CSF-1, -2, IL-34) drive M2 Mϕ polarization, but these results remain controversial as discussed in the following paragraph. Proximal tubule-derived factors identified to polarize Mϕ toward an M2 phenotype are Wnt ligands and netrin-1, which are both upregulated during AKI (Reeves et al., 2008; Grenz et al., 2011; Ranganathan et al., 2013; Feng et al., 2018a, 2018b). It has been shown that the blockade of Wnt/β-catenin signaling diminishes M2 Mϕ polarization also reducing interstitial fibrosis in AKI (Feng et al., 2018a, 2018b). Netrin-1 deficiency was found to aggravate AKI, whereas the adoptive transfer of netrin-1-treated Mϕ was protective against AKI (Reeves et al., 2008; Grenz et al., 2011; Ranganathan et al., 2013). Proximal tubules also express both transforming growth factor β (TGF-β) and its receptors at high levels. While TGF-β with its pleiotropic effects acts on various cell types, it is known to polarize Mϕ toward an anti-inflammatory (Wang et al., 2005) and pro-fibrotic phenotype (Braga et al., 2015). However, it is unclear how beneficial the Mϕ-specific effects of TGF-β are on AKI as TGF-β can signal directly to proximal tubules and induce proximal tubular apoptosis (Nath et al., 2011; Gewin et al., 2012). In addition, TGF-β may promote the persistence of fibrotic M2 Mϕ and mediate interstitial fibrosis (Martinez et al., 2009; Lech and Anders, 2013; Chung et al., 2018).



Controversial Roles of Mϕ Survival Factors in Mϕ Polarization

CSF-1 and -2 are produced and up-regulated by proximal tubules during AKI. Many studies have pinpointed Mϕ survival factors, CSF-1 (Menke et al., 2009; Alikhan et al., 2011; Zhang et al., 2012; Wang et al., 2015) and -2 [also known as granulocyte-Mϕ CSF (GM-CSF)] (Huen et al., 2015), as factors driving the phenotypic switch toward an M2 phenotype, but this feature of Mϕ survival factors is highly controversial. CSF-1 and -2 are commonly used for generating in vitro Mϕ from bone marrow or blood monocytes, both being sufficient for Mϕ differentiation and maturation. Since CSF-1 and -2 mature and induce expression of distinct patterns of functional genes after a sufficient culture period, researchers have been incited to determine the polarization potential of CSF-1 and -2 and were led to propose that CSF-1 give rise to a more M2-like and CSF-2 to more M1-like expression patterns in Mϕ in vitro (Lacey et al., 2012). Nevertheless, it is important to understand that the translatability of in vitro data is limited as CSF-1 and -2 show in vitro M2 polarization potential only at high concentrations (Lutz et al., 2000; Hume and MacDonald, 2012; Huen et al., 2015) while being efficient at maintaining Mϕ already at low concentrations (Hamilton et al., 1988; Lutz et al., 2000; Meshkibaf et al., 2014). Whereas a number of studies have claimed that both CSF-1 and -2 drive M2 skewing of Mϕ in mice with AKI (Zhang et al., 2012; Huen et al., 2015; Wang et al., 2015), it was controversially found that IL-34, another ligand for CSF-1R, does not polarize Mϕ in murine AKI (Baek et al., 2015) and lupus model (Wada et al., 2019), indicating that CSF-1R signaling is dispensable in M2 Mϕ polarization. Supportive of this data, other studies have shown that: (1) increased CSF-1 expression in the resolution phase of AKI is not sufficient to prevent Mϕ from M1 polarization when Mϕ are exposed to an M1 stimulus or when they are deprived of an M2 stimulus during AKI (Fujiu et al., 2011; Susnik et al., 2014; Chiba et al., 2016); (2) quiescent and M2 Mϕ in the resolution phase of AKI differ in transcriptional profiles and functions (Lever et al., 2019; Yang et al., 2019); and (3) the sustained blockage of CSF-1R or the constitutive deletion of CSF-1 ameliorates AKI (Lenda et al., 2003; Ma et al., 2009; more discussion in Assessing Mϕ functions by depleting Mϕ section). Nevertheless, what is consistent throughout all studies (Zhang et al., 2012; Baek et al., 2015; Huen et al., 2015; Wang et al., 2015; Chiba et al., 2016) is that the deficiency in Mϕ survival factors reduces the number of Mϕ (including that of M2 Mϕ predominating in the resolution phase of AKI). It is interesting to note that the deletion of proximal tubule CSF-1 or the blockade of CSF-2 in AKI leads to a reduction in expression of M2 Mϕ-specific genes, which appears modest (<30%; except regarding Arg1 expression), which may have resulted from the altered ratio of infiltrating and kidney-resident Mϕ, as blood-circulating Mϕ are not affected by the deletion of proximal tubule CSF-1 or the blockade of CSF-2 (Huen et al., 2015; Wang et al., 2015). The observation that clodronate-induced Mϕ depletion increased initial AKI and reduced recovery in the absence of proximal tubule CSF-1 (Wang et al., 2015) provided additional evidence that CSF-1 is not required or sufficient for M2 Mϕ polarization (also commented in Perry and Okusa, 2015). Taken together, CSF-1, -2 and IL-34 are likely not sufficient to polarize Mϕ toward M2 phenotype, but promote the expansion of M2 Mϕ post-AKI (Chiba et al., 2016). It would be interesting for future work to explore whether Mϕ survival factors have only redundant functions and, if not, what the unique, non-overlapping, functions of these Mϕ survival factors are.



Other Factors Inducing M2 Polarization of Mϕ

Th2 cytokines, IL-4, -10, and -13, are detected in the resolution phase of AKI, but they are not functionally expressed in proximal tubules (Andres-Hernando et al., 2017; Zhang et al., 2017). IL-4 and -13 are produced by Th2 T cells, basophils, mast cells, and granulocytes, whereas IL-10 is produced by regulatory T cells (Liu et al., 2011), B cells as well as Mϕ, induced by prostaglandins, glucocorticoids, apoptotic cells, and G protein-coupled receptor ligands (Zhang et al., 2017). IL-10, which is part of negative feedback response to inflammation and expressed along with pro-inflammatory cytokines, is released into the local tissue and blood circulation and contributes to the suppression of AKI (Deng et al., 2001; Wan et al., 2014; Greenberg et al., 2015; Zhang et al., 2015). Circulating pentraxin-2, also known as serum amyloid P, is found to facilitate the uptake of apoptotic cells and to bind to Fcγ receptors by opsonizing apoptotic cells. This process triggers IL-10 expression and M2 polarization in infiltrating Mϕ (Castano et al., 2009). IL-4 and -13 activate IL-4Rα and its downstream signaling molecule STAT6 and mediate tissue repair and IL-10 immunosuppression (Zhang et al., 2017). IL-4-stimulated Mϕ, not M1-stimulated Mϕ, promote tubular cell proliferation (Lee et al., 2011). Locally synthesized RA, most likely produced by peritubular Mϕ, represses M1 Mϕ and activates RA signaling in the injured tubular epithelium, which, in turn, promotes M2 polarization, thereby reducing Mϕ-dependent injury post-AKI (Chiba et al., 2016). As mentioned above, the proximal tubular mechanisms of M2 Mϕ polarization are only partially understood and deserve more investigation in the future.



M2 Mϕ in the Progression of CKD

AKI is reversible as long as the cause has been eliminated and the tissue has not been structurally damaged (Chawla et al., 2011; Basile et al., 2012). So far, it is largely unknown which mechanisms determine full recovery versus subsequent CKD after AKI. For a full recovery after AKI, two conditions regarding Mϕ need to be fulfilled: (1) re-transforming and/or removal of pro-fibrotic M2 Mϕ; and (2) the decline in Mϕ numbers to the basal level. Importantly, Mϕ numbers during AKI are supposed to be strictly controlled across all stages, and uncontrolled hyper-proliferation or inadequate removal of M2 Mϕ in the resolution phase of AKI may cause a non-resolving inflammation and chronic pathology as we observe in other disease areas (e.g., in muscle inflammation (Iwata et al., 2012; Baek et al., 2015; Baek et al., 2017). So far, virtually nothing is known about the fate of Mϕ after the tubular repair is complete, and this needs to be investigated in the future (Huen and Cantley, 2017). Since M2 Mϕ are considered to be protective in AKI, there is a growing interest to use M2 Mϕ and Mϕ-modulating agents as therapeutic tools to treat patients with AKI. However, it is to note that M2 Mϕ are considered to be instrumental in the development of pathological fibrosis and the progression of CKD (Duffield, 2010; Anders and Ryu, 2011). Especially, several studies have identified monocyte-derived Ly6Clow Mϕ, which predominate over Ly6Cint Mϕ in the later stages of AKI, as direct or indirect contributors to interstitial fibrosis (Lin et al., 2009; Anders and Ryu, 2011; Clements et al., 2016; Lever et al., 2019; Yang et al., 2019) and as a hallmark of CKD progression post-AKI. In line with this, CX3CL1-CX3CR1-mediated survival of Ly6Clow Mϕ correlates with interstitial fibrosis in obstructed kidneys (Peng et al., 2015). M2 Mϕ may take an important pro-fibrotic role (1) by promoting the formation of a provisional ECM (containing fibrin, fibrinogen, and fibronectin), which mediates the recruitment of fibrocytes, giving rise to myofibroblasts (= the effector cells in fibrosis, which, in turn, produce large amounts of ECM components); (2) by expressing matrix metalloproteases, some of which serve as essential drivers of fibrosis; and (3) by secreting large amounts of pro-fibrotic factors, which activate and differentiate resident fibroblasts and infiltrating fibrocytes into myofibroblasts [e.g., TGF-β1 and PDGF, vascular endothelial growth factor (VEGF), insulin-like growth factor 1 (IGF1), Galactin-3] (Vernon et al., 2010; Lech and Anders, 2013; Braga et al., 2015; Wynn and Vannella, 2016); and potentially (4) by directly transitioning into myofibroblasts to mediate interstitial fibrosis via a mechanism named “Mϕ-myofibroblast transition (MMT)” (Nikolic-Paterson et al., 2014; Meng et al., 2016; Wang et al., 2016; Wang Y.Y. et al., 2017; Liang et al., 2018; Tang et al., 2018).




ASSESSING Mϕ FUNCTIONS BY DEPLETING Mϕ

As discussed in detail above, Mϕ are highly implicated in AKI and in the progression of CKD, and Mϕ have versatile functions and are like double-edged swords being both tissue-destructive and -suppressive depending on circumstances. To successfully develop Mϕ-based therapeutic approaches for AKI and its outcomes, we need to precisely understand the role of Mϕ and Mϕ subtypes in AKI. To assess Mϕ functions in AKI, a number of studies have addressed how AKI is affected if global Mϕ or individual Mϕ subtypes are removed or reduced throughout different stages of AKI (Figure 1).

Acute kidney injury encompass both an injury phase and a resolution phase (Huen and Cantley, 2017). Mϕ change their functional phenotype throughout different stages of AKI: Mϕ are predominantly skewed toward M1 phenotypes at early stages of inflammation and toward M2 phenotypes in the resolution phase of AKI. As the phenotypic change of Mϕ during AKI has been well characterized and is known to be a time-controlled process, the role of an individual Mϕ subtype can be assessed by depleting the individual Mϕ subtype by deleting the global Mϕ pool at a selected time point (i.e., when the Mϕ subtype predominates). A number of studies respectively pinpointed the role of M1 and M2 Mϕ using various Mϕ depletion strategies during and after the induction of AKI, including: (1) systemic administration of Mϕ-depleting clodronate or (2) neutralizing CSF-1R antibody; and (3) DT injection in mice expressing DTR on Mϕ. We note that in these studies investigators could not limit their depletion strategies to only M1 or M2 Mϕ as the time-specific removal of individual Mϕ subtypes only relates to the change in the relative abundance of the M1/M2 phenotypes at different time points. Of note, there may be a discrepancy between experimental AKI models in disease kinetics and reversibility and also a discrepancy between Mϕ depletion methods. In line with this, a study showed that Mϕ depletion by clodronate at a single dose effectively reduces blood monocytes, but not completely depletes tissue-resident Mϕ and depleted tissue-resident Mϕ are completely replenished within 72 h (Puranik et al., 2018). Other studies suggested that Mϕ depletion by anti-CSF-1R primarily depletes activated resident monocytes, not affecting the numbers of pro-inflammatory monocytes (MacDonald et al., 2010) and the injury (Wynn and Vannella, 2016).


Impact of Global Mϕ Depletion on AKI and Its Outcomes

To determine the role of global Mϕ, regardless of polarization state, in AKI, studies have been performed using depletion methods based on: (1) repeated administration of Mϕ-depleting agents (clodronate, small molecule CSF-1R inhibitors, neutralizing anti-CSF-1R antibodies, etc.); (2) genetic deletion of Mϕ survival factors (CSF-1, IL-34 or CSF-1R deficiency) (Lenda et al., 2003; Ma et al., 2009; Baek et al., 2015). In general, a (partial) global depletion of Mϕ was revealed to mitigate AKI in UUO and IRI experiments resulting in reduced tubular apoptosis (Lenda et al., 2003; Kitamoto et al., 2009; Ma et al., 2009; Baek et al., 2015) and interstitial fibrosis (Ma et al., 2009; Baek et al., 2015; Liu et al., 2018) (Table 1). In an experimental model of hypertension, the sustained depletion of global Mϕ was shown to attenuate hypertensive renal injury and fibrosis as well as to lower blood pressure (Huang et al., 2018). Much to our surprise, the reduced number of M2 Mϕ in Il34–/– mice did not show a delay in the kidney recovery, but prevented kidney fibrosis, being clearly beneficial to the injured kidney (Baek et al., 2015). Remarkably, a UUO experiment showed that the global depletion of Mϕ reduces tubular apoptosis, but does not affect interstitial fibrosis (Ma et al., 2009), but this may be due to the specificity of UUO, where the renal insult is irreversible and the suppression of the injury driving the fibrotic response is more difficult than in other models (Nikolic-Paterson et al., 2014).

TABLE 1. Impact of global Mϕ depletion on AKI and its outcomes.
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When AKI was induced by cell-specific depletion of proximal tubules in Ggt1-DTR mice, global depletion of Mϕ led to opposite results, aggravating AKI. In this specific AKI model, global depletion of Mϕ resulted in reduced survival of mice (Zhang et al., 2012), delayed functional and structural recovery from AKI and increase in interstitial fibrosis (Wang et al., 2015) (Table 1). However, it is important to mention that this AKI model does not involve a prominent Mϕ infiltration as seen in other IRI models (Figure 6 in Zhang et al., 2012), indicating that the initial injury is independent of M1 Mϕ and depletion of global Mϕ mainly targets the resident Mϕ-derived M2 pool.

Overall, these studies indicate that (partial) general depletion of Mϕ is rather beneficial than harmful to the injured kidney, especially in AKI settings where Mϕ infiltration and M1 Mϕ are prominent features (e.g., IRI and UUO models). The significance of Mϕ in tissue repair after AKI is unquestioned as Mϕ are known as extremely potent phagocytes supposed to accelerate the tissue recovery by clearing debris. However, studies showed that the kidney epithelium possess its own mechanisms to self-heal, e.g., by producing autocrine factors, which mediate tubular regeneration [CSF-1 (Menke et al., 2009), TGF-β1 (Gewin et al., 2012) etc.], and Mϕ may not be the only phagocytes in the injured tissue. So far, we do not know whether Mϕ are indispensable in tissue repair after AKI.



Impact of M1 Mϕ Depletion on AKI and Its Outcomes

To examine the impact of M1 Mϕ on AKI and its outcomes, Mϕ were depleted by injecting clodronate into mice before the induction of AKI by either uni- or bilateral IRI (Day et al., 2005; Jo et al., 2006; Vinuesa et al., 2008; Lee et al., 2011; Ferenbach et al., 2012; Lu et al., 2012) or glycerol injection (Kim et al., 2014) (Table 2). All of these experiments demonstrated that reducing M1 Mϕ prevents immunopathology and improves kidney function in injured kidneys. In one of these studies, the depletion of M1 Mϕ paradoxically showed a reduced tubular regeneration at day 3 of bilateral IRI (Vinuesa et al., 2008); but, this may reflect that tubules were less damaged due to the depletion of M1 Mϕ. Independently, M1 Mϕ removal by immunotoxin (Fet et al., 2012) or neutralizing anti-CSF-1R antibody (Clements et al., 2016) prior to IRI uncovered similar findings including improved kidney function (Fet et al., 2012; Clements et al., 2016) and pathology and reduced oxidative stress (Fet et al., 2012) (Table 2). On the other hand, the reduction of M1 Mϕ by clodronate injection (Lu et al., 2008) and by DT injection in Cd11b-DTR mice (± clodronate) did not show any effect on cisplatin- and ischemia-induced AKI, respectively (Ferenbach et al., 2012; Lu et al., 2012) (Table 2). Interestingly, Mϕ depletion by clodronate injection improved AKI in the same IRI study (Ferenbach et al., 2012), indicating that DT-induced depletion of CD11b+ cells in Cd11b-DTR mice may have affected a larger variety of immune cells including immunosuppressive cell types. Overall, the impact of M1 Mϕ depletion on AKI and its outcomes can be considered as protective in AKI.

TABLE 2. Impact of M1 Mϕ depletion on AKI and its outcomes.
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Impact of M2 Mϕ Depletion on AKI and Its Outcomes

It may be easy to assume that the expansion of reparative M2 Mϕ in the resolution phase of inflammation would be beneficial to the injured tissue, but, in reality, M2 Mϕ can be both friends and foes in AKI (Braga et al., 2015). Indeed, studies focusing on evaluating the effect of M2 Mϕ depletion in AKI have led to controversial results. On the one hand, depletion of M2 Mϕ (e.g., by clodronate injection or DT-mediated conditional ablation of CD11b+ cells) was found to decrease kidney fibrosis (Lin et al., 2009; Kim et al., 2015; Yang et al., 2019), improve the kidney function and reduce the production of inflammatory and pro-fibrotic cytokines in some IRI and UUO experiments (Ko et al., 2008). In addition, M2 Mϕ depletion starting as early as at day 1 after UUO showed an improvement of the immunopathology limiting tissue injury (Yang et al., 2019) (Table 3). Notably, renal fibrosis was found to be reduced in all experiments where M2 Mϕ depletion improves the renal pathology after AKI, indicating that the most undesirable feature of M2 Mϕ in Mϕ-based therapeutic approaches for AKI and CKD is the capability to promote renal fibrosis. Some IRI and septic AKI experiments, on the other hand, led to completely opposite results suggesting that M2 Mϕ depletion is harmful to injured kidneys (Table 3). In these experiments, M2 Mϕ depletion worsened AKI (Li et al., 2018) or delayed the recovery from AKI (Jang et al., 2008; Lee et al., 2011); increased tubular damage and apoptosis (Jang et al., 2008; Menke et al., 2009; Clements et al., 2016) and oxidative stress (Jang et al., 2008); and impaired of kidney function (Menke et al., 2009; Lee et al., 2011; Karasawa et al., 2015; Li et al., 2018). In one study, M2 Mϕ depletion by DT-mediated ablation of CD11b+ cells even aggravated kidney fibrosis following IRI, which was contrary to the observations previously mentioned (Menke et al., 2009). In addition, DT-mediated depletion of CD169+ cells, which represent tissue-resident M2 Mϕ, markedly worsened the kidney injury and increased the lethality in mice after IRI, which, but, could be rescued by the adoptive transfer of Ly6C– monocytes (Karasawa et al., 2015). Notwithstanding of all above, there was also a study showing that M2 Mϕ depletion (by conditional ablation in CD11b- or CD11c-DTR) does not have any impact on the development of fibrosis after unilateral IRI (Kim et al., 2015) (Table 3). In summary, the impact of M2 Mϕ depletion on AKI and its outcomes was not consistent throughout the experiments, illustrating that M2 Mϕ can be both beneficial and harmful to the injured kidney. These controversial results from AKI studies focusing on elucidating the role of M2 Mϕ corroborate the dual nature of M2 Mϕ. It is interesting to note that M2 Mϕ can to be rather disturbing than useful in the recovery process after AKI depending on the conditions given.

TABLE 3. Impact of M2 Mϕ depletion on AKI and its outcomes.
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Mϕ-BASED THERAPEUTIC STRATEGIES

Mϕ are instrumental in maintaining immune homeostasis and mediating inflammation. Therefore, modulation of Mϕ functions is widely considered as a promising approach for various kidney diseases. Different Mϕ-based strategies have been suggested for the treatment of AKI, including: (1) adoptive transfer of ex vivo Mϕ that are M2-activated via (a) treatment with M2 stimuli (Wang et al., 2007; Cao et al., 2010; Ranganathan et al., 2013; Geng et al., 2014) or (b) genetic manipulation (Wilson et al., 2002; Ferenbach et al., 2010; Jung et al., 2012, 2016); (2) adoptive transfer of immunomodulatory cells (such as bone marrow-derived mesenchymal stem cells, umbilical cord-derived stromal cells (Li et al., 2013; Geng et al., 2014; Rota et al., 2018) and type 2 innate lymphoid cells (Huang et al., 2015; Cao et al., 2018); (3) systemic administration of M2-polarizing agents (Cao et al., 2011; Chen et al., 2017; Wang Q. et al., 2017; Wang S. et al., 2017; Barrera-Chimal et al., 2018) [for more detailed information on this topic, please refer to the comprehensive review (Chen et al., 2019)]. Of note, most of these proposed strategies are based on the modulation of Mϕ functions favoring M2 anti-inflammatory state. In such a strategy, the risk of triggering renal fibrosis with M2 Mϕ can be a critical issue (Braga et al., 2015). Thus, studies have also focused on developing genetic modification of ex vivo Mϕ to suppress the development of kidney fibrosis. It has been found that the adoptive transfer of Mϕ overexpressing neutrophil gelatinase-associated lipocalin-2 (NGAL) (Guiteras et al., 2017) or lacking legumain (Wang D. et al., 2018) can attenuate renal interstitial fibrosis.

Interestingly, the reduction in the number of global and M2 Mϕ can be beneficial to the injured kidney and a promising approach to treatment of AKI. Actually, Mϕ-depleting clodronate and anti-CSF-1R neutralizing antibodies are used in different clinical areas (Frediani and Bertoldi, 2015; Peyraud et al., 2017; Frediani et al., 2018; Goldvaser and Amir, 2019). A potential target for depleting Mϕ is CSF-1R signaling. Csf1r–/– mice and mice deficient in functional CSF-1 (Csf1op/op mice) completely lack Mϕ, but also exhibit other severe non-Mϕ-related physiological abnormalities (Wei et al., 2010), illustrating that spatiotemporal expression of CSF-1 is crucial to many important biological processes. It has been found that genetic deletion of IL-34 partially removes Mϕ in injured kidneys and is beneficial in AKI (Baek et al., 2015) as well as in lupus nephritis (Wada et al., 2019). As Il34–/– mice show no gross phenotype in steady state (Greter et al., 2012; Wang et al., 2012), targeting of IL-34 appears to be more tolerable than that of CSF-1R or CSF-1. IL-34 may be useful for the partial removal of global Mϕ throughout all stages of AKI or for reducing M2 Mϕ in the later stages of AKI.



CONCLUSION AND OUTLOOK

This review has provided insights into the net effect of versatile Mϕ functions in AKI by Mϕ removal studies (Figure 1). Interestingly, several studies suggest that the (partial) depletion of global Mϕ in AKI can be beneficial to the injury kidney. In addition, this review has assessed the current literature on the impact of the depletion of individual Mϕ subtypes on AKI and its outcomes and found that M1 Mϕ depletion has been shown to be generally protective against AKI, whereas M2 Mϕ depletion has led to controversial results.

How can we translate findings from animal AKI models into clinical practice? M1 Mϕ instantly enter the tissue within an hour after AKI and phenotypically switch to M2 Mϕ within a couple of days. In most AKI cases, the onset cannot be predicted (e.g., unless patients are scheduled for a kidney transplant or other relevant surgery) and precedes the diagnose. Thus, therapeutic intervention via targeting of M1 Mϕ can be challenging. As M2 Mϕ can resolve inflammation, there is a growing interest to use M2 Mϕ and Mϕ-modulating agents as therapeutic tools to treat patients with AKI (Chen et al., 2019); however, we may not underestimate that M2 Mϕ can contribute to interstitial fibrosis and facilitate the AKI-to-CKD transition. Overall, M2 Mϕ act as double-edged swords being both beneficial and harmful to the inflamed kidney tissue (Braga et al., 2015), and the dual nature of M2 Mϕ is well recapitulated in the results from M2 Mϕ depletion studies. As uncontrolled hyper-proliferation or inadequate removal of Mϕ in the resolution phase of inflammation can cause chronic inflammation and eventual organ failure, we need to simultaneously consider two avenues, when developing therapeutic approaches targeting Mϕ, including: (1) modulation of Mϕ activation and functions and (2) removal of excess Mϕ. Previous studies investigating the role of Mϕ in AKI mostly focused on the mechanism of Mϕ survival, proliferation and polarization, we do not understand by which mechanisms Mϕ disappear in the resolution phase of inflammation. Future studies need to investigate the fate of individual Mϕ subtypes after the tissue repair is completed.
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Acute kidney injury leading to chronic kidney disease through tubulointerstitial fibrosis is a major challenge in nephropathy. Several signaling pathways promote interstitial fibrosis; however, effective suppression of fibrosis may require blockade of more than one pathway. This study investigated whether blockade of Smad3 and c-Jun N-terminal kinase (JNK) signaling gives added suppression of interstitial fibrosis in folic acid nephropathy. A single high dose of folic acid (FA) causes acute tubular damage in C57BL/6J mice followed by interstitial fibrosis and chronic renal impairment. Co-activations of Smad3 and JNK signaling occur in both tubular epithelial cells and myofibroblasts in areas of tubulointerstitial damage and fibrosis in both murine FA-induced nephropathy and human IgA nephropathy. Groups of mice were treated with a Smad3 inhibitor (SIS3), a JNK inhibitor (SP600125), or a combination from day 6 after FA administration until being killed on day 28. Each drug efficiently inhibited its specific target (Smad3 phosphorylation or c–Jun phosphorylation) without affecting the other pathway. Given alone, each drug partially reduced renal fibrosis, whereas the combination therapy gave an additive and profound protection from renal fibrosis and improved renal function. Inhibition of Smad3 and/or JNK signaling activities prevented down-regulation of PGC-1α in tubular epithelial cells and up-regulation of PGC-1α in myofibroblasts during FA-induced renal fibrosis and inflammation. The expression of PGC-1α was upregulated in Smad3−/− NRK52E cells while downregulated in Smad3−/−NRK49F cells, suggesting that Smad3 signaling may regulate expression of PGC-1α in renal tubular epithelial cells and fibroblasts in distinct fashion. In vivo and cell culture studies also indicate that Smad3 and JNK signaling cooperate to cause mitochondrial dysfunction and cell damage in tubular epithelial cells via direct actions on the transcription of PGC-1α. These pathways also act cooperatively to promote renal fibroblast proliferation in tempo-spatial fashion. In conclusion, we have identified a potential combination therapy for progressive renal fibrosis which operates, in part, through modifying mitochondrial function.

Keywords: tubulointerstitial fibrosis, Smad3, JNK1/2, PGC-1α, mitochondrial dysfunction

Introduction

There is increasing evidence that acute kidney injury (AKI) is often followed by tubulointerstitial damage due to incomplete renal recovery. Renal tubulointerstitial damage, characterized by tubular atrophy, inflammatory cell infiltration, fibrogenesis, and peritubular capillary rarefaction, is considered the final common pathway leading from chronic kidney disease (CKD) to end-stage renal disease (ESRD) (Takaori and Yanagita, 2016; Kaballo et al., 2017). Many patients develop CKD or even subsequent ESRD due to incomplete recovery after an AKI episode (Takaori and Yanagita, 2016; Kaballo et al., 2017). The progression of CKD to ESRD is a complex process involving various intracellular signaling pathways operating in a tempo-spatial manner. We lack specific anti-fibrotic treatments to stop or retard the progression of CKD to ESRD. A better understanding of the role that signaling pathways play in tubulointerstitial damage will enable rational intervention strategies for CKD.

Inflammation and fibrogenesis are two major determinants in the progression of CKD. The c-Jun N-terminal kinase (JNK) and Smad3 signaling pathways have been implicated in the production of proinflammatory mediators and in the fibrogenesis, respectively. Blockade of JNK signaling reduces the degree of interstitial fibrosis in the obstructed kidney (Ma et al., 2007), and JNK activation in the tubulointerstitium correlates with interstitial fibrosis and loss of renal function in human kidney disease (De Borst et al., 2007). On the other hand, blockade of Smad3 signaling has also been shown to suppress the development of renal interstitial fibrosis (Sato et al., 2003; Li et al., 2010).

Kidney function involves a high metabolic demand in which tubular cells require mitochondrial ATP production to move solutes against electrochemical gradients (Sjostrand and Rhodin, 1953; Weidemann and Krebs, 1969; Tran et al., 2011). Tubular ATP depletion due to mitochondrial dysfunction is a hall mark of AKI and cause of tubular cell injury and death (Thadhani et al., 1996). Disruption of mitochondrial homeostasis and suppression of mitochondrial biogenesis (MB) persists after AKI (Funk and Schnellmann, 2012) and may be a driver of CKD. PPARγ coactivator–1α (PGC-1α) (Puigserver et al., 1998; Wu et al., 1999), the regulator of MB and metabolism, is highly expressed in the kidney. The expression of PGC-1α is markedly suppressed during AKI induced by folic acid (FA), ischemia/reperfusion, or glycerol, while overexpression of PGC-1α in tubular epithelial cells can restore mitochondrial and cellular function and decrease epithelial–mesenchymal transition after oxidative stress (Rasbach and Schnellmann, 2007; Hallman et al., 2008; Yuan et al., 2012), suggesting that PGC-1α may play a pivotal role in the recovery after AKI and in the fibrotic response. Of note, Smad3 deficiency promotes MB and increases basal respiration in adipocytes and Smad3 acts as a repressor of PGC-1α expression. In addition, use of an anti-TGF-β1 neutralizing antibody to block TGF-β/Smad3 signaling protects mice from obesity, diabetes, and hepatic steatosis (Tan et al., 2011; Yadav et al., 2011). We have also demonstrated that Smad3 deficiency decreases high-fat diet–induced mitochondrial injury in podocytes (Sun et al., 2015). Activation of the JNK/c-Jun pathway by potassium deprivation down-regulates PGC-1α expression in cerebellar granule neurons (Liang et al., 2010), and JNK inhibition protects LPS-treated mice from fatty acid oxidation reduction and cardiac dysfunction (Drosatos et al., 2011). Taken together, the above studies indicate that blockade of Smad3 and/or JNK signaling has the potential to reduce mitochondrial dysfunction in AKI. The unanswered question is whether JNK and/or Smad3 signaling pathways modulate the expression of PGC-1α and mitochondrial function during the transition of AKI to CKD.

Here, we report that combined blockade of JNK and Smad3 signaling provides a significant added benefit in suppressing tubular damage and interstitial fibrosis in the AKI to CKD transition in the mouse model of folic acid nephropathy. This protection against ongoing tubular damage was associated with increased PGC-1α expression and improved mitochondrial function in vivo, while cell culture studies identified that both pathways modulate PGC-1α promoter activity in tubular epithelial cells. These data identify a novel combination therapy to halt the progression of AKI to CKD and propose a new mechanism of action by which JNK and Smad3 signaling promote renal interstitial fibrosis.

Methods

Experimental Animals

C57BL6/J mice of 8 weeks old weighing 20–30 g were purchased from Animal Services, Sun Yat-sen University, Guangzhou, China. Mice were administered FA (Sigma-Aldrich, St. Louis, MO), by intraperitoneal injection (i.p). at the dose of 250-mg/kg body weight dissolved in 0.3 mmol/L sodium bicarbonate. The dose of FA-induced acute tubular necrosis achieved a low mortality rate (about 5%) within 3 days after FA injection. Control mice were administered an equivalent volume of sodium bicarbonate (buffer) by i.p. Body weight of each mouse was measured every day for the whole course of experiment after injection. FA and control mice were sacrificed at 2 days, 6 days, 2 weeks, and 4 weeks after injection, and blood, urine, and kidney tissue were collected at the time of the sacrifice for analysis (n = 6/group/time point). In the intervention study, FA mice received JNK-specific inhibitor (SP600125, 15 μg/g/day, Abcam, Cambridge, UK) or/and Smad3-specific inhibitor (SIS3, 5 μg/g/day, Sigma-Aldrich) dissolved in 0.5% carboxymethylcellulose sodium (vehicle) or given vehicle alone by daily i.p. on day 7 after FA injection for 3 weeks. In the co-administration group, the drugs were combined together so that the number and volume of i.p. injections were the same across all groups. Mice were killed at 4 weeks after FA injection (n = 6/group). Blood, urine, and kidney samples were collected from each animal. All mice were acclimated in metabolic cages with free access to food and water for collection of 24-h urine samples. Measurement of urine protein and creatinine were determined using a detergent compatible protein assay kit (Bio-Rad, Hercules, CA) and Creatinine Assay Kit (Cayman Chemical, Ann Arbor, MI) according to instructions. Proteinuria was normalized for creatinine excretion. Each kidney was divided into three parts for (Kaballo et al., 2017) immunoprecipitation/Western blotting; (Takaori and Yanagita, 2016) 10% buffered formalin-fixed, paraffin-embedded tissue; and (Ma et al., 2007) periodate-lysine-paraformaldehyde, OCT-embedded tissue. All experiments were performed at Animal Services, Sun Yat-sen University and approved by the Sun Yat-sen University Animal Ethics Committee.

Human Renal Biopsy Specimens

Studies using human tissue were approved by the Human Ethics Committee of Monash Medical Centre and the Human Ethics Committee of the 1st Affiliated Hospital, Sun Yat-sen University. Human ethics committee approval and written informed consent from the patients were obtained in both institutions. Cryostat sections of snap-frozen tissue, excess to that required for diagnosis, were examined in five cases of IgA nephropathy. Normal kidney tissue was obtained from the non-involved pole of nephrectomies performed as the result of renal carcinoma.

Histology and Confocal Microscopy

Kidneys were fixed in 10% buffered formalin, and paraffin-embedded tissue sections (4 μm) stained with Masson trichrome. Cryostat sections of tissues (4 μm) fixed in periodate-lysine paraformaldehyde were blocked with 2% BSA in PBS and incubated with the following antibodies: rabbit anti-fibronectin (Sigma) or rabbit anti-collagen IV (Southern Biotechnology, Birmingham, AL) followed by goat anti-rabbit Alexa Fluor 488 (Invitrogen, Mount Waverly, Australia) and Cy3-conjugated mouse anti-α-SMA antibody (Sigma) or Alexa Fluor 488-conjugated Rabbit Anti-Tomm20 antibody (Abcam); rat anti-Smad3 (R&D Systems, Minneapolis, MN) followed by goat anti-rat Alexa Fluor 488, rabbit anti-phosphorylated JNK1/2 (Cell Signaling Technology, Danvers, MA) followed by goat anti-rabbit Alexa Fluor 647, and Cy3-conjugated mouse anti-α-SMA antibody; or rat anti-CD11b (Abcam) followed by goat anti-rat Alexa Fluor 488. Sections were counterstained with 4,6-diamidino-2-phenylindole (DAPI, Sigma) to visualize nuclei and analyzed with an Olympus FluoView 1000 Confocal Microscope (Olympus, Tokyo, Japan) under an oil UPLFL × 60 or × 40 objective (NA 1.25; Olympus) using the FV10-ASW software (V1.3c; Olympus). The percentage of staining area was counted in blinded slides. The number of infiltrating interstitial CD11b(+)/DAPI(+) cells was quantified in 20 non-overlapping cortical fields/each kidney and expressed as cells per mm2 of cortical interstitium. Images were analyzed by ImageJ (http://rsb.info.nih.gov/ij/).

Cell Culture

Wild-type C57BL6/J (WT) mouse renal fibroblasts, NRK52E cells, and NRK49F cells were cultured as previously described (Li et al., 2010; Qu et al., 2012).

Western Blot Analysis

Kidneys (~20 mg) were homogenized and suspended in 0.4 ml of lysis buffer containing 10 mmol/L Tris-HCL, pH 7.4, 1% Triton X-100, 0.5% deoxycholate, 1 mmol/L phenylmethyl sulfonyl fluoride, and cOmplete™, EDTA-free Protease Inhibitor Cocktail (Roche, Castle Hill, Australia). Cultured cells (~2 × 106) were lysed in 0.3 ml RIPA lysis buffer and sonicated. Protein concentration estimations were performed with a detergentcompatible protein assay kit (Bio-Rad, Hercules, CA). Proteins (~50 µg) were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to a polyvinylidene difluoride membrane. After blocking for 30 min at 4°C in 5% bovine serum albumin in phosphate-buffered saline with 0.1% Tween 20, the membrane was incubated overnight with rabbit anti-JNK, p-JNK (Cell Signaling Technology), or rabbit anti-Smad3, p-Smad3 (Biorbyt, Cambridge, UK). Blots were then incubated with peroxidase-conjugated goat anti-rabbit IgG for 1 h at room temperature, and bound antibody was detected using an ECL Kit (Amersham Pharmacia Biotech, Arlington, IL) and the Kodak 4000MM Image Station. Band density was quantified using ImageJ (http://rsb.info.nih.gov/ij/).

Enzyme-Linked Immunosorbent Assay (ELISA)

Mouse Cystatin C DuoSet ELISA Kit (R&D Systems) was used to measure the protein level of cystatin c in serum according to the instruction supplied.

Collagen I/PGC-1α Promoter Luciferase Assay

1 day after collagen I promoter luciferase plasmid or PGC-1α promoter luciferase plasmid was transfected NRK52E cells or NRK49F cells by lipofectamine 2000. Cells were treated with or without TNF-α, TGF-β1, DMSO, Sp600125, and/or SIS3 for 18 h. Wild-type Renilla luciferase was used for normalization in Reporter Assays. Then, cells were harvested and luciferase assay was performed according to the instruction in Luciferase Assay Kit (Promega).

Isolation of Mitochondria From Tissues and Cells

We isolated mitochondria using the Mitochondria Isolation Kit for fresh tissue (Thermo Scientific, cat. no. 89801) and cells (Thermo Scientific, cat. no. 89874).

Cell Proliferation Assay

Cell proliferation assay was performed using Cell Proliferation ELISA, BrdU (colorimetric) Kit (Roche Applied Science, Indianapolis, IN). Briefly, the cells were cultured in 96-well plates at a density of 6,000 cells/100 μl/well in complete growth media. The sense sequence of rat PGC-1α siRNA was: 5’AAGACGGATTGCCCTCATTTG. The negative control (scramble) siRNA sequence was: 5’AAGCTTCATAAGGCGCATAGC. The SiRNA was transfected into NRK52E cells or NRK49F cells by using lipofectamine transfection reagent according to manufacturer’s instructions. After 24 h, NRK52E cells and NRK49F cells were treated with epidermal growth factor (EGF) (50 ng/ml; R&D Systems, MN, USA) or PDGF-BB (20 ng/ml; R&D Systems), respectively. After 48 h, the cells were labeled using 10 μM BrdU per well and cultured for another 24 h. The detection and measurement of cell proliferation were performed according to the instruction in Cell Proliferation ELISA Kit.

Lentiviral CRISPR/Cas9 Constructs

For the inducible Smad3 sgRNA constructs, the previously described FgH1tUTG plasmid was modified to contain the rat Smad3 sgRNA (5’TCCCTACAAGGCGGCACATTGGGA3’ and 5’ AAACTCCCAATGTGCCGCCTTGTA’) cassette, which was inserted into bi-directional Bsmb1 sites linked to the GFP fluorescent protein (Aubrey et al., 2015). The constitutive Cas9 expression vectors were derived from the pFUGW, Cas9 protein linked via the T2A peptide to the mCherry fluorescent reporter protein (Aubrey et al., 2015).

Statistical Analysis

Data are expressed as mean ± SD with statistical analyses performed using two-way analysis of variance or one-way analysis of variance, with post hoc analysis with Tukey’s multiple comparison test using GraphPad Prism 6.0 (Graph-Pad Software, San Diego, CA). A probability (P) value below 0.05 was accepted as statistically significant.

Results

Development and progression of tubulointerstitial fibrosis and inflammation following FA-induced acute kidney failure

Masson trichrome staining and immunostaining showed that administration of FA to mice resulted in severe tubulointerstitial injury, development, and progression of tubulointerstitial fibrosis and inflammation (Figures 1A–C, E). Levels of serum cystatin c dramatically increased by 2 days after FA administration and then dropped but remained at a higher level than that of vehicle administration throughout the study period (Figure 1D), demonstrating acute renal failure followed by incomplete tubulointerstitial recovery and the development and progression of CKD.


[image: ]

Figure 1 | Development and progression of tubulointerstitial fibrosis and inflammation following folic acid (FA)–induced acute kidney failure. (A) Masson trichrome staining showing histological changes in the kidneys 2 days, 6 days, 2 weeks, and 4 weeks after folic acid or buffer injection. (B) Confocal microscopy showing expression of α-SMA, fibronectin (FN), and collagen IV (Col. IV) and (E) CD11b in the kidneys 2 days, 6 days, 2 weeks, and 4 weeks after folic acid or buffer injection. (C) Quantification of α-SMA, FN, and Col. IV staining area in the kidneys 2 days, 6 days, 2 weeks, and 4 weeks after folic acid or buffer injection. (D) Time course of serum cystatin c changes from mice after folic acid or buffer injection. (E) Confocal microscopy showing expression of CD11b after folic acid or buffer injection. Original magnification; ×400 (A and E); ×600 (B). Data are mean ± SD (n = 6/group). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.



Smad3 and JNK Signaling Co-activation in FA-Induced Nephropathy and in Tubulointerstitial Fibrosis in Human IgA Nephropathy

Confocal microscopy demonstrated co-localization of p-Smad3 and p-JNK in tubulointerstitial cells, including tubular epithelial cells and α-smooth muscle actin (α-SMA)-positive myofibroblasts in FA-treated but not in buffer-treated mouse kidney (Figures 2A–I). Western blotting further demonstrated that phosphorylated Smad3 (p-Smad3) and JNK (p-JNK) levels were significantly upregulated 2 days after administration of FA, and this upregulation persisted during the progression of renal inflammation and fibrosis (Figures 2J–M). Confocal microscopy also demonstrated that few p-Smad3(+) and p-JNK(+) cells were seen in normal human kidney from the uninvolved pole of carcinoma nephrectomy samples (Figures 3A–E). However, numerous tubular cells and α-SMA(+) myofibroblasts exhibited p-Smad3(+) or/and p-JNK(+) staining in biopsy specimens of IgA nephropathy (Figures 3F–J), suggesting that co-activation of Smad3 and JNK1/2 signaling in the tubulointerstitium persisted during the development and progression of CKD.
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Figure 2 | Smad3 and JNK signaling activation after folic acid (FA)–induced acute kidney injury. Confocal microscopy demonstrated same fields in buffer-treated kidney (A–D) or kidney 6 days after folic acid treatment (E–H). (A) DAPI, blue. (B) Nuclear staining of Smad3, red. (C) p-JNK, green and α-SMA, red. (D) Merged with DAPI (blue), nuclear staining of Smad3 (red) and p-JNK (green). (E) DAPI, blue. (F) Nuclear staining of Smad3, red. (G) p-c-Jun N-terminal kinases (JNK), green and α-SMA, red. (H) Merged with DAPI (blue), nuclear staining of Smad3 (red) and p-JNK (green). Arrows indicate nuclear Smad3(−)/p-JNK(+) cells; arrow head shows a nuclear Smad3(+)/p-JNK(−) cell; asterisks show interstitial α-SMA(+)/nuclear Smad3(+)/p-JNK(+) cells. (I) Quantification of nuclear staining of nuclear Smad3(+), p-JNK(+), and nuclear Smad3(+)/p-JNK(+) cells. *P < 0.05 vs. buffer-treated kidney. Western blotting shows p-Smad3 (J) and p-JNK (K) in kidneys 2 days, 6 days, 2 weeks, and 4 weeks after folic acid or buffer injection. Quantification of relative signal intensities of p-Smad3/Smad3 (L) and p-JNK/JNK (M) in kidneys after folic acid or buffer injection. Original magnification (×600). Data are mean ± SD (n = 6/group). **P < 0.01; ****P < 0.0001; ns, not significant.
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Figure 3 | Smad3 and JNK signaling co-activation in human IgA nephropathy. Multi-color confocal microscopy of the cortical interstitium in normal human kidney (A–E) and an area of tubulointerstitial fibrosis in a case of IgA nephropathy (F–J). (A and F) nuclear staining of Smad3, green; (B and G) p-JNK, yellow; (C and H) DAPI, blue; (D and I) α-smooth muscle actin, α-SMA, red; (E and J) merged with nuclear Smad3 (green), p-JNK (yellow), DAPI (blue), and α-SMA (red). Arrows indicate interstitial α-SMA(+)/nuclear Smad3(+)/p-JNK(+) cells. Original magnification (x600).



Inhibition of Smad3 and/or JNK Signaling Activities Protected Mice From FA-Induced Development and Progression of Renal Fibrosis and Inflammation

To investigate the functional role of Smad3 and/or JNK signaling pathways in the pathogenesis of FA-induced renal tubulointerstitial fibrosis and inflammation, a Smad3-specific inhibitor (SIS3) and/or a JNK inhibitor (SP600125) were administered daily to mice, beginning on day 6 days after FA injection. Western blotting demonstrated that SIS3 and SP600125 abrogated phosphorylation of Smad3 and c-Jun, respectively (Figures 4A, B), indicating that a maximally effective drug dose was used in each case. However, SIS3 did not affect c-Jun phosphorylation, and SP600125 did not affect Smad3 phosphorylation (Figures 4A, B), indicating that these signaling pathways operate in a largely independent fashion.
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Figure 4 | The impact of blockade of JNK and/or Smad3 signaling on folic acid (FA)–induced kidney injury. (A and B) Western blotting shows p-c-Jun, p-Smad3, and α-tubulin in kidneys from buffer-treated kidneys and FA-induced kidney disease treated with vehicle, SP600125, SIS3, or SP600125 + SIS3. (B) Quantification of Western blot results. *P < 0.05 vs. FA+vehicle-treated group;#P < 0.05 vs. FA+SIS3-treated group; $P < 0.05 vs. FA+SP-treated group.



Co-administration of SIS3 and SP600125 inhibited both Smad3 and JNK signaling activations (Figures 4A, B). Masson trichrome and confocal microscopy demonstrated that administration of SIS3 alone or SP600125 alone partially reduced tubulointerstitial fibrosis and macrophage infiltration. Co-administration of SIS3 and SP600125 further protected mice from fibrosis and inflammation. Serum cystatin c levels also confirmed the salutary effects of SIS3 and/or SP600125 on renal function (Figures 5A–E). Collagen I promoter luciferase assay further demonstrated that TNF-α has additive effect on TGF-β1-induced fibrotic response while blockade Smad3 and/or JNK signaling pathway almost abrogated this fibrotic response in renal fibroblasts (Figure 6). Taken together, all these data suggested that Smad3 and JNK signaling pathways may play an essential role in the pathogenesis of tubulointerstitial fibrosis and inflammation and that inhibition of Smad3 and JNK signaling may retard the development and progression of CKD.
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Figure 5 | Inhibition of Smad3 and/or JNK signaling reduces renal fibrosis and inflammation in folic acid (FA)–induced kidney injury. (A) Masson trichrome staining shows histological changes in the kidneys 4 weeks after buffer or folic acid injection with SP600125, SIS3, or combined SP600125+SIS3 treatment. (B) Confocal microscopy shows staining of α-SMA, fibronectin (FN), Col IV, and CD11b in the kidneys 4 weeks after buffer or folic acid injection with different treatments. Magnification: ×400 (A), ×600 (B and E). (C) Quantification of α-SMA, FN, and Col IV interstitial staining area. (D) The number of CD11b(+) macrophages in the kidneys 4 weeks after buffer or folic acid injection with different treatments. (E) Serum cystatin c levels in mice 4 weeks after buffer or folic acid injection with different treatments. Data are mean ± SD, (n = 6/group). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.




[image: ]

Figure 6 | The impact of Smad3 and JNK signaling on TNF-α and/or TGF-β1-induced fibrotic response. Collagen I promoter luciferase activity assay in cultured renal fibroblasts. *P < 0.05 vs. TNF-α 0.2 ng/ml + TGF-β1 1 ng/ml or TNF-α 0.2 ng/ml + TGF-β1 1 ng/ml +DMSO; #P < 0.05 vs. TNF-α 0.2 ng/ml + TGF-β1 1 ng/ml + SP600125 or TNF-α 0.2 ng/ml + TGF-β1 1 ng/ml + SIS3. Data are mean ± SD. Experiments were repeated three times.



Inhibition of Smad3 and/or JNK Signaling Activities Reduced Mitochondrial Dysfunction and Promoted Renal Tubular Epithelial Cell Recovery From Folic Acid-Induced Kidney Damage

Administration of FA to mice resulted in a rapid reduction of mitochondrial cytochrome c (Figures 7A, B) during the early phase of injury and this down-regulation of mitochondrial cytochrome c further reduced 2 weeks after FA administration. The increase protein expression of cytosol cytochrome c, a mitochondrial injury indicator, was demonstrated by WB in which a 3.5-, 3.5-, 1.5-, and 1-fold increase was observed in the kidneys of FA-injected mice at 2, 6, 14, and 28 days, respectively, compared with buffer-treated mice. This dynamic changes of mitochondrial activity demonstrated mitochondrial damage persisted and mitochondria incompletely recovered after FA-induced kidney injury.
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Figure 7 | The impact of blockade of JNK and/or Smad3 signaling on folic acid (FA)–induced kidney injury. (A and B) Western blotting shows mitochondrial cytochrome c and cytosol cytochrome c in buffer-treated or a time-course of FA-treated kidneys. (B) Quantification of Western blot results. *P < 0.05 vs. buffer week 4. #P < 0.05 vs. FA day 2, FA day 6, or FA week 2; $P < 0.05 vs. FA day 2 or FA day 6. (C and D) Western blotting (WB, upper two panels) and immunoprecipitation/WB (IP/WB, lower two panels) show the effect of treatment with SP600125 alone, SIS3 alone, and SP600125 + SIS3 on mitochondrial cytochrome c and interaction of cytochrome c with Apaf-1 in 4-week FA-induced kidney injury. (D) Quantification of blots. *P < 0.05 vs. FA+vehicle; #P < 0.05 vs. FA+SP+SIS3; $P < 0.05 vs. Buffer week4; !P < 0.05 vs. FA+SP+SIS3. (E and F) West blotting shows effect of treatment with SP600125 alone, SIS3 alone, and SP600125 + SIS3 on caspase-3 activation and E-cadherin in 4-week FA-induced kidney injury. (F) Quantification of blots. *P < 0.05 vs. buffer week 4. #P < 0.05 vs. FA + vehicle; $P < 0.05 vs. FA+SP600125 or FA + SIS3. Data are mean ± SD. (G) Quantitation of TUNEL(+) cells per high power field (100×). *P < 0.05 vs. FA week 4; **P < 0.01 vs. buffer week 4; #P < 0.05 vs. FA week 4 + SP600125 or FA week 4 + SIS3. Data are mean ± SD (n = 6/group).



Administration of SP600125 alone or SIS3 alone prevented cytochrome c release from mitochondria and decreased the interaction between Apaf-1 and cytosol cytochrome c and the protein expression level of active caspase-3 when compared to vehicle-treated group (Figures 7C, D), suggesting that both SP600125 and SIS3 are reducing mitochondrial dysfunction and resultant cell damage, including cell death through apoptosis. Co-administration of SP600125 and SIS3 almost recovered the expression of mitochondrial cytochrome c, significantly decreased the complex of Apaf-1 and cytosol cytochrome c and the formation of active caspase-3 and TUNEL(+) cells (Figures 7C–G). Furthermore, administration of SP600125 alone or SIS3 alone decreased the loss of E-cadherin, the tubular epithelial marker (Figures 7E, F). Co-administration of SP600125 and SIS3 almost prevented the loss of E-cadherin, an indicator of tubular cell damage, when compared to buffer-treated group (Figures 7E, F). Taken together, these studies demonstrated the relationship between Smad3 and JNK signaling pathways, mitochondrial function, and tubular epithelial recovery.

Inhibition of Smad3 and/or JNK Signaling Activities Prevented Down-Regulation of PGC-1α in Tubular Epithelial Cells and Up-Regulation of PGC-1α in Myofibroblasts During FA-induced Renal Fibrosis and Inflammation

To further investigate the impact of Smad3 and JNK signaling activation on mitochondrial dysfunction, the expression of cytochrome c, the mitochondrial marker, and PGC-1α, the MB marker, were examined. Confocal microscopy demonstrated that there was a rapid reduction of cytochrome c in tubular epithelial cells 2 days after FA injection, and the decrease persisted (Figures 8A, C) until the experimental endpoint. Confocal microscopy also demonstrated that the administration of SP600125 or SIS3 reduced loss of cytochrome c and PGC-1α in tubular epithelial cells and decreased the expression of PGC-1α in myofibroblasts (Figures 8B, D–H), suggesting co-administration of SP600125 and SIS3 further enhanced the impact on PGC-1α expression.
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Figure 8 | Inhibition of Smad3 and/or JNK signaling reduces mitochondrial dysfunction in folic acid (FA)–induced kidney injury. Confocal microscopy shows cytochrome c (green) and nuclear staining DAPI (blue) in buffer-treated or FA-treated kidneys (A) and in kidneys 4 weeks after buffer or FA injection and treated with vehicle, SP600125 (SP), SIS3, or SP+SIS3 (B). Quantification of staining area of cytochrome c (C and D). Data are mean ± SD (n = 6/group), *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. (E) Confocal microscopy showing staining of lectin in tubular epithelial cells (green), PGC-1α (red), and nuclear staining DAPI (blue) in kidneys 4 weeks after buffer or folic acid injection and treated with vehicle, SP600125 (SP), SIS3, or SP+SIS3. (F) Confocal microscopy showing staining of PGC-1α (green) in myofibroblasts (red), and nuclear staining DAPI (blue) in kidneys 4 weeks after buffer or folic acid injection and treated with vehicle, SP600125 (SP), SIS3, or SP+SIS3. (G) Quantification of percentages of PGC-1α(+)lectin(+) cells in total lectin(+)DAPI(+) cells. (H) Quantification of numbers of PGC-1α(+)α-smooth muscle actin (α-SMA)(+) cells/mm2. Data are mean ± SD (n = 6/group). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.



Smad3 and JNK1/2 Signaling Pathways Regulated Expression of PGC-1α in Renal Tubular Epithelial Cells and Fibroblasts in Distinct Fashion

To knockout Smad3 in NRK52E cells and NRK49F cells, the inducible Smad3 sgRNA was constructed in Lentiviral CRISPR/Cas9 system. Western blotting demonstrated that Smad3 was knockout in NRK52E cells and NRK49F cells (Figures 9A, B). The expression of PGC-1α was upregulated in Smad3−/− NRK52E cells while downregulated in Smad3−/− NRK49F cells (Figures 9A–D), suggesting that Smad3 signaling may regulate expression of PGC-1α in renal tubular epithelial cells and fibroblasts in distinct fashion. TGF-β1 or TNF-α decreased the expression of PGC-1α in rat tubular epithelial cells (NRK52E) while TGF-β1 + TNF-α further enhanced the inhibitive effects on NRK52E cells (Figures 9E–G). Administration of SP600125 or/and SIS3 prevented TGF-β1-induced or TNF-α-induced down-regulation of PGC-1α in NRK52E cells (Figure 9H). TGF-β is known to cause damage to tubular cells. The cell culture findings are consistent with the confocal staining results in the kidney in which there is down-regulation of PGC-1α in tubular cells. TGF-β1 increased the expression of PGC-1α in rat renal fibroblasts (NRK49F). Low dose of TNF-α increased while higher dose TNF-α inhibited the expression of PGC-1α in NRK49F cells. Administration of SP600125 or/and SIS3 prevented the impacts of TGF-β1 and TNF-α on the expression of PGC-1α in NRK49F cells (Figures 9I–L). To investigate the relationship between PGC-1α expression and cell proliferation, the expression of PGC-1α was knocked down by PGC-1α siRNA. Knockdown of PGC-1α decreased the EGF-induced proliferation in NRK52E cells (Figures 9M, O) and PDGF-BB-induced proliferation in NRK49F cells (Figures 9N, P).
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Figure 9 | Differential effect of JNK and Smad3 inhibition on PGC-1α expression and proliferation in renal tubular epithelial cells versus fibroblasts. Western blotting demonstrated expression of Smad3, PGC-1α, and β-actin in wild type (WT) and Smad3−/− NRK52E cells (A) and NRK49F cells (B). Quantification of PGC-1α/β-actin in NRK52E cells (C) and NRK49F cells (D). Western blotting identifies PGC-1α expression levels in NRK52E tubular epithelial cells (E–H) and NRK49F fibroblasts (I–L) after TGF-β1 and/or TNF-α treatment, with or without addition of SP600125 (SP) and/or SIS3. Experiments were repeated three times. Western blotting demonstrates a marked knock-down of PGC-1α by siRNA treatment in both NRK52E tubular epithelial cells (M), and NRK49F fibroblasts (N). Quantification of EGF-induced proliferation of NRK52E cells (O) and of PDGF-BB induced proliferation of NRK49F cells (P), following scramble or PGC-1α siRNA treatment. Data are mean ± SD. Experiments were repeated three times.



Smad3 and JNK Signaling Pathways Modulated PGC-1α Promoter Activity in Renal Tubular Epithelial Cells and Fibroblasts.

To further investigate the mechanism(s) how Smad3 and JNK1/2 signaling modulates the expression of PGC-1α, we employed PGC-1α promoter luciferase assay. Both TGF-β1 and TNF-α decreased PGC-1α promoter activity in a dose-dependent fashion in NRK52E cells (Figure 10A). TGF-β1 and TNF-α had additive effects on PGC-1α promoter activity and SIS3, and Sp600125 can reduce the inhibitive effects TGF-β1 and TNF-α on PGC-1α promoter activity in NRK52E cells (Figure 10B). TGF-β1 increased PGC-1α promoter activity in a dose-dependent fashion in NRK49F cells. Low dose of TNF-α increased while high dose of TNF-α decreased PGC-1α promoter activity in NRK49F cells (Figures 10C, D). Treatment with low dose of TGF-β1 and TNF-α had an additive effects on PGC-1α promoter activity while SIS3 and SP600125 blocked the effects of TGF-β1 and TNF-α on PGC-1α promoter activity in NRK49F cells (Figures 10C, D).
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Figure 10 | Differential effect of JNK and Smad3 inhibition on PGC-1α promoter activity in renal tubular epithelial cells versus fibroblasts. NRK52E tubular epithelial cells (A and B) and NRK49F fibroblasts (C and D) were transfected with a PGC-1α promoter luciferase plasmid. 24 h after transfection, NRK52E cells (A) and NRK49F cells (C) were treated with TGF-β1 and/or TNF-α for 18 h then luciferase activity assay was performed. *P < 0.05 vs. control; #P < 0.05 vs. TGF-β1 0.2 ng/ ml. 24 h after transfection, NRK52E cells (B) and NRK49F cells (D) were incubated with vehicle (DMSO), SIS3 1 μM, or/and SP600125 10 μM for 30 min then treated with or without TGF-β1 and/or TNF-α for 18 h. The cells were harvested, and the luciferase activity assay was performed. Data are mean ± SD. *P < 0.05 vs. control; #P < 0.05 vs. TGF-β1 0.2 ng/ml + TNF-α 0.2 ng/ml; $P < 0.05 vs. TNF-α 0.2 ng/ml + TGF-β1 0.2 ng/ml + SP600125 or TNF-α 0.2 ng/ml + TGF-β1 0.2 ng/ml + SIS3. Experiments were repeated three times.



Discussion

Tubulointerstitial damage is the common pathway to ESRD while inflammation and fibrogenesis are the two major determinants of the progression from CKD to ESRD (Li et al., 2006; Picken et al., 2016). The roles of JNK and Smad3 signaling pathways in inflammation and fibrogenesis have been studied on an individual basis (Sato et al., 2003; De Borst et al., 2007; Ma et al., 2007; Li et al., 2010). In the present study, we demonstrated that activated JNK and Smad3 signaling pathways were co-localized in the tubulointerstitial compartment after FA-induced kidney damage, which provided rationale that blockade of both Smad3 and JNK signaling pathways may provide better protection from FA-induced progressive CKD than single blockade of Smad3 signaling or JNK signaling. Co-administration of SP600125 and SIS3 was highly effective in blocking each signaling pathways and protected tubular epithelial cells from apoptosis and promoted tubular epithelial cell but decreased renal fibroblast proliferation through modulation expression of PGC-1α in both tubular epithelial cells and renal fibroblasts at transcriptional level. Co-administration of SP600125 and SIS3 achieved better renal function protection from FA-induced progressive fibrosis and inflammation than that of single blockade.

Tubular atrophy is an important characteristic of progressive CKD. In the present study, we demonstrated dynamic changes of mitochondrial cytochrome c, which reflects mitochondrial function, and cytosol cytochrome c, which indicates mitochondrial injury after FA-induced kidney damage. We further demonstrated that blockade of Smad3 or/and JNK signaling increased mitochondrial cytochrome c and decreased the interaction between cytochrome c and Apaf-1. The interaction between cytosol cytochrome c and Apaf-1 is the initial step in the cytochrome c/Apaf-1/procaspase-9/procaspase-3 activation sequence in the apoptosis pathway (Li et al., 1997; Zou et al., 1997). Tournier et al. demonstrated that JNK signaling activation is required for stress-induced activation of the cytochrome c-mediated apoptosis in primary murine embryonic fibroblasts (Tournier et al., 2000) while Smad3/Nox4-mediated mitochondrial dysfunction plays a critical role in puromycin-induced podocyte injury (Yu et al., 2014). In our study, blockade of Smad3 and JNK signaling pathways further decreased the production of cytosol cytochrome c, the interaction between Apaf-1 and cytochrome c and active caspase-3 production, which accounted for the reduction in tubular epithelial cell apoptosis in FA-induced CKD. Thus, blockade of JNK and Smad3 signaling may rescue tubular epithelial cells from apoptosis.

Fully functional mitochondria is essential to the preservation of normal renal function (Tabara et al., 2014; Ralto and Parikh, 2016). PGC-1α plays an essential role in controlling MB and function (Wu et al., 1999). Downregulation of PGC-1α mRNA or/and protein levels was observed in several models of early stage AKI, including FA-induced, cisplatin-induced, and ischemia-reperfusion-induced kidney injury (Funk and Schnellmann, 2013; Ruiz-Andres et al., 2016). PGC-1α-deficient mice suffered persistent injury following endotoxemia while overexpression of PGC-1α after oxidative stress accelerated recovery of tubular cells (Rasbach and Schnellmann, 2007; Tran et al., 2011). Thus, the insufficiency of PGC-1α in tubular cells may contribute to persistence of injury and tubular atrophy. However, the upregulation of PGC-1α was also observed in UUO (Hickey et al., 2011) and recovery phase of ischemia––reperfusion-induced kidney injury (Funk and Schnellmann, 2012; Funk and Schnellmann, 2013). Our in vivo studies clearly demonstrated that the expression of PGC-1α was decreased in tubular epithelial cells while increased in myofibroblasts in FA-induced progressive tubulointerstitial damage. This up- versus down-regulation of PGC-1α in the two cell types reflects the pathologic changes during tubulointerstitial damage, tubular epithelial cell atrophy, and fibroblast proliferation. Our in vitro studies further showed that knockdown of PGC-1α reduced EGF-induced epithelial cell proliferation and PDGF-BB-induced fibroblast proliferation. Thus, our study provided evidence that the expression level of PGC-1α was correlated with proliferation of both tubular epithelial cells and renal fibroblasts. The tempo-spatial changes of PGC-1α expression are correlated with pathological changes in progressive CKD: tubular atrophy, and myofibroblast proliferation and accumulation. Co-administration of SP600125 and SIS3 prevented the up-regulation of PGC-1α expression in myofibroblasts and down-regulation of PGC-1α expression in tubular epithelial cells in FA-induced progressive tubulointerstitial injury. In vitro studies further demonstrated that both TGF-β1 and TNF-α downregulated PGC-1α expression in tubular epithelial cells while upregulated PGC-1α expression in renal fibroblasts. JNK inhibitor SP600125 and Smad3 inhibitor SIS3 abrogated the impact of TGF-β1 and TNF-α on the expression of PGC-1α in tubular epithelial cells and renal fibroblasts, which accounted for increased tubular proliferation with better repair and less fibroblast proliferation with the reduced accumulation of myofibroblasts and less fibrosis. Taken together, our study demonstrated a whole picture of tempo-spatial expression of PGC-1α in progressive CKD model and the exact role of PGC-1 in tubular epithelial cells and renal fibroblasts. Our studies also suggested that blockade of JNK and Smad3 signaling may promote tubular epithelial proliferation but inhibit fibroblast proliferation through modulation expression of PGC-1α.

PGC-1α is a transcriptional coactivator that regulates genes involved in MB and energy metabolism and provides a direct link between external stimuli and the modulation of mitochondrial function (Lin et al., 2005). Smad3 directly binds to Smad-binding elements (SBEs) on gene promoters to regulate target gene transcription (Feng and Derynck, 2005) while activation of JNK signaling leads to phosphorylated c-Jun binding to AP-1 binding site (Chung et al., 1996). Sequence analysis revealed the presence of SBE and AP-1 binding sequence and other transcription factor binding sequence on the PGC-1α promoter (Handschin et al., 2003). In the present study, we demonstrated that TGF-β1 or TNF-α modulated PGC-1α promoter activity in a cellular type-dependent fashion, suggesting that other factors in the transcription complex are involved which either enhance or block transcription. Blockade of both Smad3 and JNK signaling pathways increased or decreased PGC-1α transcriptional activities in tubular epithelial cells or fibroblasts, respectively, further supported the notion that blockade of both JNK and Smad3 signaling pathways provides better protection from progressive tubulointerstitial damage than single blockade.

In conclusion, our studies demonstrated that blockade of both JNK and Smad3 signalings achieved better protection from FA-induced progressive renal tubulointerstitial damage than single blockade. Inhibition of Smad3 and JNK signaling decreased cytosol cytochrome c production and apoptosis, modulated PGC-1α expression and mitochondrial metabolism, promoted tubular recovery, and reduced fibroblast accumulation. Our study suggested that blockade of both JNK and Smad3 signaling pathways may be a novel therapeutic strategy for progressive CKD.
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Diabetic nephropathy (DN) is one of the most serious microvascular complications and the leading causes of death in diabetes mellitus (DM). To find biomarkers for prognosing the occurrence and development of DN has significant clinical value for its prevention, diagnosis, and treatment. In this study, a non-targeted cell metabolomics–based ultra-performance liquid chromatography coupled with quadrupole time of flight mass spectrometry and gas chromatography coupled with mass spectrometry was developed and performed the dynamic metabolic profiles of rat renal cells including renal tubular epithelial cells (NRK-52E) and glomerular mesangial cells (HBZY-1) in response to high glucose at time points of 12 h, 24 h, 36 h, and 48 h. Some potential biomarkers were then verified using clinical plasma samples collected from 55 healthy volunteers, 103 DM patients, and 57 DN patients. Statistical methods, such as principal component analysis and partial least squares to latent structure-discriminant analysis were recruited for data analyses. As a result, palmitic acid and linoleic acid (all-cis-9,12) were the potential indicators for the occurrence and development of DN, and valine, leucine, and isoleucine could be used as the prospective biomarkers for DM. In addition, rise and fall of leucine and isoleucine levels in plasma could be used for prognosing DN in DM patients. Through this study, we established a novel non-targeted cell dynamic metabolomics platform and identified potential biomarkers that may be applied for the diagnosis and prognosis of DM and DN.

Keywords: dynamic metabolomics, diabetic nephropathy, diabetes mellitus, renal cell, biomarker identification

Introduction

Diabetic nephropathy (DN), with the characteristic of proteinuria, is one of the most serious microvascular complications in diabetes mellitus (DM) (Aldukhayel, 2017). The etiology and pathogenesis of DN are sophisticated and have not been fully elucidated yet. It is generally believed that, once formed, DN is difficult to be reversed. Thus, researchers have been committing to identify biologically specific biomarkers that can prognose DN in the stage of DM. Microalbuminuria is widely accepted as a clinically diagnostic indicator of early DN. However, relative studies have shown that only about 30% of DM patients with microalbuminuria will eventually develop into DN (Rossing et al., 2005). A considerable number of DM patients with microalbuminuria can actually change back to non-proteinuria state (Perkins et al., 2003). Moreover, when excess protein is present in urine, severe structural changes in the glomerular basement membrane will occur, leading to serious kidney damage (Fioretto et al., 1994). Therefore, exploration of laboratory biomarkers that are earlier than microalbuminuria or those appearing at the same time has remarkable significance for the early diagnosis and treatment of DN.

Metabolomics is an analytical technique for studying metabolic pathways by examining the overall changes of small metabolites in body fluids or tissues after exogenous stimulation or gene mutation in biological systems. Among them, biomarker discovery and determination of content changes over disease formation and progression are often referred to as dynamic metabolomics (You et al., 2018), the development of which provides us with an important research strategy for exploring biomarkers in the early formation of DN. In the in vivo metabolomics study of animals and humans, differences between species are often significant, and these are easily disturbed by factors such as diet, environment, age, and other diseases. Thus, enabling high-throughput identification of potential biomarkers is rather difficult. In contrast, in vitro cell metabolomics can be easily regulated in terms of experimental conditions, by which protein expression, cell signaling, and metabolism in discrete physiological processes could have higher repeatability than animal or human experiments. In vitro cellular experiments also require fewer sample sizes, which can reduce the experimental costs. Cells are normally more tolerant to unfavorable environments, hence generation of more abundant metabolome information. Metabolomics studies of cell samples can dynamically monitor changes of metabolites during disease progression (Zhang et al., 2013; Acunha et al., 2018). Therefore, the use of cellular dynamic metabolomics, combined with multiple statistical analysis methods, to investigate the dynamic changes of potential biomarkers in the process of cell metabolism under normal conditions and pathological conditions becomes an important approach to explore the pathogenesis of diseases. Commonly used techniques in metabolomics include gas chromatography coupled with mass spectrometry (GC-MS), liquid chromatography tandem with mass spectrometry (LC-MS/MS), nuclear magnetic resonance (NMR), and capillary electrophoresis coupled with mass spectrometry (CE-MS), etc. (Chan et al., 2011). With the rapid development of high-resolution mass spectrometry, GC-MS and LC-MS/MS have become the mainstream technology in dynamic metabolomics (Smilde et al., 2010).

In DN, inflammatory lesions caused by high glucose, hemodynamic abnormalities, oxidative stress, and extracellular matrix accumulation can initially result in tubulointerstitial fibrosis and glomerulosclerosis, etc., which could then develop into kidney failure (Zheng et al., 2016). Mesangial cells, the main cells in the mesangial area, play an important role in maintaining the structural integrity of the glomerular microvascular bed, providing mesangial matrix homeostasis, and regulating glomerular filtration and can be selected as the major target cells in the study of DN (Qiu et al., 2015; Lu et al., 2018). On the other hand, in the process of tubulointerstitial fibrosis, the main effector cells are fibroblasts, and 36% of the newly added fibroblasts are derived from renal tubular epithelial cells (Forino et al., 2006; Li et al., 2015). Thus, we used two cell lines, rat renal tubular epithelial cells (NRK-52E), and glomerular mesangial cells (HBZY-1), as the objects in our study of dynamic metabolomics that are suitable to explore biomarkers in the occurrence and development of DN.

In this study, NRK-52E and HBZY-1 treated with high glucose were used as a model. Non-targeted metabolomics investigation of cells cultured in vitro at different time points were performed using ultra-performance liquid chromatography coupled with quadrupole time of flight mass spectrometry (UPLC-Q/TOF-MS/MS) and GC-MS. Moreover, in order to verify our initial screening results, clinical samples from healthy volunteers and DM and DN patients were used to quantify the levels of some identified biomarkers. According to our study, several novel biomarkers for prognosing DN in DM patients were identified, which may have the potential for further clinical applications.

Materials and Methods

Chemicals, Reagents, and Materials

HPLC-grade methanol, acetonitrile, formic acid, and chloroform were purchased from MREDA (MA, USA). Low glucose (5.56 mmol/L) and high glucose (25 mmol/L) Gibco® Dulbecco’s modified Eagle medium (DEME) were purchased from Nanjing KeyGen Biotech Co., Ltd. (Nanjing, China). Fetal bovine serum was purchased from Zhejiang Tianhang Biotechnology Co., Ltd. (Hangzhou, China).

Cell Culture

NRK-52E and HBZY-1 cells were purchased form Cell Bank of Chinese Academy of Science (Shanghai, China). They were initially cultured in low-dose glucose DEME medium including 10% fetal bovine serum (v/v), 100 U/ml penicillin, and 100 μg/ml streptomycin at 37°C with 5% CO2. When the cell density reached approximately 80% or 90% confluence, the original culture solution was discarded. Cells were washed twice with 2 ml phosphate-buffered saline (PBS) buffer. 2.5% (v/v) trypsin (Vicmed, China) is gently tilted to make the cells immersed in the solution for complete digestion. Cells were then centrifuged at 1,000 rpm for 3 min after adding 2 ml DEME medium, and supernatants were discarded. Cells were then resuspended in 8 ml DEME medium and transferred to 50-ml centrifuge tube. Cell density was adjusted to around 0.5×105/ml to 1×105/ml with low glucose DEME medium and mixed by gently blowing. Then, 2 ml of cell suspension were respectively added to each well of two six-well plates and placed in cell culture incubator (Thermo Scientific Forma 3111 Water Jacketed CO2 Incubator). After culturing for 12 h, the two plates were given high glucose (HG group, n = 6) and low glucose (LG group, n = 6) DMEM medium containing 1% (v/v) fetal bovine serum, respectively, which were continuously cultured for 12, 24, 36, and 48 h until cellular extracts were measured. Cell morphologies were observed under light microscope.

Sample Preparation for Metabolomic Study

For LC-MS, cells were harvested at each time point and rinsed with normal saline for three times. Liquid nitrogen was then added to quench the cells immediately. Quenched cells were rinsed by methanol-water solution (4:1 v/v) and then transferred to 1.5-ml centrifuge tubes with repeated freezing and thawing for six times in liquid nitrogen and 37°C water bath. After centrifugation at 12,000 rpm for 2 min, 800 μl supernatant and 200 μl methanol-water solution (4:1 v/v) were mixed, which was then vortexed for 30 s and centrifuged at 12,000 rpm, 4°C for 10 min. Two-microliter sample was injected into UPLC-Q/TOF-MS for further analysis. For GC-MS, cells were quenched as described above. 800 μl of supernatant from cell extract was freeze-dried and then mixed with 50 μl methoxyamine hydrochloride (MOX) pyridine solution (15 mg/ml). After 60°C oil bath for 2 h, 100 μl N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) [containing 1% trimethylchlorosilane (TMCS)] was then added to the mixed solution. After 1-min vortex and 60-min oil bath (65°C), the mixed solution was centrifuged at 10,000 rpm for 10min and then injected for GC-MS analysis. At each time point, there will be a set of quality control samples, which were obtained by mixing cell extracts from three-well low-dose glucose and three-well high-dose glucose DMEM media, respectively.

LC-MS Metabolic Profiling Analysis

UPLC-Q/TOF-MS/MS analysis was carried out using a 1290 system from Agilent (Agilent Technologies, Santa Clara, CA, USA) coupled with a quadrupole-time-of-flight mass spectrometer Agilent 6550 equipped with an orthogonal electrospray ionization (ESI) source (Agilent Jet Stream, AJS). The metabolomic profiling analysis was performed on a Fortis column (2.1 × 100 mm, 1.7 µm) using 0.1% (v/v) formic acid water solution (A) and 0.1% (v/v) formic acid acetonitrile solution (B) as mobile phase with a gradient program as follows: 5–45% B in 0–3 min, 45–65% B in 3–10 min, 65–95% B in 10–12 min, and 95% B in 12–14 min. Before each run, columns were re-equilibrated for 11 min using the initial solvent composition. The flow rate was set constant at 0.3 ml/min, and the column temperature was maintained at 40°C for all separations. Two microliters of samples solution were injected for each analysis, and metabolic profiling analyses were achieved in positive mode. MS operation conditions were as follows: capillary voltages, 4,000 V; nebulizer pressure, 28 psi; nozzle voltage, 300 V; drying gas flow rate, 12 L/min, drying gas temperature, 350°C; sheath gas temperature, 400°C; and sheath gas flow, 12 L/min. All analyses were performed in full-scan mode, and acquisition mass range was from m/z 50 to m/z 1,000.

GC-MS Metabolic Profiling Analysis

GC-MS analysis was performed using an Agilent 7890A GC system coupled to an Agilent 5975C single-quadrupole mass spectrometer equipped with electron ionization (EI). The metabolomic profiling analysis was performed on an Agilent HP-5MS-UI column (60 m× 0.25 mm i.d., liquid film thickness of 0.25 μm). Helium was used as carrier gas with a flow rate of 1.0 ml/min. The injector temperature was 280°C, and the prepared sample (1 μl) was injected in the splitless mode. The initial column temperature was maintained at 70°C for 1 min, then increased at a rate of 10°C/min to 150°C and held at this temperature for 2 min, then increased at a rate of 20°C/min to 300°C and held at this temperature for 6.5 min. The EI source energy was set at 70  eV, and full-scan range was form m/z 40 to m/z 600. The source temperature was set at 230°C. Mass spectral signals were recorded after a 5.5-min solvent delay to avoid derivatization interferences.

Clinical Validation of Some Potential Biomarkers

Sample Collection

Three cohorts of adults were recruited from the 2nd Affiliated Hospital of Xuzhou Medical University, which included 55 healthy volunteers (21 males and 34 females), 103 DM patients (54 males and 49 females), and 57 DN patients (25 males and 32 females), diagnosed by clinical physician by the fasting plasma glucose and urine protein levels according to WHO criteria. Other relevant diseases are excluded through the collection of medical history and routine laboratory biochemical tests, such as malignant tumors, active bleeding, peptic ulcers, and hepatic failure, etc. Biochemical indicators of DM and DN patients were checked on the test day by searching patient’s hospital admission number. Biochemical indicators of healthy volunteers (NC group) were obtained by looking up corresponding physical examination reports. Relevant information such as gender, age, systolic blood pressure, diastolic blood pressure, blood glucose (BG), high-density lipoprotein cholesterol (HDLc), low-density lipoprotein cholesterol (LDLc), triglyceride (TG), total cholesterol (TC), creatinine (CREA), and urea is thoroughly collected. For detailed analysis of biochemical indicators, please refer to Supplementary Table S1. During research, the medication or treatment of patients from the clinical physician were not intervened. 2 ml of EDTA-anticoagulated fasting whole-blood samples collected from the upper limb vein of the subjects were centrifuged at 3,000 rpm for 10 min, and supernatants were transferred to 2 ml Eppendorf (EP) tube, which were then transported to -80°C freezer on ice pack for storage. The study was approved by the Medical Ethics Committee of Xuzhou Medical University and its 2nd affiliated hospital (Approval number: XYFY2016-KL088). All patients provided written informed consent.

The pre-column derivatization combined with GC-MS was used for the quantification of selected fatty acids and amino acids in human plasma referred to our previous method (Du et al., 2019) with a slight modification. The detailed characters of GC-MS were listed in the Supplementary Materials.

MS Data Processing and Statistical Analysis

For cell metabolomics, raw LC-MS and GC-MS data were processed using Agilent Mass Hunter, GC-MSD Analysis, and ProFinder 6.0. Alignment of drift (by retention time and mass) and data filtering were performed with Mass Profiler Professional (MPP, version 14.5, Agilent Technologies). Principal component analysis (PCA) and partial least squares to latent structure–discriminant analysis (PLS-DA) were recruited by MPP for pattern discriminant analyses. Metabolites and structures of potential biomarkers were identified by using METLIN and NIST 11.0 database. A p-value <0.05 was considered significant to select metabolites.

For quantitative analysis of potential biomarkers in clinical samples, the general condition, biochemical data, and linear discriminant analysis (LDA) were processed by SPSS l6.0. CREA was expressed by mean (min-max). Other measurement data were assessed by mean ± standard deviation (SD). Gender statistics was applied to χ2 test, and the remaining indicators were analyzed by one-way ANOVA.

Results

In the present study, a multiplatform metabolomics study has been carried out using UHPLC-Q/TOF-MS/MS and GC-MS to investigate dynamic metabolite changes in renal cells in response to high glucose. Some potential biomarkers obtained in metabolomics were simply validated using clinical sample.

Effects of HG Interventions on Cell Morphologies

NRK-52E and HBZY-1 cells were cultured as previously described and exposed to by HG and LG media for 12, 24, 36, and 48 h, respectively. Effects of glucose interventions on NRK-52E and HBZY-1 cell morphologies were studies at each time point. It was observed under the light microscope that there are no significant changes in the morphologies of NRK-52E and HBZY-1 cells in LG group, inferring that low glucose medium might not affect cell growth and metabolism. In contrast, shape distortion and cell debris were observed in HG groups, which suggests that the HG medium has effects on growth and metabolism of the two types of cells with a probable time-dependent manner (Supplementary Figure S1 and Figure S2). However, further metabolomics methods should be used for validating these observations.

Effects of HG and LG Interventions on Metabolic Profiles of NRK-52E and HBZY-1 Cells Based on Optimized UPLC-Q/TOF-MS or GC-MS

The QC data were illustrated in Supplementary Figure S3 and Figure S4. The chromatograms showed that the overlap of six QC samples was good, and the variation of retention time and peak response was little, and 3D-PCA score plot showed that QC samples were centralized in the same quarter, which meant that the developed LC-MS and GC-MS methods were suitable for the metabolomics study of renal cells.

Typical LC-MS and GC-MS chromatograms of NRK-52E and HBZY-1 cells in response to LG and HG were shown in Supplementary Figures S5–S8. It can be seen that the metabolites of NRK-52E and HBZY-1 cells from HG and LG media at each time point have multiple differences. The results from unsupervised PCA (Supplementary Figures S9–S12) showed that the obvious separation trend between HG samples and LG samples could be found at every time points, which hinted that there were obvious difference between the metabolomic profiles of HG group and LG group.

The supervised PLS-DA model can effectively eliminate the effects of individual outliers and be predicted to characterize the contribution of each sample. Thus, PLS-DA was used to analyze the data obtained by LC-MS or GC-MS in this study. From Figures 1 to 4, spatial distributions of LG and HG sample points were obviously separated at each time point, suggesting that there were significant differences in terms of metabolite profiles between the two groups. For the data obtained by LC-MS, the predictive ability scores of PLS-DA model whether for NRK-52E or HBZY-1 cells were all 100%; while for the data obtained by GC-MS, the predictive ability scores of PLS-DA model were greater than 83.3% for NRK-52E and 66.6% for HBZY-1 (Supplementary Tables S2–S5), which indicated that the PLS-DA model was stable and reliable. Statistically differential metabolites with persistent changes between LG group and HG group at 12, 24, 36, and 48 h in the two cell lines were listed in Table 1. It can be seen that the increased compounds in HG group compared with LG group in NRK-52E from 12 h were ceramide (Cer, d18:0/12:0), Cer (d18:0/14:0), and Cer (d18:0/16:0). Compound phosphatidylethanolamine (PE, 16:0/0:0) and glycine had a decreasing trend from 24 h while Cer (d20:0/16:0), and isoleucine tended to increase. The compounds that continuously declined were hypoxanthine, phosphatidylserine (PS, 14:0/12:0), PS (20:0/0:0), and PS (16:0/16:0) while leucine, palmitic acid, and phosphatidylglycerol (PG, 20:5/0:0) kept increasing. As for the HBZY-1 cells, compound LysoPE (0:0/22:6) decreased from 24 h while PG (20:5/0:0), leucine, and valine increased persistently. The compounds oleic acid, stearic acid, linoleic acid, PG (15:1/15:0), Cer (t18:0/16:0), Cer (d18:0/14:0), glucose, and galactose had a continuous rise from 36 h while sphingosine C16 and PE (19:0/0:0) kept declining. These results were partly consistent with the previous finding (Jensen et al., 2019).
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Figure 1 | Partial least-square discriminant analysis score plot for NRK-52E cells in response to high glucose (HG, 25 mmol/L, red dot) and low glucose (LG, 5.56 mmol/L, green dot) for 12 h (A), 24 h (B), 36 h (C), and 48 h (D) using LC-MS data.




[image: ]

Figure 2 | Partial least-square discriminant analysis score plot for HBZY-1 cells in response to high glucose (HG, 25 mmol/L, red dot) and low glucose (LG, 5.56 mmol/L, green dot) for 12 h (A), 24 h (B), 36 h (C), and 48 h (D) using LC-MS data.
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Figure 3 | Partial least-square discriminant analysis score plot for NRK-52E cells in response to high glucose (HG, 25 mmol/L, red dot) and low glucose (LG, 5.56 mmol/L, green dot) for 12 h (A), 24 h (B), 36 h (C), and 48 h (D) using GC-MS data.
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Figure 4 | Partial least-square discriminant analysis score plot for HBZY-1 cells in response to high glucose (HG, 25 mmol/L, red dot) and low glucose (LG, 5.56 mmol/L, green dot) for 12 h (A), 24 h (B), 36 h (C), and 48 h (D) using GC-MS data.




Table 1 | The statistically differential metabolites with persistent changes from NRK-52E and HBZY-1 cells in response to high glucose at different time points based on UHPLC-Q/TOF-MS or GC-MS.
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Clinical Verification of Biomarkers Identified in Cell Metabolomics

Because the quantitative method of potential biomarkers in human plasma was based on our previous method (Du et al., 2019), partial validation was performed, and validation data such as regression equation, correlation coefficient, linear range, and mass fraction corresponding to each fatty acid and amino acid were shown in Supplementary Tables S6 and S7.

In order to effectively distinguish the three groups, data was analyzed using supervised LDA. Overall difference between the groups was distinguished by a linear combination of all compound characteristics, as shown in Figure 5. Each point in the figure represented a sample. The closer the sample points were, the closer the content of each compound was. The figure showed that the distribution of sample points in the NC, DM, and DN groups had a clear aggregation trend, while the sample points between the groups showed a good distinction.
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Figure 5 | Linear discriminant analysis score plot of plasma samples from three group of subjects (NC: healthy control group; DM: diabetes mellitus group; DN: diabetic nephropathy group).



The contents of selected potentially biomarkers in clinical plasma were shown in Table 2. From the results, we could find that compared with NC group, the DM group plasma content of stearic acid was significantly decreased while valine, leucine, and isoleucine were obviously increased; DN group plasma contents of stearic acid and linoleic acid were obviously reduced while palmitic acid and leucine were significantly enhanced higher than that of NC group, respectively. When compared with DM group, the plasma contents of palmitic acid in DN group was obviously increased while the plasma contents of stearic acid, valine, leucine, and isoleucine were significantly decreased. Moreover, persistent increasing or decreasing could be found for palmitic acid or stearic acid and linoleic acid from NC to DM and then DN, while first increment in DM and then decrement in DN happened for valine, leucine, and isoleucine.





	
Table 2 | The concentrations of some metabolites in the plasma of subjects (mean ± SD, μg/ml).





	
Metabolites


	
NC (n = 55)


	
DM (n = 103)


	
DN (n = 57)





	
Palmitic acid (C16:0)


	
272.68 ± 111.81


	
309.55 ± 133.90


	
371.01 ± 107.63*#





	
Stearic acid (C18:0)


	
259.07 ± 69.63


	
207.01 ± 77.27*


	
166.98 ± 52.94*#





	
Oleic acid (cis-9-C18:1)


	
109.06 ± 36.66


	
111.10 ± 100.67


	
97.46 ± 57.41





	
Linoleic acid (all-cis-9,12-C18:2)


	
462.94 ± 129.75


	
402.56 ± 248.23


	
360.54 ± 171.86*





	
Glycine


	
17.92 ± 6.10


	
16.05 ± 5.02


	
16.33 ± 6.47





	
Valine


	
26.31 ± 3.88


	
29.89 ± 6.71*


	
24.82 ± 6.36#





	
Leucine


	
17.91 ± 2.88


	
21.96 ± 4.86*


	
20.33 ± 4.86*#





	
Isoleucine


	
7.46 ± 1.33


	
9.21 ± 2.54*


	
7.57 ± 1.86#





	
*P < 0.05 vs. NC; #P < 0.05 vs. DM.









Discussion

Optimization of Sample Treatment and Analytical Method

It is essential to quench the cells during cell collection and metabolite extraction in order to prevent compositional changes of intracellular metabolites. The principle of cell quenching is to terminate all enzyme activities as quickly as possible because many metabolites can be degraded in a short time under the catalysis of enzymes. A common method for cell quenching is to rapidly change the temperature or pH value. Since the characteristics of the cell itself may affect the quenching efficiency and the rate of metabolite leakage (Wu and Li, 2013), it is necessary to select suitable quenching methods for specific types of cells, in our situation, NRK-52E and HBZY-1 cells. In this study, two methods, liquid nitrogen and -80°C extraction solvent, were investigated for quenching effects, respectively. After GC-MS and LC-Q/TOF-MS analyses, we considered that quenching by liquid nitrogen is better based on the number of peaks and variation of the response values.

Disruption of quenched cells is also important during metabolomics analysis. Usually, a variety of cell disruption methods are selectable depending on cell types or compounds. However, non-targeted metabolomics studies require that metabolites in the biological samples and the response values should meet certain requirements. For example, the extracted metabolite components should represent as much as possible the overall metabolite profile. Two cell disruption methods, sonication and repeated cycles of liquid nitrogen and 37°C water bath for three times, were recruited to investigate cell disruption efficiencies. Results showed that there was no significant difference between the two methods, but a large amount of heat was generated during cell disruption by sonication. Thus, repeatedly freezing and thawing in liquid nitrogen and 37°C water bath were used for this study. For the two analytical platforms, GC-MS and LC-Q/TOF-MS, this experiment examined the effects of methanol, methanol/water (4:1, v/v), methanol/water/chloroform (4:1:1, v/v/v), and acetonitrile for metabolite extraction efficiencies. It was concluded that, as the extraction solvent, methanol/water/chloroform (4:1:1, v/v/v) was better used for GC-MS analysis while LC-Q/TOF-MS analysis preferred to methanol/water (4:1, v/v). In addition, MOX and BSTFA were used as derivatization reagents. Temperature and dosage were optimized, respectively. The investigated dosages were 30 μl MOX and 50 μl BSTFA (containing 1% TMCS) and 50 μl MOX and 100 μl BSTFA (containing 1% TMCS) while reaction temperatures were 60°C and 65°C. After analysis, it was found that the derivatization conditions used in this experiment, which were 50 μl MOX, 100 μl BSTFA (containing 1% TMCS), and 65°C, were preferred.

This experiment also examined three chromatographic columns, which were Agilent DB-23 (60 m×0.25 mm×0.15 μm), Agilent HP-5MS (30 m×0.25 mm×0.25μm), and Agilent HP-5MS UI (60 m×0.25 mm×0.25 μm). Results of the analysis showed that HP-5MS was able to detect more metabolites and had better separation capacity among metabolites than the other two columns. Therefore, the HP-5MS column was used in this study. In order to make the small molecular metabolites in the cells have better resolution in GC-MS, we also investigated various heating procedures. Temperature program is described as below. Initial temperature was 70°C, which is maintained for 1 min, then increased at 5°C/min until 150°C, kept for 2 min, increased to 300°C at 20°C/min, and finally kept for 2 min. In order to make the small molecular metabolites in the cells have good resolution in LC-Q/TOF-MS, a variety of gradient elution procedures were investigated in this experiment, and the optimal procedure used in this study was finally obtained.

Potential Biomarkers

DN is one of the major complications of DM, which is a group of metabolic syndromes characterized by gradual increase of BG level. The pathogenesis of DN has not yet been elucidated. It is generally believed that the pathogenesis of DN involves multiple factors such as hyperglycemia, hemodynamics disturbance, oxidative stress, and inflammatory responses (Xiu et al., 2017). In the process of progression from DM to DN, changing patterns of small molecular metabolites in the body will occur, which may play distinct roles in the occurrence and development of DN.

In this study, non-targeted cell metabolomics was first performed, and the obtained results suggested that the constant changes of small molecular metabolites such as lipids, fatty acids, amino acids, carbohydrates, and nucleosides were involved in the process. In those potential biomarkers, fatty acids and amino acids had attracted extensive attention and been proved to be closely related to DM or DN (Campion et al., 2017; Welsh et al., 2018). Thus, differential metabolites with persistent changes including fatty acids (palmitic acid, stearic acid, oleic acid, and linoleic acid) and amino acids (glycine, valine, leucine, and isoleucine) in cell metabolomics were further selected as target to validate their clinically significance in DM or DN patients. The results hinted that plasma contents of palmitic acid, stearic acid, linoleic acid, valine, leucine, and isoleucine were significantly changed in DM or DN patients. However, those biomarkers validated in the subject plasma may reflect not only renal damage but also together with other tissues, as non-renal cell types were not used as the control.

Studies have shown that non-esterified fatty acids have certain toxic effects on pancreatic β cells (Giacca et al., 2011), which can further lead to insulin resistance. Palmitic acid and stearic acid are saturated fatty acid that play harmful roles in human body (Rogiers, 1981). Carnitine, together with palmitic acid, can be transferred into mitochondria in the form of fatty acylcarnitine to complete β-oxidation. Insulin resistance may inhibit β-oxidation of fatty acids (Lu et al., 2016a), resulting in the accumulation of palmitic acid and stearic acid in DM or DN, which in latter causes kidney damage (Lim et al., 2010; Chu et al., 2013; Lu et al., 2016b). In our study, elevated palmitic acid and stearic acid in the renal cells induced by high glucose and increased palmitic acid in the plasma of DM and DN patients were observed, which was consistent with the previous findings (Chu et al., 2013; Lu et al., 2016a; Lu et al., 2016b; Du et al., 2019). However, the plasma level of stearic acid obtained in DM and DN patients was contrary to that in cell and previous study (Chu et al., 2013; Lu et al., 2016a; Lu et al., 2016b). We speculated that these results may be related to the diet and medicine of the subjects and may be accidental.

Linoleic acid is recognized as an essential fatty acid. Low linoleate intake is associated with DN (Dos Santos et al., 2018), and its metabolites including γ-linoleic acid, the hydroxyoctadecadienoic acid (HODEs), and oxo-octadecadienoic acids (oxo-ODEs) have potent biological effects (Bull et al., 2003; Itoh et al., 2008). For instance, the 9-HODE and 13-HODE and their alcohol dehydrogenase–dependent ketone metabolites, 9-oxo-ODE and 13-oxo-ODE, are potent PPAR-γ ligands (Bull et al., 2003; Itoh et al., 2008). Therefore, the DN-associated reduction in the all-cis-9,12 linoleic acid may reflect a reduction in cellular linoleate, and when the content of linoleic acid (all-cis-9,12) is lowered, the levels of these PPAR-γ ligands may also be reduced, aggravating insulin resistance and inflammatory reaction, eventually causing damage to the kidney. In addition, cytochrome-P450-dependent metabolism of linoleate has been shown to be modulated during the regulation of renal sodium handling (Dreisbach et al., 2008). Therefore, low level of linoleic acid in DM or DN may decrease renal Na+ excretion, which could itself promote renal damage. It is also possible that shunting of linoleate away from γ-linoleate production, and thus reducing availability of intracellular arachidonate, prostandoids, and other key lipid autocoids, may in and of itself promote renal damage, as supplementation with γ-linoleic acid has been shown to positively impact DN (Jamal, 1994) regardless of the mechanisms. These results suggest that linoleic acid (all-cis-9,12) levels may be an important biomarker during the development of DN.

Under normal conditions, the constant conversion between proteins and amino acids is in a state of equilibrium. The input and output rates of amino acids in blood are almost equal, thereby maintaining a stable amino acid concentration. During the development of DN, the metabolism of the body is disordered, and the amino acid level is bound to change. Valine, leucine, and isoleucine are all branched-chain amino acids (BCAA) that are essential in cellular metabolism. They are not only involved in protein synthesis, but also play an important role in glucose metabolism. Different pathological stages of DNs mirror changed metabolic statuses of BCAA. Studies have shown that, during insulin resistance and DM states, BCAA content increases (Gimble et al., 2010; Lynch and Adams, 2014), while in the early stage of chronic kidney disease, BCAA content decreases (Kumar et al., 2012). By monitoring the levels of leucine and isoleucine in plasma of T2DM patients by Raman spectroscopy, Birech et al. found that both compounds were significantly increased (Multhoff et al., 2017), which provide a basis for rapid screening and early intervention of T2DM patients. In addition, the causal relationship between BCAA and insulin resistance has attracted widespread attention during the development of DM. It was confirmed that, when the level of high-fat diet or insulin-like growth factor is low, protein decomposition increases, and BCAA level in the body rises. It was initially thought that enhanced BCAA leads to activation of the mTOR/S6K1 kinase signaling pathway and phosphorylation of serine residues on IRS-1, which further cause insulin resistance (Newgard et al., 2009). However, many studies now confirm that activation of the mTOR/S6K1 kinase signaling pathway is not a sufficient condition to cause insulin resistance. In contrast, it is believed that elevated levels of CBAA are caused by protein degradation due to insulin resistance. At present, the hypothesis about BCAA metabolic disorder mechanism has been widely recognized. In specificity, metabolic disorder of BCAA causes accumulation of toxic metabolites such as branched α-keto acid and acyl-CoA, resulting in mitochondrial damage in β-cells. In addition, stress kinase is also activated, ultimately causing insulin resistance and DM (Lynch and Adams, 2014). The results of this study showed that the levels of valine, leucine, and isoleucine in the plasma of DM patients were higher than those of the NC group, which is consistent with the above theory. In the DN state, when the kidney is damaged, the protein in the body is elevated by the efflux of the kidney, breaking the balance between its synthesis and decomposition. Levels of valine, leucine, and isoleucine are all reduced. Therefore, BCAA can be used as a biomarker for DM in the body, and up and down trends of BCAA level can also serve as an early warning for the occurrence of DN. Moreover, as the medication or treatment of the patients was not intervened during whole research, the results of potential biomarkers may hint that there were not obvious associations between the medication or treatment of patients and the metabolic pathway with related to those potential biomarkers.

Conclusion

In this study, we established UPLC-Q/TOF-MS and GC-MS non-targeted cell dynamic metabolomics platforms for the initial exploration of potential biomarkers in the occurrence and development of DN. Through combined analysis of amino acids and fatty acids metabolites in clinical samples, we identified that (1) palmitic acid and linoleic acid (all-cis-9,12) can be used as potential biomarkers during the development of DN; (2) valine, leucine, and isoleucine can be considered as potential biomarkers of DM; and (3) fluctuation of valine, leucine, and isoleucine, that is, first increment and then decrement, may have an early warning effect on kidney damage in DM patients.
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We previously demonstrated that ureteral obstruction is associated with a urinary concentrating defect and reduced expression of renal aquaporins (AQPs), in which the renin–angiotensin system (RAS) may play an important role. The aims of the present study were to examine whether the renin inhibitor aliskiren could prevent the reduction in AQP expression and improve the urinary concentrating capacity in mice with bilateral ureteral obstruction (BUO) and BUO release. BUO was performed for 24 h, and BUO release was performed for 1 (B-R1D) or 3 days (B-R3D) with or without aliskiren treatment. Aliskiren prevented polyuria and decreased urine osmolality induced by B-R3D. In mice with BUO and BUO release, aliskiren attenuated the reduction in AQP2 protein and mRNA expression in the obstructed kidneys. B-R3D increased the protein expression of NLRP3 inflammasome components ASC, caspase-1, and interleukin-1β in the obstructed kidneys, which was markedly prevented by aliskiren. Moreover, the NF-κB inhibitor Bay 11-7082 blocked NLRP3 inflammasome activation and attenuated the decrease in AQP2 protein expression in primary cultured rat inner medullary collecting duct cells treated with angiotensin II. These results indicate that the renin inhibitor aliskiren increases water channel AQP2 expression at least partially by suppressing NLRP3 inflammasome activation in the obstructed kidneys of mice with BUO and BUO release.
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INTRODUCTION

Obstruction nephropathy is associated with reduced glomerular and tubular function as well as long-term impaired urinary concentrating capacity. Release of both unilateral and bilateral ureteral obstruction (UUO and BUO) causes marked changes in the glomerular-tubular balance and so-called postobstructive diuresis (Frokiaer and Zeidel, 2011). Clinical observations have indicated that patients with obstructive nephropathy experience massive vasopressin-insensitive polyuria after the release of the obstruction, suggesting that BUO is associated with nephrogenic diabetes insipidus. We previously demonstrated that ureteral obstruction (both bilateral and unilateral) and its release in rats is associated with significant downregulation of aquaporin (AQP) protein expression in the kidneys, providing a molecular basis for the urinary concentrating defect (Li et al., 2001, 2003). The expression of the vasopressin-regulated collecting duct water channel AQP2 was reduced in BUO for 24 h in rats, which persisted 24–48 h after the release of the obstruction, accompanied by marked postobstructive polyuria (Frokiaer et al., 1996b). Rats with UUO showed downregulated AQP2 expression similar to that observed in rats with BUO (Li et al., 2003). This finding indicates that local/intrarenal factors may play important roles in the downregulation of AQP expression in obstructive nephropathy.

Recently, the intrarenal renin–angiotensin system (RAS) in the kidneys has been demonstrated to play an important role in cellular homeostasis. For example, local RAS activation in the kidneys may induce structural and functional changes in tubular epithelial cells independent of those elicited by the classical renin–angiotensin endocrine system (De Mello and Frohlich, 2014). Angiotensin II (Ang II) is synthesized de novo in the kidneys and may directly modulate renal hemodynamic and tubular transport (Braam et al., 1993; Reams et al., 1993). Obstructed kidneys have been reported to show increased intrarenal Ang II levels (Okabe et al., 2015), which may play a role in the reduction of the glomerular filtration rate (GFR) and renal blood flow (RBF) in ureteral obstruction. Reportedly, angiotensin-converting enzyme inhibitors (ACEIs) or Ang II type 1 receptor blockers (ARBs) partly prevent the reduction in GFR and RBF (Frokiaer et al., 1996a) and improve the expression and intracellular trafficking of renal AQP2 and several key sodium transporters in ureteral obstruction (Jensen et al., 2006, 2009; Topcu et al., 2007), indicating that Ang II contributes to the urinary concentrating defect of obstructed kidneys. In addition, Ang II infusion has been reported to induce the infiltration of monocytes and the release of inflammatory factors in the kidneys (Crowley et al., 2010), probably due to activation of the intracellular NF-κB pathway (Muller et al., 2000). RAS blockade attenuates the expression of an array of cytokines and growth factors, which potentially impair renal function in rats with UUO (Ishidoya et al., 1995; Wu et al., 2010; Soliman et al., 2011; Wang W. et al., 2015). Compared with ACEIs or ARBs, direct renin inhibitors (DRIs), such as aliskiren, can block the RAS at an early stage in the cascade and potently suppress the formation of Ang I and Ang II via both ACE and non-ACE pathways (Segall et al., 2007). Aliskiren is therefore an alternative option to inhibit RAS activation beside ACEi and ARB. A recent clinical trial showed that aliskiren improved renal and systemic hemodynamics (Kwakernaak et al., 2017), providing an effective treatment in hypertensive, cardiovascular, and renal diseases.

NOD-, LRR-, and pyrin domain-containing 3 (NLRP3) inflammasome is a cytosolic signaling macromolecular complex comprising a sensor molecule [NOD-like receptors (NLRs)], the adaptor apoptosis-associated speck-like protein containing a CARD (ASC), and the effector protease caspase 1, which processes pro-interleukin (IL-1β) into its mature form IL-1β that causes inflammation and tissue damage (Mangan et al., 2018). Recent studies have suggested that NLRP3 inflammasome and downstream cytokines contribute to several types of kidney disease, including crystalline nephropathy (Mulay et al., 2013; Wang et al., 2018), obstructive nephropathy (Wang W. et al., 2015), and obesity-related kidney diseases (Ke et al., 2018). We previously demonstrated that IL-1β directly inhibits AQP2 expression in the collecting duct principal cells of the kidneys (Wang W. et al., 2015), suggesting that inflammatory cytokines downregulate the expression of water channels and sodium transporters, resulting in altered water and sodium regulation in the kidneys. The present study aimed to investigate whether aliskiren alleviates the abnormal water regulation in the kidneys of mice with BUO and BUO release and attenuates the reduction in water channel expression and the activation of NLRP3 inflammasome.



MATERIALS AND METHODS


Reagents

For semiquantitative immunoblotting and immunocyto chemistry, previously characterized affinity-purified polyclonal antibodies to AQP2 and AQP3 were used (Wang et al., 2018). Antibodies to AQP1 were obtained from BOSTER (Wuhan, China); antibodies to IL-1β, p-NF-κB p65, and NF-κB p65 from Cell Signaling Technology; caspase-1 from Abcam; antibodies to ASC from Santa Cruz; and NLRP3 from Novus. Human IL-1β was obtained from Peprotech and Bay 11-7082 was purchased from Sigma–Aldrich. Ang II and valsartan were purchased from MCE (Shanghai, China).



Animals and Treatments

All animal procedures were approved by the Animal Care and Use Committee of Sun Yat-sen University. In brief, 8-week-old male C57BL/6 mice were purchased from the animal facility center of Sun Yat-sen University (Guangzhou, China), were maintained on a light/dark (12/12 h) cycle at 24°C, and received food and water ad libitum before experimentation.

To prepare for the surgery to establish BUO, the mice were anesthetized with pentobarbital sodium and placed on a heated table to maintain their rectal temperature at 37–38°C. A midline abdominal incision was then made to expose both ureters, and the ureters were occluded by ligating a 5-0 silk suture at the midportion. For BUO release, ureters were occluded by vascular clamps (#14120, World Precision Instruments Inc., Sarasota, FL, United States) at the midportion. Mice were intraperitoneally injected with aliskiren twice per day (40 mg/kg body weight/day). BUO was released by removing the vascular clamps after 16 h. By using this technique, the ureters of the mice could be completely occluded for 16 h without any subsequent impairment of ureteral function. The mice were sacrificed 1 or 3 days after BUO release.

Mice were allocated to the protocols indicated below. Age- and time-matched sham-operated controls were prepared and observed in parallel with each BUO group and BUO release (B-R) group. Protocol 1 included BUO for 24 h (BUO), BUO with aliskiren injection (BUO + Ali), and sham-operated (Sham) groups (n = 9 in each group). Protocol 2 included BUO for 16 h followed by 1-day release (B-R1D), and B-R1D with aliskiren injection (B-R1D + Ali) and Sham groups (n = 9 in each group). Protocol 3 included BUO for 16 h followed by 3-day release (B-R3D), and B-R3D with aliskiren injection (B-R3D + Ali), and Sham groups (n = 9 in each group).

All mice were maintained in metabolic cages during experimentation. Their daily water and food intake was monitored. Mice were placed in metabolic cages immediately after BUO or BUO release. Urine samples for clearance studies were collected (BUO-1D and BUO-3D) over 24-h periods. On the sacrifice day, all mice were anesthetized with pentobarbital sodium, and both kidneys were removed from each animal and prepared for protein, mRNA measurement, or histologic analysis.



Blood and Urine Chemistry

Urine was collected and clearance studies were performed during periods throughout the study. At the end of each protocol, blood samples were collected into heparinized tubes for the determination of serum creatinine and osmolality when the mice were sacrificed. The osmolality of urine and serum was determined by freezing-point depression (OM 806, Osmometer, Loser, Germany). The serum and urine creatinine were determined by using an ELISA kit according to the manufacturer’s instructions (BioAssay System, United States). Creatinine clearance Ccr (μL/min/g BW) is calculated based on the following formula: Ccr = [urinary creatinine concentration (mmol/L) × urine output (μL/min/g)]/[plasma creatinine concentration (mmol/L)]. Urine and serum potassium concentrations were analyzed by using a flame photometer.



Electrophoresis and Immunoblotting

At the sacrifice day, mice were anesthetized with pentobarbital sodium, and kidneys were frozen in liquid nitrogen immediately after removal. Tissue was minced finely and homogenized in dissecting buffer (0.3 M sucrose, 25 mM imidazole, 1 mM EDTA, pH 7.2, containing the following protease inhibitors: 8.5 μM leupeptin, 1 mM phenylmethylsulfonyl fluoride). This homogenate was centrifuged at 4,000 × g for 15 min at 4°C. The supernatants were assayed for protein concentration using the BCA method (Pieces, Rockford, IL, United States). Gel samples were made from this pellet. Samples of membrane fractions were run on 12% polyacrylamide minigels. After transferring by electroelution to PVDF membranes, blots were blocked with 5% milk in PBS-T (80 mM Na2HPO4, 20 mM NaH2PO4, 100 mM NaCl, 0.1% Tween 20, pH 7.5) for 1 h and incubated with primary antibodies overnight at 4°C. After being washed with PBS-T, the blots were incubated with horseradish peroxidase-conjugated secondary antibody (Pieces, Rockford, IL, United States). After a final washing as above, corresponding secondary antibodies were visualized using enhanced chemiluminescence (Pierce, Rockford, IL, United States). The signals were quantified with a chemiluminescence detector and the accompanying densitometry software (UVP, Upland, CA, United States).



Immunohistochemistry and Immunofluorescence

The kidneys from mice were fixed by retrograde perfusion via the left ventricle with 0.01 M PBS buffer. The left kidney blocks containing all kidney zones were dehydrated and embedded in paraffin. For immunoperoxidase microscopy, sections (4 μm thick) cut from paraffin-embedded kidney samples were used for immunostaining of AQP2 (Wang et al., 2018). Briefly, after dewaxing and rehydration, a microwave pretreatment in citrate buffer (pH 6.2) was performed to unmask antigens present in the renal tissue. Tissue sections were then incubated overnight at 4°C with primary antibodies. After rinsing in PBS, slides were exposed to the secondary antibody for 1 h. The sections were later washed with PBS, followed by incubation with diaminobenzidine for 10 min. The microscopic examination was carried out by using a Leica DM2000 light microscope (Leica, Heidelberg, Germany). For sections prepared for immunofluorescence, AQP2 (Santa Cruz, sc-515770) and ASC (Abcam, ab64808) were used for primary antibodies. Secondary fluorescent antibodies were obtained from Santa Cruz. Fluorescence microscopy was carried out on a Leica DMI4000B fluorescence inverse microscope (Heidelberg, Germany).



RNA Extraction and Quantitative Real-Time PCR

Total RNA was extracted from the kidneys according to the manufacturer’s instructions for Trizol reagent (Invitrogen, CA, United States). Total RNA (500 ng) was used for reverse transcription using PrimeScript® RT reagent Kit Perfect Real Time kit (Takara Bio Inc., Japan). The cDNA was used for quantitative real-time PCR (qRT-PCR) analysis using SYBR® Premix Ex TaqTM (Perfect Real Time, Takara Bio Inc., Japan). Target mRNA was determined using the comparative cycle threshold method of relative quantitation. The calibrator sample was selected from PBS-treated tissue, and GAPDH was used as an internal control. Primer sequences used are provided in Table 1.

TABLE 1. Primer sequences for RT-PCR (mouse).
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Primary Rat Inner Medullary Collecting Duct Cell Culture Studies

Primary cultures of renal inner medullary collecting duct (IMCD) cells were generated with a modification of a previous study (Luo et al., 2019). In brief, Wistar rats (8–10 weeks) were killed by cervical dislocation, and kidneys were quickly removed under sterile condition. The renal medulla was dissected, minced, and digested for 60 min in 10 mL of medium (DMEM) containing 0.2% collagenase type I, 0.2% hyaluronidase, and 0.025% trypsin-EDTA at 37°C with shaking. The IMCD cells were cultured in 6-well plates for 48 h. In protocol 1, the IMCD cells were treated with or without IL-1β (5 ng/mL) for 6 h. In protocol 2, the IMCD cells were pretreated with or without Bay 11-7082 (10–6 M) or valsartan (10–6 M) for 30 min, and then incubated with Ang II (10–9 M) for 24 h. After incubation, cells were then centrifuged at 1,000 rpm for 5 min, the supernatant was discarded, and the pellet was resuspended in the modified medium (DMEM, and 100 U/mL penicillin G-streptomycin sulfate).



Measurement of Ang II

Urinary and plasma Ang II concentration was determined using an Ang II magnetic particle-based chemiluminescence assay kit (Autobio Diagnostics Co., Ltd.).



Statistical Analysis

Results are presented as the means ± SE. Data were analyzed by ANOVA and Student–Newman–Keuls test for multiple comparisons. Statistical significance was accepted at the P < 0.05 level. Values represent means ± SE of three independent sets of experiments in primary cell culture studies.




RESULTS


Aliskiren Prevented the Downregulation of AQP2 Expression in the Obstructed Kidneys of BUO Mice

Bilateral ureteral obstruction was performed for 24 h in mice treated with or without aliskiren. As shown in Figure 1, western blot analyses revealed that the abundance of renal AQP2 and AQP1 proteins was significantly lower in the obstructed kidneys of BUO mice than in the kidneys of Sham mice, and the reduction in AQP2 protein expression was markedly prevented by aliskiren treatment (Figures 1A,B). Notably, AQP3 protein expression was not significantly different between the three groups (BUO, BUO + Ali, and Sham).
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FIGURE 1. Aliskiren treatment prevented the reduction in water channel AQP2 expression in the obstructed kidneys of BUO and B-R1D mice. Semi-quantitative immunoblots probed with anti-AQP2, -AQP1, -AQP3, and -β-actin antibodies in the whole kidneys of BUO mice (A) and in the whole kidneys of B-R1D mice (C). Corresponding densitometric analyses of AQP2, AQP1, and AQP3 protein expression corrected for β-actin in BUO mice (B) and in B-R1D mice (D). Sham, sham-operated mice; BUO, bilateral ureteral obstruction for 24 h; BUO + Ali, BUO mice treated with aliskiren; B-R1D, bilateral ureteral obstruction for 16 h followed by 1-day release; B-R1D + Ali, B-R1D mice treated with aliskiren. ∗p < 0.05 compared with the sham group; #p < 0.05 compared with the BUO/B-R1D group.





Aliskiren Prevented Polyuria and Reduction in AQP2 Expression in the Obstructed Kidneys of B-R1D Mice

Release of BUO causes postobstructive diuresis (Frokiaer et al., 1996b). As shown in Table 2, urine output was dramatically increased and urine osmolality was markedly decreased in mice with BUO that was released for 1 day (B-R1D), both of which were found to be prevented by aliskiren treatment in B-R1D + Ali mice (Table 2). The abundance of renal AQP1, AQP2, and AQP3 proteins was significantly lower in the obstructed kidneys of B-R1D mice than in the kidneys of Sham mice, and the reduction was prevented by aliskiren treatment in B-R1D + Ali mice (Figures 1C,D).

TABLE 2. KIM-1 and NGAL mRNA levels (arbitrary units) in BUO, B-R1D, and B-R3D kidney with or without aliskiren treatment.
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Aliskiren Prevented the Reduction in AQP2 Expression in the Obstructed Kidneys of B-R3D Mice

Urine output persistently increased in mice with BUO that was released for 3 days (B-R3D) compared with that in Sham mice (Figure 2A). This increase was prevented by aliskiren treatment in B-R3D + Ali mice (Figure 2A). The abundance of AQP2 protein was significantly lower in the obstructed kidneys of B-R3D mice than in the kidneys of Sham mice (Figures 2B,C). This decrease was significantly reversed by aliskiren treatment in B-R3D + Ali mice (Figures 2B,C). Immunohistochemistry revealed that the overall decrease in AQP2 labeling intensity observed in the inner medulla of the kidneys of B-R3D mice was clearly prevented by aliskiren treatment in B-R3D + Ali mice (Figure 2D). The expression of both AQP1 and AQP3 proteins was also markedly downregulated in B-R3D mice, but aliskiren treatment prevented the reduction in only AQP1 protein expression in B-R3D + Ali mice (Figures 2B,C).
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FIGURE 2. Aliskiren treatment prevented polyuria and the reduction in water channel AQP2 and AQP1 expression in the obstructed kidneys of B-R3D mice. (A) Urine output was collected from sham, B-R3D, and aliskiren-treated mice. (B) Semi-quantitative immunoblots probed with anti-AQP2, -AQP1, -AQP3, and β-actin antibodies. (C) Corresponding densitometric analyses of the AQP2, AQP1, and AQP3 protein expression corrected for β-actin. (D) Immunohistochemistry of AQP2 in the kidneys of aliskiren-treated or non-treated B-R3D mice. Sham, sham-operated groups; B-R3D, bilateral ureteral obstruction for 16 h followed by 3 days release; B-R3D + Ali, B-R3D group with aliskiren treatment. ∗p < 0.05 compared with sham group; #p < 0.05 compared with B-R3D groups.





Aliskiren Inhibited IL-1β Production in the Obstructed Kidneys of B-R3D Mice

Inflammasome activates caspase 1, which proteolytically activates the pro-inflammatory cytokines IL-1β and IL-18 (Martinon et al., 2002). Production of cleaved IL-1β was therefore examined in this study. The protein expression of the inflammasome components ASC and cleaved IL-1β (17 kDa) was increased in the obstructed kidneys of BUO and B-R1D mice; in comparison, BUO + Ali and B-R1D + Ali mice showed mild, insignificant decreases in ASC and IL-1β expression because of aliskiren treatment (Figures 3A–D). The expression of ASC, caspase-1, and IL-1β proteins was markedly upregulated by approximately 1.3-, 2.5-, and 1.8-folds, respectively, in the kidneys of B-R3D mice, whereas aliskiren treatment markedly blocked this upregulation in B-R3D + Ali mice (Figures 3E,F). Immunofluorescence showed ASC-positive staining in principal cells of the collecting ducts. The increased staining of ASC specks in principal cells of B-R3D + Ali mouse kidneys was abolished by aliskiren treatment (Figure 3G).
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FIGURE 3. Expression of inflammasome components in the obstructed kidneys of BUO, B-R1D, and B-R3D mice. (A,C,E) Semi-quantitative immunoblots probed with anti-NLRP3, -ASC, -caspase-1, and -IL-1β antibodies. (B,D,F) Corresponding densitometric analyses of the NLRP3, ACS, caspase-1, and IL-1β protein expression corrected for β-actin. (G) Immunofluorescence staining of AQP2 (in green) and ASC (in red) in principal cells of the collecting duct in the kidneys of B-R3D and B-R3D + Ali mice. NLRP3, NOD-like receptor pyrin domain containing 3; ASC, apoptosis-associated speck-like protein containing a caspase recruitment domain; Caspase-1, an evolutionarily conserved enzyme that proteolytically cleaves other proteins; IL-1β, interleukin-1β; Sham, sham-operated groups; BUO, bilateral ureteral obstruction for 24 h; BUO + Ali, BUO group with aliskiren treatment; B-R1D, bilateral ureteral obstruction for 16 h followed by 1 day release; B-R1D + Ali, B-R1D group with aliskiren treatment; B-R3D, bilateral ureteral obstruction for 16 h followed by 3 days release; B-R3D + Ali, B-R3D group with aliskiren treatment. ∗p < 0.05 compared with Sham group; #p < 0.05 compared with OBS groups.



The time-course changes in cleaved IL-1β and AQP2 protein and mRNA expression during BUO, as well as BUO followed by release for 1–3 days (B-R1D and B-R3D), are shown in Figure 4. The renal abundance of AQP2 protein was maintained at the lowest level in the obstructed kidneys of the BUO group compared with the abundance in the two other groups. Notably, in the BUO-R1D + Ali and B-R3D + Ali groups, AQP2 protein expression was nearly maintained as that in the Sham group (Figure 4A), indicating that aliskiren treatment attenuated the reduction in AQP2 protein expression in the obstructed kidneys. In addition, aliskiren inhibited IL-1β expression by approximately 20–50% of that in the BUO, B-R1D, and B-R3D groups (Figure 4B), suggesting that local inflammatory cytokines (e.g., IL-1β) associated with kidney obstruction contribute to the downregulation of water channel AQP2 expression. AQP2 mRNA expression gradually increased in BUO, B-R1D, and B-R3D mice. At day 3 after release, AQP2 mRNA expression in the obstructed kidneys was higher than that in the kidneys of Sham mice, likely indicating the occurrence of a compensatory response after release (Figure 4C). Consistent with the expression pattern of IL-1β protein, IL-1β mRNA expression was higher in the obstructed kidneys than in the kidneys of Sham mice (Figure 4D). Figure 4E shows a potential linear correlation between IL-1β and AQP2 protein expression in the Sham, B-R3D, and B-R3D + Ali groups.
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FIGURE 4. Time-course changes in AQP2 (A,C) and IL-1β (B,D) protein and mRNA levels in the kidneys of BUO, B-R1D, and B-R3D mice. (E) Correlation between AQP2 and IL-1β protein expression in the obstructed kidneys of B-R3D mice (n = 9). (F) V2R mRNA levels in the kidneys of BUO, B-R1D, and B-R3D mice. IL-1β, interleukin-1β; V2R, vasopressin type 2 receptor; Sham, sham-operated groups; BUO, bilateral ureteral obstruction for 24 h; BUO + Ali, BUO group with aliskiren treatment; B-R1D, BUO for 16 h followed by 1 day release; B-R1D + Ali, B-R1D group with aliskiren treatment; B-R3D, BUO for 16 h followed by 3 days release; B-R3D + Ali, B-R3D group with aliskiren treatment; OBS, obstructed group; OBS + Ali, obstructed group with aliskiren treatment.



Interleukin-1β reduced binding of vasopressin to its receptor in vitro (Grinevich et al., 2004), indicating impairment of vasopressin action in the kidney during inflammation. Vasopressin-V2R and its corresponding signaling pathway are important for regulation of AQP2; we therefore examined mRNA expression of V2R in the obstructed kidneys. Compared with sham mice, mRNA levels of V2R dramatically decreased to about 15% in BUO and 50% in BUO-1D mice, which was prevented partially by aliskiren treatment (Figure 4F). In the obstructed kidneys of BUO-3D mice, V2R mRNA was increased by 37% compared to sham mice (Figure 4F). The pattern of V2R gene changes in the obstructed kidneys was similar to that seen in changes of AQP2 expression. Next we examined whether IL-1β directly affects V2R expression in primary cultured IMCD cells (protocol 1). IL-1β markedly decreased the mRNA level of V2R by 25% (0.75 ± 0.05 vs. 1.00 ± 0.05 in controls, p < 0.05, n = 6 in controls and n = 7 in IL-1β treatment group). These data suggested that inflammatory factors (e.g., IL-1β) induced by ureteral obstruction not only downregulate AQP2 expression, but also decrease V2R gene expression, potentially affecting the V2R intracellular signaling pathway.



RAS in the Obstructed Kidneys of BUO, B-R1D, and B-R3D Mice

Gene expression levels of several RAS components in the obstructed kidneys were examined in BUO, B-R1D, and B-R3D mice. Angiotensinogen (AGT) mRNA expression reduced by 30% in BUO mice and increased by 1.4- and 1.5-folds in B-R1D and B-R3D mice, respectively, compared with that in the sham mice (Figure 5A). Renin mRNA levels were also reduced in BUO mice but returned to sham levels in B-R3D mice. Renin mRNA levels dramatically increased after aliskiren treatment, probably due to the inhibition of renin activity by aliskiren (Figure 5B). Renin receptor mRNA levels decreased in BUO mice and gradually returned to sham levels after BUO release in B-R1D and B-R3D mice (Figure 5C). Notably, aliskiren treatment had negligible effects on renin receptor mRNA expression in the obstructed kidneys (Figure 5D). Plasma and urinary levels of Ang II were measured. As shown in Figure 5D, plasma Ang II levels were ∼42% higher in BUO mice and ∼46% higher in B-R1D mice than those in sham mice – these increases were attenuated by aliskiren treatment. After release by 3 days, the plasma Ang II concentration returned to baseline level (Figure 5D). In B-R1D mice, urinary Ang II levels remained unchanged, whereas aliskiren treatment slightly reduced urinary Ang II concentration, although it did not reach statistical significance. Urinary Ang II levels were ∼60% higher in B-R3D mice than those in sham mice, which were completely suppressed by aliskiren treatment in B-R3D + Ali mice (Figure 5E).
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FIGURE 5. Dynamic changes in AGT, renin, and renin receptor mRNA expression in the kidneys and plasma and urinary Ang II levels in aliskiren-treated or non-treated BUO, B-R1D, and B-R3D mice. (A,B,C) Analysis of AGT, renin, and renin receptor mRNA expression by real-time PCR. (D,E) Plasma and urinary Ang II levels in aliskiren-treated or non-treated BUO, B-R1D, and B-R3D mice. Ang II, angiotensin II; AGT, angiotensinogen; ReninR, renin receptor; Sham, sham-operated groups; BUO, bilateral ureteral obstruction for 24 h; BUO + Ali, BUO group with aliskiren treatment; B-R1D, BUO for 16 h followed by 1 day release; B-R1D + Ali, B-R1D group with aliskiren treatment; B-R3D, BUO for 16 h followed by 3 days release; B-R3D + Ali, B-R3D group with aliskiren treatment; OBS, obstructed group; OBS + Ali, obstructed group with aliskiren treatment. ∗p < 0.05 compared with Sham group; #p < 0.05 compared with B-R3D groups.



Interestingly the observed changes of RAS components were associated with tubular injuries. mRNA levels of kidney injury molecule-1 (KIM-1) and neutrophil gelatinase-associated lipocalin (NGAL), two markers of tubular injuries, were dramatically increased in the obstructed kidneys. Aliskiren treatment decreased KIM-1 and NGAL mRNA levels, respectively (Table 2), indicating intervention by RAS blockade may ameliorate tubular injuries associated with obstruction. In B-R3D mice both KIM-1 and NGAL mRNA levels decreased markedly when compared to BUO or B-R1D, suggesting a potential recovery of tubular function, coincidently paralleling with recovered protein expression of AQPs. Aliskiren treatment is sometimes associated with hyperkalemia (Parving et al., 2012). In BUO and BUO + Ali mice, plasma potassium concentration showed an approximately 1.6-fold increase, but it markedly reduced after release of ureteral obstruction. Three days after release, plasma potassium concentrations returned to sham levels, but about a 20% increase was still found in B-R3D mice with aliskiren treatment (Table 3), likely due to inhibition of Ang II production.

TABLE 3. Renal functional data in BUO, B-R1D, and B-R3D mice with or without aliskiren treatment.
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Bay 11-7082 and Valsartan Prevented the Reduction in AQP2 Expression in Ang II-Treated Primary Cultured Rat Inner Medullary Collecting Duct Cells

The activation of NLRP3 inflammasome has been associated with the NF-κB signaling pathway (Kong et al., 2016a); we therefore investigated whether the inhibition of NLRP3-associated inflammatory response by blocking the NF-κB pathway affects AQP2 protein expression. In primary cultured rat IMCD cells, Ang II treatment increased the p-NF-κB p65/NF-κB p65 ratio by 1.8-folds, which was markedly reduced by the NF-κB inhibitor Bay 11-7082 (Figures 6A,B). Ang II treatment also increased the protein expression of the NLRP3 inflammasome components NLRP3 and IL-1β and markedly decreased that of AQP2, both of which were prevented by Bay 11-7082 (Figures 6C–F). This finding suggests that Bay 11-7082 improves AQP2 expression via its local anti-inflammatory role. In order to examine a role of local Ang II in induction of inflammation that reduces AQP2 protein expression, ARBs valsartan, but not aliskiren that inhibits Ang II production, was therefore used to block effects of Ang II in primary cultured IMCD cells. As expected, valsartan showed effects that inhibited IL-1β and increased AQP2 expression, similar to those of Bay 11-7082 on Ang II-treated IMCD cells (Figure 6).


[image: image]

FIGURE 6. Western blot analysis of NLRP3 inflammasome components and AQP2 in primary cultured rat IMCD cells incubated with Ang II (1 nM) and co-treated with the NF-κB inhibitor Bay 11-7082 (100 μM) or the AT1 receptor blocker valsartan (100 μM). (A) Semi-quantitative immunoblots probed with anti-p-NF-κB and NF-κB antibodies. (B) The p-NF-κB/NF-κB ratio. (C) Semi-quantitative immunoblots probed with anti -NLRP3, -ACS, -caspase-1, -IL-1β and -β-actin antibodies. (D) Corresponding densitometric analyses of NLRP3, ACS, caspase-1 and IL-1β protein expression corrected for β-actin. (E) Semi-quantitative immunoblots probed with anti-AQP2 and -β-actin antibodies. (F) Corresponding densitometric analyses of AQP2 protein expression corrected for β-actin. NF-κB, transcription factors of the nuclear factor κB; p-NF-κB, phosphorylated-NF-κB (Ser536); NLRP3, Nod-like receptor pyrin domain containing 3; ASC, apoptosis-associated speck-like protein containing a caspase recruitment domain; Caspase-1, an evolutionarily conserved enzyme that proteolytically cleaves other proteins; IL-1β, interleukin-1β; ∗p < 0.05 compared with control group; #p < 0.05 compared with Ang II group.






DISCUSSION

In this study, we demonstrated that aliskiren, a DRI, prevented the reduction in AQP2 mRNA and protein expression in the obstructed kidneys of BUO, B-R1D, and B-R3D mice. Ureteral obstruction caused RAS activation in the kidneys and NLRP3 inflammasome-induced IL-1β production, which is likely to have contributed to the downregulation of AQP2 expression in mice with BUO and BUO release.

Long-term impairment of urinary concentrating ability was observed in mice with BUO and BUO release (Frokiaer and Zeidel, 2011), which is probably attributable to reduced AQP2 protein expression in the obstructed kidneys (Frokiaer et al., 1996b). Recent evidence has demonstrated that in addition to systemic RAS, local RAS is involved in renal water metabolism and blood volume regulation (Wang F. et al., 2015). ACEIs, ARBs, and DRIs have been shown to prevent renal fibrosis and inflammation induced by UUO, suggesting that RAS is activated in ureteral obstruction (Kaneto et al., 1994; Ishidoya et al., 1995; Kellner et al., 2006; Wu et al., 2010; Sakuraya et al., 2014). RAS activation also plays a role in the downregulation of AQP2 protein expression associated with ureteral obstruction. In several studies, ARB significantly prevented the decrease in AQP2 protein expression in the postobstructed kidneys (Jensen et al., 2006; Topcu et al., 2007), prevented the downregulation of vasopressin V2 receptor complex, and reversed the obstruction-induced inhibition of stimulated cAMP generation in the inner medulla of obstructed kidneys (Jensen et al., 2009). The DRI aliskiren blocks RAS at an early stage in the RAS cascade and has been widely used for treating cardiovascular diseases. We previously demonstrated that RAS suppression with aliskiren prevented the downregulation of AQP2 expression in the UUO kidneys; consistent with the results of previous studies (Eskild-Jensen et al., 2007) demonstrating that RAS blockade by ARB prevented the reduction in AQP2 expression after partial UUO in pigs.

Increased intrarenal Ang II secretion actively contributes to afferent vasoconstriction and reduction in the GFR following the release of ureteral obstruction. AGT mRNA expression was increased in the kidneys after BUO release, suggesting an activation of intrarenal RAS in these conditions, which was supported by increased urinary Ang II excretion at the third day after release. In the kidney of B-R3D + Ali mice, renin mRNA levels were dramatically increased after aliskiren treatment, probably due to a compensatory response, as observed in other animal studies (Wu et al., 2010).

Interestingly, local RAS activation in the kidneys was associated with downregulated AQP2 protein expression and increased urine output after BUO release, which was also prevented by aliskiren, as aliskiren decreases Ang II production by suppressing renin activity. The mechanism by which intrarenal RAS activation decreases AQP2 protein expression is not completely clear. One suggested mechanism is that Ang II stimulates inflammatory responses associated with obstruction. Ang II may activate several transcriptional factors (e.g., NF-κB) modulating gene expressions of proinflammatory factors within the nucleus of tubular cells. This ultimately leads to tubulointerstitial inflammation, fibrosis, and permanent loss of renal function, which may continue to progress after the obstruction has been relieved (Frokiaer and Zeidel, 2011).

Upon activation, NF-κB is translocated into the nucleus, where its p65 subunit is phosphorylated; this induces the transcription and translation of proinflammatory cytokines, e.g., IL-1β (Tak and Firestein, 2001). A recent study demonstrated marked increases of the transcript abundances of NF-κB family genes in the kidney of rats with lithium-induced NDI, which is believed to contribute to downregulation of AQP2. Induction of NF-κB signaling and an inflammatory-like response may repress AQP2 transcription in lithium-induced NDI (Sung et al., 2019), since NF-κB binds to the AQP2 gene promoter and represses AQP2 transcription induced by vasopressin or hypertonicity (Hasler et al., 2008).

Our data showed that Ang II not only stimulated the NF-κB inflammatory pathway in rat IMCD cells, as indicated by increased NF-κB expression and phosphorylation, but also activated NLRP3 inflammasome and promoted IL-1β protein expression in rat IMCD suspensions. NF-κB may be involved in the regulation of NLRP3 inflammasome transcription (Qiao et al., 2012) and NLRP3 inflammasome participates in NF-κB-mediated inflammatory processes (Kong et al., 2016b). Interestingly, both Bay 11-7082 and valsartan inhibited Ang II-induced NF-κB activation and NLRP3/IL-1β protein expression (Figure 6), indicating potential links between the intrarenal RAS, NLRP3 inflammasome, and NF-κB pathways during inflammatory responses. Importantly, NLRP3 or NF-κB suppression by Bay 11-7082 or valsartan at least partially prevented the reduction in AQP2 expression after Ang II treatment in IMCD cells, which is likely attributable to the inhibition of IL-1β production. Changes in gene and protein expression during BUO and BUO release clearly showed a causal relationship between IL-1β and AQP2 expression (Figure 4). In general, at individual time points after BUO and BUO release, markedly increased IL-1β expression was associated with reduced AQP2 protein and gene expression. These alterations in IL-1β and AQP2 expression were prevented by aliskiren, indicating that RAS blockade increases AQP2 expression by suppressing inflammation. It is noted that there may be several other mechanisms by which IL-1β regulates AQP2. IL-1β downregulated V2R gene expression and reduced binding of vasopressin to V2R (Grinevich et al., 2004), thus inhibiting the V2R intracellular signaling pathway and downregulating AQP2 gene and protein expression.

Protein expressions of AQP1 and AQP3 were also downregulated in BUO and BUO-R, consistent with earlier studies (Li et al., 2001), which was partially prevented by aliskiren if at all. The molecular mechanism of AQP3 and AQP1 regulation in the kidney is not fully understood. Altered AQP2 expression is not always paralleled with AQP3 in some conditions. The ARB candesartan prevented the reduced AQP2 protein expression in obstructed kidneys of rats with bilateral ureter obstruction and release, but the reduction of AQP3 expression persisted (Jensen et al., 2006), indicating a different signaling pathway in AQP3 regulation from AQP2 in the kidney. Interestingly, aliskiren showed a slightly better protection in AQP1 expression than AQP3 in BUO and BUO-R, but the underlying mechanism was not investigated. Recovery of AQP1 in the kidney may in fact protect tubules from further injuries induced by BUO and BUO-R. In endotoxin-related acute kidney injury, mice with AQP1 knockout showed severe tubular injury histologically and functionally compared with wild-type mice, indicating a protective role of AQP1 in tubular injury and healing (Wang et al., 2008).

Although aliskiren increased AQP2 protein expression in BUO and BUO release, likely by inhibiting the expression of inflammatory cytokines – in particular, IL-1β production induced by intrarenal RAS activation – aliskiren may also directly stimulate AQP2 expression and thus water metabolism in the kidneys. Our recent study demonstrated that aliskiren upregulates AQP2 protein expression in IMCD principal cells via cAMP-PKA pathways. Aliskiren can also improve lithium-induced urinary concentration defect and polyuria (Lin et al., 2017). Thus, there are multiple mechanisms in the kidneys contributing to the observed protective role of aliskiren in UUO, BUO, and BUO release.

In summary, the results of this study show that RAS blockade with the renin inhibitor aliskiren prevented drastic reduction in AQP2 protein expression, probably by inhibiting inflammatory responses, especially IL-1β expression, in the kidneys of mice with BUO and BUO release. The results indicate that intrarenal RAS activation plays a potential role in inflammasome maturation during ureteral obstruction. In addition to blocking RAS activation, inhibition of both NLRP3 inflammasome and NF-κB pathways may be a promising therapeutic strategy for obstructive nephropathy.
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Objective: Our previous study in heterozygous Ren-2 transgenic rats (TGR) demonstrated that long-term treatment with endothelin receptor A (ETA) blocker atrasentan added to the renin-angiotensin system (RAS) blockade had renoprotective effects in a model of chronic kidney disease (CKD) induced by partial nephrectomy. Since ETA blockade is known to cause edema, we were interested whether diuretic treatment added to this therapy would be beneficial.

Design and Methods: Partial nephrectomy (NX) was performed at the age of 3 months in TGR rats which were subjected to: (i) RAS blockade alone (angiotensin receptor blocker losartan and angiotensin converting enzyme inhibitor trandolapril), (ii) combined RAS (losartan and trandolapril) and ETA receptor blockade (atrasentan), or (iii) diuretic (hydrochlorothiazide) added to the combined RAS + ETA blockade for 50 weeks following NX.

Results: At the end of the study systolic blood pressure and cardiac hypertrophy were similarly decreased in all treated groups. Survival was significantly improved by ETA receptor blockade added to RAS blockade with no further effects of diuretic treatment. However, additional diuretic treatment combined with RAS + ETA blockade decreased body weight and had beneficial renoprotective effects – reductions of both kidney weight and kidney damage markers. Proteinuria gradually increased in rats treated with RAS blockade alone, while it was substantially lowered by additional ETA blockade. In rats treated with additional diuretic, proteinuria was progressively reduced throughout the experiment.

Conclusion: A diuretic added to the combined RAS and ETA blockade has late renoprotective effects in CKD induced by partial nephrectomy in Ren-2 transgenic rats. The diuretic improved: renal function (evaluated as proteinuria and creatinine clearance), renal morphology (kidney mass, glomerular volume), and histological markers of kidney damage (glomerulosclerosis index, tubulointerstitial injury).

Keywords: hydrochlorothiazide, renoprotection, nephrectomy, atrasentan, chronic kidney disease, losartan, trandolapril


INTRODUCTION

Chronic kidney disease (CKD) is often associated with hypertension, diabetes and obesity. Due to its increasing occurrence, it represents an important burden for a healthcare system. Since the symptoms are often unrecognized, it is usually found later in life as it progresses to end-stage renal disease (Zhong et al., 2017). Moreover, as the world population is living longer, the prevalence of CKD increases. The most widely used therapy of CKD, the “gold standard,” is provided by the inhibition of the renin-angiotensin system (RAS) exerting both antihypertensive and nephroprotective effects (Raij, 2005). However, this therapy is not able to halt the progression of CKD to end-stage renal disease (ESRD) and, therefore, new additive/combination therapies are strongly needed (Breyer and Susztak, 2016; Komers and Plotkin, 2016).

One of the treatment possibilities is the blockade of endothelin receptor A (ETA) since the activation of these receptors with endothelin-1 (Yanagisawa et al., 1988; Davenport et al., 2016, 2018) is associated with inflammation, proliferation, fibrosis and renal cell injury (including podocyte injury) which ultimately leads to proteinuria. Many experimental as well as clinical studies indicated favorable potential of endothelin receptor antagonists (ERAs) – “sentans” – in the treatment of CKD especially due to their renoprotective capacities (for review see Kohan and Pollock, 2013; Kohan and Barton, 2014; Culshaw et al., 2015; Czopek et al., 2016; Vaněčková et al., 2018; Dhaun and Webb, 2019).

Ren-2 transgenic rats are a model of angiotensin II-dependent hypertension associated with an inappropriately activated RAS due to the insertion of mouse renin-2 gene into the Hannover Sprague-Dawley rats (Mullins et al., 1990). In combination with subtotal nephrectomy (Morrison, 1962) severe renal impairment is induced not only due to a markedly activated RAS but also due to highly elevated endothelin levels (Vaněčková et al., 2012; Čertíková Chábová et al., 2014; Sedláková et al., 2017). Thus, this model is of critical importance since it combines high blood pressure and activated renin-angiotensin and endothelin systems, which contribute to the progression of CKD to ESRD.

Our studies in this particular model of CKD (5/6 NX in Ren-2 transgenic rats) revealed that the chronic sole endothelin receptor A blockade with atrasentan improved survival rate, prevented the development of enhanced hypertension following subtotal nephrectomy, and attenuated end-organ damage (Vaněčková et al., 2012). Moreover, if chronic atrasentan treatment was combined with RAS blockade (maximal doses of angiotensin receptor blocker losartan and angiotensin converting enzyme inhibitor trandolapril), it exerted beneficial antiproteinuric effects. However, these effects were seen only after a very long treatment (44 weeks) (Čertíková Chábová et al., 2014), while they were not demonstrated after a shorter period (20 weeks) (Vaněčková et al., 2012). The beneficial effects of additional ETA blockade were also lost when the treatment was postponed to the phase of established CKD, i.e., when the therapy was started 6 weeks after the induction of CKD by the subtotal nephrectomy (Sedláková et al., 2017).

The benefits of the therapy with endothelin receptor A antagonists are limited not only by their tolerability profile, but also by fluid retention which led to the termination of several big studies, including ASCEND (Mann et al., 2010) and RADAR (de Zeeuw et al., 2014). The final results of the SONAR clinical trial (Heerspink et al., 2019) demonstrated positive effect of atrasentan in the reduction of renal events in patients with type 2 diabetes and CKD although fluid retention in a number of patients still occurred. Moreover, the DUET study (Komers et al., 2017) in patients with focal segmental glomerulosclerosis (FSGS) (Trachtman et al., 2018) demonstrated better renoprotection by sparsentan (dual RAS and ETA blocker) compared to irbesartan following 8 weeks of treatment: sparsentan being well tolerated and safe.

Apart from the liver toxicity and anemia the most significant side effect associated with endothelin receptor antagonists is fluid retention. A possible mechanism is the redistribution of body fluids within the body due to an increase in vascular permeability following the activation of ETB receptors during ETA receptor blockade (Vercauteren et al., 2017). Since the body weight (BW) gain and peripheral edema have been encountered to a certain degree with all endothelin receptor A antagonists, the use of diuretics to circumvent this problem was considered to be reasonable. Additionally, diuretics are inexpensive and efficient antihypertensives which can be used even in the advanced stages of CKD. Specifically, the concomitant use of thiazides (in combination with the inhibitors of the RAS) is now being revised in the treatment of this disease (Sinha and Agarwal, 2015) based on the clinical studies showing their positive effects on BP and proteinuria (Cirillo et al., 2014; Morales et al., 2015; Fuwa et al., 2016). However, there are almost no experimental data showing the positive effects of ETA receptor antagonists in combination with diuretics. The only information available is that chlorthalidone combined with atrasentan exerted an antiproteinuric effect in Dahl rats fed a high fat/high salt diet which is a model of a metabolic syndrome (Jin et al., 2014).

Therefore, in the present study, we hypothesized whether the use of a diuretic alleviates the negative side effects of ETA receptor blockade leading to fluid retention and whether the use of hydrochlorothiazide is beneficial in a model of CKD induced by partial nephrectomy in hypertensive Ren-2 transgenic rats.



MATERIALS AND METHODS


Animals

Adult male heterozygous (mRen-2)27 transgenic (TGR) rats were housed at 23°C under a 12 h light/dark cycle, fed an Altromin diet (0.45% NaCl) and given tap water ad libitum. Partial nephrectomy (removal of the right kidney and both poles of the contralateral kidney) was performed in rats under anesthesia (tiletamine + zolazepam, Virbac SA, Carros Cedex, France, 8 mg/kg; and xylazine, Spofa, Czechia, 4 mg/kg intramuscularly), as described previously (Vaněčková et al., 2012; Čertíková Chábová et al., 2014) at the age of 3 months.

All the procedures and experimental protocols were approved by the Ethical Committee of the Institute of Physiology, Czech Academy of Sciences, and conformed to the European Convention on Animal Protection and Guidelines on Research Animal Use.



Chronic Treatment in Subtotally Nephrectomized TGR

We used three different therapies: (i) RAS blockade alone – angiotensin receptor blocker losartan (10 mg/kg/day; Lozap, Zentiva, Czechia) and angiotensin converting enzyme inhibitor trandolapril (0.6 mg/kg/day; Gopten, Abbott, Germany), (ii) combined RAS (losartan and trandolapril) and ETA receptor blockade (atrasentan – 5 mg/kg/day; ABT-627, a generous gift from AbbVie, IL, United States), and (iii) diuretic hydrochlorothiazide (6 mg/kg/day; Léčiva, Czechia) given with the combined RAS + ETA blockade. All these treatments started immediately after nephrectomy and lasted 50 weeks. The drug dosages were selected on the basis of previous studies (Vaněčková et al., 2012; Arias et al., 2013; Čertíková Chábová et al., 2014). The concentration of atrasentan was adjusted weekly according to the actual water intake to achieve a constant dose of atrasentan (5 mg/kg/day); this dosage was previously found to effectively block ETA receptors (Vaněčková et al., 2012, 2018).

The following experimental groups were investigated:

1. Sham-operated TGR + water (n = 12).

2. 5/6 NX TGR + water (n = 18).

3. 5/6 NX TGR + RAS blockade (n = 10).

4. 5/6 NX TGR + RAS blockade + ETA blockade (n = 10).

5. 5/6 NX TGR + RAS blockade + ETA blockade + diuretic (n = 10).

Systolic BP, diastolic BP, and heart rate were measured by a direct cannulation of the carotid artery under isoflurane anesthesia (1.5% isoflurane) using a pressure transducer and a multichannel recorder (ADInstruments, Bella Vista, Australia) at the end of the experiment. Body weight and survival were monitored throughout the experiment. At weeks 1, 5, 9, 13, 17, 20, 30, 40 and 50, the animals were placed in individual metabolic cages for 24-h urine collection and proteinuria and creatinine excretion were determined. At these same measurement points, blood samples were withdrawn for the determination of creatinine concentration in plasma. This approach is regularly used and validated in our laboratory (Vaněčková et al., 2012; Čertíková Chábová et al., 2014). Urinary protein was measured using the Folin method with bovine serum albumin as a standard (Lowry et al., 1951). Plasma creatinine was measured by a FUJI DRI-CHEM analyzer using appropriate slides for creatinine CRE-P III (FUJIFILM Corp., Tokyo, Japan). Urine creatinine was determined using a Liquick Cor-CREATININE kit that is based on the modified Jaffe’s method, without deprotenization (PZ CORMAY S.A., Poland). In an alkaline solution picrate reacts with creatinine to form a yellow-red 2,4,6-trinitrocyclohexadienate. The color intensity, measured by a photometer at 500 nm, is proportional to the creatinine concentration. Clearance of creatinine was calculated using a standard formula and was normalized per body weight. At the end of the study, the kidney and heart were weighed. The central part of the left kidney was always used to assess renal glomerular damage.



Histological Examination

The kidneys for histological analysis were fixed in 4% formaldehyde, dehydrated and embedded in paraffin. The sections stained with hematoxylin-eosin and PAS (periodic acid, for Schiff reaction) were examined and evaluated in a blind-test fashion. Fifty glomeruli in each kidney were examined on a semi-quantitative scale as described previously (Saito et al., 1987): grade 0, all glomeruli normal; grade 1, sclerotic area up to 25% (minimal sclerosis); grade 2, sclerotic area 25 to 50% (moderate sclerosis); grade 3, sclerotic area 50 to 75% (moderate-to-severe sclerosis); and grade 4, sclerotic area 75 to 100% (severe sclerosis). The glomerulosclerosis index (GSI) was calculated using the following formula: GSI = [(1 × n1) + (2 × n2) + (3 × n3) + (4 × n4)]/(n0 + n1 + n2 + n3 + n4), where nx is the number of glomeruli in each grade of glomerulosclerosis. Renal cortical tubulointerstitial injury was evaluated on the basis of inflammatory cell infiltration, tubular atrophy, and interstitial fibrosis, using the semi-quantitative scoring method: for tubular atrophy: grade 0, no atrophy; grade 1, mild (<25% of the tubuli atrophic); grade 2, moderate (25–50% of the tubuli atrophic); and grade 3, severe (>50% of the tubuli atrophic) (Nakano et al., 2008). Inflammatory infiltrate and interstitial fibrosis were graded as mild (grade 1), moderate (grade 2) and severe (grade 3). The lesions were assessed in at least 30 random and non-overlapping fields in the renal cortex. Morphometric evaluation of the cross-sectional area of glomeruli (glomerular area) was performed on the same kidney sections that were examined for morphological changes with the method employed in our previous study (Rakusan et al., 2010), using the Nikon NIS-Elements AR 3.1 morphometric program (Nikon, Tokyo, Japan).



Statistics

The data are presented as the means ± SEM. Statistical analysis was done by Student’s t-test, Wilcoxon’s signed-rank test for unpaired data, or one-way analysis of variance (ANOVA) when appropriate, using the Graph-Pad Prism software (Graph Pad Software, San Diego, CA, United States), and ANOVA for repeated measurements, followed by Student–Newman–Keuls test performed for the analysis within groups, when appropriate. Comparison of the survival curves was performed using a log-rank (Mantel–Cox) test followed by a Gehan–Breslow–Wilcoxon test. In order to obtain reliable data regarding the effects of treatment regimens on the survival rate, high initial n values were used to enable valid comparison of the long-term survival rate. These initial n values were estimated by statistical power analyses method developed by Cohen (2013).




RESULTS

While 80% of the sham-operated TGR survived until the end of the experiment, untreated TGR-NX rats began to die at week 4 and no TGR-NX rat survived 18 weeks following nephrectomy (Figure 1A). In contrast, RAS blockade alone substantially improved survival to the point that 55% of the animals were alive at the end of the study (52 weeks after surgery). Moreover, combined RAS + ETA blockade without or with additional diuretic further increased the survival of these animals, reaching almost 90% at the end of the study.
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FIGURE 1. The effect of diuretic treatment added to combined RAS and ETA blockade on survival and body weight. Survival rate (A) and body weight (B) in sham-operated TGR (TGR-sham), nephrectomized TGR (TGR-NX) untreated receiving water or treated with the renin-angiotensin system (RAS) blockade alone (TGR-NX + RAS blockade), combined RAS + ETA blockade (TGR-NX + RAS + ETA blockade) or diuretic given with the combined RAS + ETA blockade (TGR-NX + RAS + ETA blockade + diuretic). # P < 0.05 TGR-sham vs. other TGR-NX-treated groups, $ P < 0.05 TGR-NX + RAS treated vs. other TGR-NX-treated groups, @ P < 0.05 TGR-NX + RAS + ETA + diuretic vs. other TGR-NX-treated groups, ∗P < 0.05 untreated TGR-NX group compared with all other treated TGR-NX groups at the same time point.



Partial nephrectomy resulted in a substantial reduction of body weight gain in all groups but the treatments used in our experiments enabled a significant, subsequent increase in body weight, although the body weight in all treated groups of TGR-NX animals was still lower compared to the sham-operated TGR rats (Figure 1B). The body weight of partially nephrectomized rats, which were treated with a diuretic given with the combined RAS + ETA blockade, was significantly lower than in rats treated with RAS blockade alone or with combined RAS + ETA blockade during the study, suggesting reduced fluid retention.

Although systolic BP was similarly reduced by all three therapies showing the prevailing BP effect of RAS blockade, there was a mild tendency for a further drop of BP in diuretic-treated rats (110 ± 3 mm Hg in RAS blockade alone; 111 ± 4 mm Hg in combined RAS + ETA blockade; 99 ± 2 mm Hg in combined RAS + ETA blockade + diuretic) (Figure 2A). The sham-operated TGR exhibited distinct cardiac hypertrophy evaluated as heart weight/body weight ratio (2.62 ± 0.02 g/kg BW) (Figure 2B). Consistent with the normalization of BP following the treatments, relative cardiac weight was similarly decreased in all treated groups (2.24 ± 0.06 g/kg BW in RAS blockade alone; 2.29 ± 0.08 g/kg BW in combined RAS + ETA blockade; 2.27 ± 0.08 g/kg BW in combined RAS + ETA blockade + diuretic). Similarly, there were no differences in cardiac or left ventricular weights related to tibial length among TGR-NX animals subjected to the above treatments (data not shown).
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FIGURE 2. The effect of diuretic treatment added to combined RAS and ETA blockade on SBP and cardiac hypertrophy. Systolic blood pressure (A) and cardiac hypertrophy (B) in sham-operated heterozygous Ren-2 transgenic rats (TGR-sham), nephrectomized TGR (TGR-NX) treated with the renin-angiotensin system blockade alone (RAS), combined RAS + ETA blockade (RAS + ETA); or diuretic given with the combined RAS + ETA blockade (RAS + ETA + Diu). # P < 0.05 TGR-sham vs. other TGR-NX-treated groups, Diu – diuretic.



There was only a gradual increase of proteinuria in sham-operated TGR during the study (16.4 ± 1.2 mg/24 h at week 1 vs. 41 ± 2 mg/24 h at week 50) (Figure 3A). In contrast, proteinuria in untreated TGR-NX rats rose steeply between weeks 1 and 5 after nephrectomy (13.4 ± 0.7 mg/24 h vs. 37.8 ± 3.0) and remained high until the death of the animals (47.3 ± 4.2 mg/24 h). On the other hand, all three treatments slightly attenuated proteinuria during the first month of therapy (week 1 vs. week 5: 14 ± 2.5 mg/24 h vs. 7 ± 0.8 mg/24 h in RAS blockade alone; 15.6 ± 4.8 mg/24 h vs. 7.7 ± 0.3 mg/24 h in the combined RAS + ETA blockade; and 15.5 ± 4.6 mg/24 h vs. 7.5 ± 0.4 mg/24 h in the combined RAS + ETA blockade + diuretic) and proteinuria was significantly lowered when compared with sham-operated TGR (16.5 ± 0.9 mg/24 h). The treatment with RAS blockade alone was able to prevent the dramatic increase in proteinuria observed in untreated TGR-NX rats until week 20 after nephrectomy (10.2 ± 1.1 mg/24 h in TGR-NX + RAS at week 20 vs. 47.3 ± 4.2 mg/24 h in TGR-NX at week 13). However, after 30 weeks following nephrectomy a late, gradual increase in proteinuria occurred in the TGR-NX + RAS group, reaching 55.3 ± 2.7 mg/24 h at week 50. In contrast, additional ETA blockade partially reversed this trend and diuretic treatment given with the combined RAS + ETA blockade maintained proteinuria at low levels throughout the entire experiment (30 ± 2.5 mg/24 h in RAS + ETA blockade and 12.4 ± 3 mg/24 h in RAS + ETA blockade + diuretic at week 50) (Figure 3A).
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FIGURE 3. The effect of diuretic treatment added to combined RAS and ETA blockade on proteinuria and creatinine clearance. Proteinuria (A) and creatinine clearance (B) in sham-operated TGR (TGR-sham), nephrectomized TGR (TGR-NX) untreated receiving water or treated with the renin-angiotensin system (RAS) blockade alone (TGR-NX + RAS), combined RAS + ETA blockade (TGR-NX + RAS + ETA), or diuretic given with the combined RAS + ETA blockade (TGR-NX + RAS + ETA blockade + diuretic). # P < 0.05 TGR-sham vs. other TGR-NX-treated groups, $ P < 0.05 TGR-NX + RAS treated vs. other TGR-NX-treated groups, @ P < 0.05 TGR-NX + RAS + ETA + diuretic vs. other TGR-NX-treated groups, ∗P < 0.05 untreated TGR-NX group compared with all other treated TGR-NX groups at the same time point.



Creatinine clearance was stable in the sham-operated TGR rats during the entire experiment (Figure 3B). By contrast, creatinine clearance dramatically decreased after partial nephrectomy in all groups. In untreated animals, it rapidly declined with time, while all three treatments were able to partially reverse this drop of creatinine clearance. Moreover, creatinine clearance gradually decreased in the TGR-NX rats with RAS blockade alone, while additional ETA blockade partly prevented this decrease. It is important to emphasize that the beneficial effects of diuretic added to RAS + ETA blockade on glomerular filtration were observed especially in the late phase of the study (weeks 40 to 50) (Figure 3B).

The relative kidney weights (evaluated as kidney weight/body weight) (Figure 4A) in all treated nephrectomized TGR groups were significantly lower than those in sham-operated TGR (4.0 ± 0.18 g/kg BW in RAS blockade alone; 4.1 ± 0.24 mg/kg BW in the combined RAS + ETA blockade and 3.39 ± 0.12 g/kg BW in RAS + ETA blockade + diuretic vs. 5.8 ± 0.28 g/kg BW in TGR-sham). It is important to note that the addition of a diuretic strongly reduced kidney enlargement which is a crucial process underlying CKD progression. A similar effect was also observed using histological examination – the glomerular area (Figure 4B) of rats treated with additional hydrochlorothiazide was substantially smaller in comparison with animals treated with RAS blockade alone or with the combined RAS + ETA blockade. The RAS blockade alone was not able to diminish the renal alterations caused by partial nephrectomy (glomerulosclerosis index and tubulointerstitial injury) (Figure 5) to a substantial degree but the addition of ETA receptor blocker atrasentan to RAS therapy significantly attenuated both parameters. Finally, diuretic treatment caused a further drop in the glomerulosclerosis index and kidney tubulointerstitial injury. Representative kidney slices stained with periodic acid-Schiff (PAS) are depicted in Figure 6.
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FIGURE 4. The effect of diuretic treatment added to combined RAS and ETA blockade on relative kidney weight and glomerular area. Relative kidney weight (A) and glomerular area (B) in sham-operated heterozygous Ren-2 transgenic rats (TGR-sham), nephrectomized TGR (TGR-NX) treated with the renin-angiotensin system blockade alone (RAS), combined RAS + ETA blockade (RAS + ETA); or diuretic given with the combined RAS + ETA blockade (RAS + ETA + Diu). # P < 0.05 TGR-sham vs. other TGR-NX-treated groups, Diu – diuretic. # P < 0.05 TGR-sham vs. other TGR-NX-treated groups, @ P < 0.05 TGR-NX + RAS + ETA + diuretic vs. other TGR-NX-treated groups.
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FIGURE 5. The effect of diuretic treatment added to combined RAS and ETA blockade on histological markers of renal damage. Glomerulosclerosis index (A) and kidney tubulointerstitial injury (B) in sham-operated heterozygous Ren-2 transgenic rats (TGR-sham), nephrectomized TGR (TGR-NX) treated with the renin-angiotensin system blockade alone (RAS), combined RAS + ETA blockade (RAS + ETA); or diuretic given with the combined RAS + ETA blockade (RAS + ETA + Diu). Diu – diuretic # P < 0.05 TGR-sham vs. other TGR-NX-treated groups, $ P < 0.05 TGR-NX + RAS treated vs. other TGR-NX-treated groups, @ P < 0.05 TGR-NX + RAS + ETA + diuretic vs. other TGR-NX-treated groups.
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FIGURE 6. Representative images of renal histology. Renal parenchyma without morphological alterations in control sham-operated HanSD rats (HanSD-sham). Extensive secondary focal segmental glomerulosclerosis and small zone of atrophic tubules (the upper right part) in sham-operated heterozygous Ren 2 transgenic rats (TGR-sham). RAS blockade only partially improved morphology of renal parenchyma; focal segmental glomerulosclerosis persists as well as glomerular enlargement in nephrectomized TGR (TGR-NX + RAS). Combined RAS and ETA blockade substantially atenuated renal injury in nephrectomized TGR; glomeruli contain segmental tuft sclerosis only sporadically (TGR-NX + RAS + ETA blockade). Treatment with diuretic added to the combined RAS+ETA blockade most significantly protected renal parenchyma from injury in nephrectomized TGR (TGR-NX + RAS + ETA blockade + diuretic). Periodic acid-Schiff staining. Magnification 200×.





DISCUSSION

This is the first study showing the beneficial effects of a diuretic added to a combination of the RAS inhibitors and endothelin receptor A antagonist atrasentan in a model of CKD which was induced by subtotal nephrectomy in hypertensive heterozygous Ren-2 transgenic rats. While the ETA receptor blockade added to the RAS blockade improved survival, decreased proteinuria and reduced indices of renal injury (glomerulosclerosis index and tubulointerstitial injury), the addition of hydrochlorothiazide had further profound effects on the proteinuria and creatinine clearance, and substantially reduced the kidney weight and the glomerular area. However, the beneficial effects of diuretic therapy on proteinuria and creatinine clearance were evident only after a very long treatment (40–50 weeks). This is consistent with our previous study in which we demonstrated no additional renoprotective effects of ETA receptor blockade combined with RAS blockade if the treatment lasted only 20 weeks (Vaněčková et al., 2012). In contrast, the positive effects, observed both in the earlier study (Čertíková Chábová et al., 2014) and in this one, were seen after the same treatment which lasted 40–50 weeks. Considering the importance for clinical practice, one should bear in mind that such a lifelong treatment resembles the antihypertensive treatment which is provided to patients for many decades. This should be considered in the design of clinical studies to ensure that they are of sufficient duration (i.e., adequately prolonged) in order to observe the benefits of such therapies in patients. It is evident that the translation of experimental results into clinical practice is difficult and sometimes not successful as has been described with the dual RAS blockade in CKD (Čertíková Chábová and Červenka, 2017).

It seems that there is a critical moment, i.e., at 20–30 weeks of treatment, when the sole RAS inhibition fails to be a sufficient therapy of CKD and additional therapeutic interventions are necessary. Such decreased efficiency of the treatment with RAS inhibitors and therefore the necessity of additional therapy were observed not only in the present study but also in the previous one (Čertíková Chábová et al., 2014). Moreover, similar findings of a substantial increase in proteinuria associated with an increased mortality after 30 weeks of treatment were also observed in TGR rats in which the treatment was postponed to the established phase of CKD (Sedláková et al., 2017). The results of our studies suggest some structural or functional changes in the kidney that are sensitive to additional treatments. Unfortunately, there are no other experimental studies with such long treatments that could enable us to discuss this idea. Therefore, further studies are needed to elucidate this issue.

As has been already discussed, the animals treated with RAS blockade alone started to die dramatically after 30 weeks of therapy. Although we did not determine the cause of death in rats subjected to partial nephrectomy in this particular study, the comparison of survival curve with the development of proteinuria or creatinine clearance indicates that the early death of untreated TGR-NX rats at 10–15 weeks after surgery as well as the late death of TGR-NX rats subjected to RAS blockade alone at 35–50 weeks after surgery was associated with a major reduction of GFR and a substantial increase of albuminuria. Thus, renal failure rather than heart failure might be the cause of their deaths. Nevertheless, a previous study of our colleagues, Kujal and Vernerová (unpublished results), who analyzed the cause of deaths following 5/6 nephrectomy demonstrated that about 50% of animals subjected to 5/6 nepherectomy died from heart failure during the 16 weeks of their study. The additional ETA receptor therapy (with or without a diuretic) substantially increased survival, suggesting the importance of ETA therapy. However, since we did not include the groups with diuretic added to RAS blockade (without ETA receptor blockade) and diuretic added to ETA receptor blockade (without RAS blockade), we are not able to determine which particular blockade would be more efficient. The reason for why we did not include these groups was the fact that the blockade of the RAS is the standard therapy of CKD; so that all therapies used in our study were based on RAS blockade. Nevertheless, on the basis of the better nephroprotective effects of therapy with a diuretic added to the combined RAS + ETA blockade especially at the final stages of our study, one would anticipate that the survival in this particular group would improve significantly if the study were to be further prolonged.

Creatinine clearance in sham-operated TGR was 800–1000 μl/min/100 g BW, which was reduced to 500 after NX with a further drop to 300 at week 13. Similarly low value (380 μl/min/100 g BW) was found in TGR-NX treated with RAS blockade at week 50 after the surgery. In contrast, the addition of diuretics increased creatinine clearance to 600–700 μl/min/100 g BW throughout the study. According to CKD Guidelines, stage 3 is defined as a 50–75% reduction in GFR. It could be implied from our extrapolations that subtotally nephrectomized animals had GFR reduced by 50% (approximately stage 3) and that the diuretics added to the combined RAS + ETA blockade were able to increase it by 25%. In other words, the addition of a diuretic improved the stage 3 to stage 2 of experimental CKD.

Interestingly, the positive effects of a combination of diuretic chlorthalidone with ETA receptor blockade on albuminuria were demonstrated in Dahl rats on a high-fat/high-salt diet, a model of metabolic syndrome, after 4 weeks of treatment (Jin et al., 2014). In the same experimental model, the combination of enalapril (angiotensin enzyme inhibitor) and atrasentan was used in animals kept on a high-salt diet for 12 weeks. While a combination of both drugs reduced cardiac hypertrophy, atrasentan (but not enalapril) attenuated proteinuria and serum creatinine level (Samad et al., 2015).

Although there was a tendency to lower BP in rats with additional diuretic treatment, the blood pressure and cardiac hypertrophy were similarly attenuated in all three groups of treated rats. These findings are not surprising as the maximal RAS blockade with losartan and trandolapril was employed in our study and hence the effective lowering of blood pressure to normotension was already achieved by RAS blockade alone. It seems that the beneficial renoprotective effects of diuretics on renal function (proteinuria and creatinine clearance) and renal damage (glomerular area and kidney weight together with tubulointerstitial changes) were achieved beyond those exerted by a normalization of blood pressure. Similar effects of different classes of RAS blockers (including direct renin inhibitor aliskiren) on BP normalization were also demonstrated in TGR rats without nephrectomy (Vaněčková et al., 2016).

Concerning the body weight, a diuretic added to the combined RAS + ETA blockade significantly decreased body weight while no significant body weight gain was observed in rats with combined RAS + ETA blockade. However, to determine whether edema is present, the volume and distribution of body fluids should be measured. Nevertheless, a significantly higher urine production in the diuretic-treated TGR with combined RAS + ETA blockade was discerned at weeks 13, 40 and 50 (31 ± 2 vs. 24 ± 1 ml/24 h at week 13, 31 ± 2 vs. 25 ± 2 ml/24 h at week 40 and 27 ± 1 vs. 23 ± 1 ml/24 h at week 50) as compared with TGR treated only with RAS + ETA blockade. Importantly, kidney weights (both absolute and relative) were greatly reduced in the rats treated with an additional diuretic. This finding together with a substantially smaller glomerular area in diuretic-treated rats is consistent with a glomerular hypertrophy concept (Brenner et al., 1996) suggesting that glomerular hyperfiltration and hypertension are major factors contributing to CKD development. Future studies are needed to elucidate whether podocytes are involved in this process (Kriz and Lemley, 2015).

It remains to be determined, whether the combination of other diuretics and RAS blockers would be similarly effective, since a combination of losartan with hydrochlorothiazide, but not with furosemide, was beneficial in rats with subtotal nephrectomy (Arias et al., 2013, 2016). Moreover, the benefits of hydrochlorothiazide against furosemide were demonstrated also in human studies (Fuwa et al., 2016). Although thiazides were previously not recommended in CKD patients, their use even in advanced stages of CKD is now being reconsidered (Sinha and Agarwal, 2015) because in combination with RAS blockade they were effective in reducing BP (Cirillo et al., 2014) and proteinuria (Morales et al., 2015). The superiority of losartan (ARB) has been documented not only in an earlier study in animals with subtotal nephrectomy (Fujihara et al., 2005) but also in a recent study (Maquigussa et al., 2018) showing the ability of losartan to restore anti-fibrotic molecules Klotho and PPAR gamma and thus to reduce tubulointerstitial fibrosis which is one of the key factors underlying the progression of CKD to ESRD (Zoja et al., 2006). In addition, newer thiazide-like diuretics (chlorthalidone and indapamide) might also be considered although their usage has not been supported by clinical data (Thomopoulos et al., 2015).
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Mitophagy plays a key role in cleaning damaged and depolarized mitochondria to maintain cellular homeostasis and viability. Although it was originally found in neurodegenerative diseases, mitophagy is reported to play an important role in acute kidney injury. PINK1 and Parkin are key molecules in mitophagy pathway. Here, we used PINK1 knockout rats to examine the role of PINK1/Parkin-mediated mitophagy in cisplatin nephrotoxicity. After cisplatin treatment, PINK1 knockout rats showed lower plasma creatinine and less tubular damage when compared with wild-type rats. Meanwhile, mitophagy indicated by autophagosome formation and LC3B-II accumulation was also attenuated in PINK1 knockout rats. Renal expression of PINK1 and Parkin were down-regulated while BNIP3L was up-regulated by cisplatin treatment, indicating a major role of BNIP3/BNIP3L pathway in cisplatin-induced mitophagy. Transmission electron microscopy showed that PINK1 deficiency inhibited cisplatin-induced mitochondrial fragmentation indicating an involvement of mitochondrial fusion and fission. Renal expression of mitochondrial dynamics related proteins including Fis1, Drp1, Mfn1, Mfn2, and Opa1 were checked by real-time PCR and western blots. The results showed PINK1 deficiency distinctly prevented cisplatin-induced up-regulation of DRP1. Finally, PINK1 deficiency alleviated cisplatin-induced tubular apoptosis indicated by TUNEL assay as well as the expression of caspase3 and cleaved caspase3. Together, these results suggested PINK1 deficiency ameliorated cisplatin-induced acute kidney injury in rats, possibly via inhibiting DRP1-mediated mitochondrial fission and excessive mitophagy.

Keywords: PINK1, nephrotoxicity, mitophagy, DRP1, mitochondrial dynamics


INTRODUCTION

Cisplatin is a widely used chemotherapy drug. It is highly effective against numerous cancers including bladder, testicular, ovarian, head and neck, uterine cervical carcinoma, non-small cell lung carcinoma and so forth. However, the use of cisplatin is limited by numerous undesirable side effects in normal tissues. Nephrotoxicity is a common side effect that occurs in up to one-third of patients receiving cisplatin therapy (Dilruba and Kalayda, 2016). Despite extensive study, the mechanism underlying cisplatin-induced nephrotoxicity remains unclear.

Mitochondrial damage and dysfunction is closely related to the pathogenesis of acute kidney injury (AKI), especially for the damage and death of renal tubular cells (Ishimoto and Inagi, 2016). Mitochondrial injury can cause a series of cell dysfunction including oxidative stress, inflammation, and cell death (Che et al., 2014). The researches in the past decade have revealed that mitochondrial dysfunction may play a central pathogenic role in cisplatin nephrotoxicity (Yang et al., 2014). In an aqueous environment, cisplatin is subject to nucleophilic displacement of chloride forming aquated species to generate a positively charged electrophile. This electrophile preferentially accumulates within the negatively charged mitochondria. Due to less efficient DNA repair mechanisms, mitochondrial DNA is more susceptible to cisplatin than nuclear DNA. Studies have shown that the cellular sensitivity to cisplatin-induced cell death appears to correlate with both the mitochondrial membrane potential and the density of mitochondria (Miller et al., 2010). Our previous study also showed that improving mitochondrial function could ameliorate cisplatin-induced nephrotoxicity in mice (Zhou et al., 2017).

Mitophagy is a fundamental process of purging damaged or excessive mitochondria to maintain intracellular homeostasis (Kaushal and Shah, 2016). Up-regulation of autophagy or mitophagy in the kidney has been observed in several animal experimental models including ischemia-reperfusion injury (Decuypere et al., 2015; Tang et al., 2018), cisplatin nephropathy (Zhao et al., 2017a, b; Ichinomiya et al., 2018; Wang et al., 2018), cyclosporine nephropathy (Pallet et al., 2008) and protein overload (Hartleben et al., 2010).

A large number of studies have shown that autophagy is a double-edged sword. It may play a pro-survival or a pro-death role (Shintani and Klionsky, 2004). In most studies, autophagy plays a protective role in kidney injury. Autophagy suppression by the PtdIns3K inhibitor 3-methyladenine (3-MA) or proximal tubule specific Atg5 or Atg7 KO and the lysosomal inhibitor chloroquine aggravated kidney damage in renal ischemia-reperfusion mice models (Jiang et al., 2010, 2012; Kimura et al., 2011; Liu et al., 2012). However, despite abundant evidences of the protective properties, autophagy has also been shown to be detrimental. In uninephrectomized rats, adenoviral vector carrying Bcl-2 and Bcl-XL protected renal ischemia-reperfusion injury by both the anti-apoptotic and anti-autophagic mechanisms (Chien et al., 2007). Besides, the mTOR inhibitor everolimus stimulated autophagy in rat kidney and aggravated renal ischemia-reperfusion injury (Chien et al., 2007). Moreover, ischemic and repetitive hypoxic preconditioning was reported to have protective effects in renal ischemia rats, accompanied by a decrease of autophagy (Wu et al., 2009; Yeh et al., 2010). The role of autophagy and mitophagy in cisplatin-induced kidney injury is still not fully understood.

In mammalian cells, the PINK1/Parkin pathway is considered the main pathway of mitophagy under cell stress. When mitochondria are healthy, PINK1 is imported to the inner mitochondrial membrane to be cleaved and degraded. In damaged mitochondria, the import of PINK1 into mitochondria is suppressed, leading to the accumulation of PINK1 on mitochondrial outer membrane where it recruits cytosolic Parkin. Then Parkin is activated and ubiquitinates a series of mitochondrial outer membrane proteins. These ubiquitin-tagged proteins are then recognized as a signal for the sequestration and degradation of damaged mitochondria (McWilliams and Muqit, 2017).

Here we used PINK1 knockout (KO) rats and found that PINK1 deficiency ameliorated cisplatin-induced acute kidney injury. Surprisingly, the results were contrary to the protective role of PINK1 that previous observed in mice models (Wang et al., 2018). This study may indicate a bidirectional role of PINK1 as well as a probable different mechanism between rats and mice in cisplatin nephrotoxicity.



MATERIALS AND METHODS


Animals and Models of Cisplatin Injury

PINK1 KO and WT rats on Sprague Dawley background were obtained from Institute of Laboratory Animal Science, Peking Union Medical College and Chinese Academy of Medical Sciences, and these rat lines were previously described (Dave et al., 2014). Quantitative real-time PCR analysis of Pink1 expression from WT and KO rats was determined using the Power Up SYBR Green master mix (Thermo Fisher Scientific) with Pink1 expression normalized to Actb. Male rats of 24–28 weeks age were used in this study. The rats were housed in cages at temperature 22 ± 2°C, humidity 40 ± 5%, under a 12-hour light/dark cycle, and received sterilized maintenance diet (Beijing HFK Bioscience Co. Ltd., cat. no. 1022) and water ad libitum. All animal experiments were approved by the Institutional Animal Care and Use Committee of the Institute of Laboratory Animal Science of Peking Union Medical College (ILAS-QC19001). The animals were divided into four groups: WT rats control group (WT + saline; n = 4), KO rats control group (KO + saline; n = 4), WT rats treated with cisplatin group (WT + cisplatin; n = 6), and KO rats treated with cisplatin group (KO + cisplatin; n = 6). Cisplatin (Sigma-Aldrich Co. LLC., cat. no. P4394) was freshly prepared in saline at 1 mg/ml just before use. Cisplatin group rats received a single intraperitoneal injection of cisplatin at a dose of 5 mg/kg body weight, and control group rats received the equal volume of saline (Goulding and Johns, 2015). All rats were sacrificed at 96 h after cisplatin injection. Blood samples were collected from inferior vena cava for plasma creatinine and blood urea nitrogen (BUN) measurement, and renal tissues were obtained for histological and immunoblot analysis.



Creatinine and BUN

After 96 h cisplatin treatment, all rats were anesthetized with 3% pentobarbital sodium (50mg/kg), 4 ml blood samples were collected from the inferior vena cave and anticoagulated with EDTA. The plasma was isolated by centrifugation at 4000 rpm for 10 min at 4°C. The plasma creatinine and BUN were analyzed using creatinine assay kit (Leagene Biotechnology Co. Ltd., Beijing, China) and urea assay kit (Biosino Bio-Technology and Science Inc., Beijing, China) according to the instruction of the manufactures.



Histopathological Examination

Rat kidneys were immersion-fixed in 4% paraformaldehyde solution (PFA) overnight, and then dehydrated and embedded in paraffin. 4 μm thick sections were prepared and stained with periodic acid schiff reaction (PAS) using routine method. Renal tubular injury was indicated by tubular epithelial cell flattening, brush border loss, cytoplasmic vacuolization, cell necrosis, sloughing of cells into tubular lumen and formation of tubular casts. The degree of tissue damage was scored based on the percentage of damaged tubules by a pathologist as previously described: 0, no damage; 1, < 25%; 2, 25–50%; 3, 50–75%; 4, > 75% (Jia et al., 2011; Liu et al., 2013).



Immunofluorescence Staining

The tissues were fixed in 4% PFA for 24 h and then embedded in paraffin. After dewaxing and rehydration, heat-mediated epitope retrieval was performed by microwave pretreatment in citrate buffer (pH 6.0). The slides were blocked in goat serum for 1 h and then incubated overnight at 4°C with anti-LC3B (Cell Signaling Technology, cat. no. 2775). After washing off the primary antibody, sections were incubated for 1 h at room temperature with Alexa Fluor 594-conjugated AffiniPure Goat Anti-Rabbit IgG (H + L) (Life Technologies, Grand Island, NY, United States). Finally, the slides were counterstained with DAPI (Sigma-Aldrich, D9542). Immunofluorescence images were obtained using a laser confocal microscope (TCS LSI, Leica, Mannheim, Germany).



Transmission Electron Microscopy

Kidney tissues were prepared for transmission electron microscopy as previously described (Gu et al., 2018). Briefly, Fresh renal cortex was fixed in 3% glutaraldehyde solution (buffered pH 7.4) overnight at 4°C, washed with 0.1 M PBS for three times, and then post-fixed in 1% osmium tetroxide for another 2 h at 4°C. After several washes with PBS, the specimens were dehydrated and embedded in Epon 812. Ultra-thin sections were cut with a diamond knife, stained with uranium acetate and lead citrate and examined by transmission electron microscope. The lengths and widths of individual mitochondrion in proximal tubular cells were measured by Image-Pro Plus 6.0 software. Approximately 50 mitochondria in a representative area of one cell and totally 200 mitochondria of each group were measured. The ratios of mitochondria lengths to widths were calculated for statistical analysis.



Real-Time PCR

Total RNA was extracted from renal cortex tissues using Trizol following the manufacturer’s instructions. 1 μg of total RNA was denatured at 65°C for 5 min, and subjected to reverse transcription reaction using the oligo(dT)20 primer and SuperScriptTM III Reverse Transcriptase (InvitrogenTM) at 50°C for 1 h. Real-time PCR was performed by the Prism 7500 Real-Time PCR Detection System (Applied Biosystems) with SYBR Green Master Mix (Thermo Fisher Scientific). The reaction conditions were 95°C for 10 min, followed by 40 repeats of 95°C for 15 s and 60°C for 1 min. The sequence of oligonucleotides used in the study are listed as follows: Actb sense: 5′-GG CATCCTGACCCTGAAGTA-3′ and antisense: 5′-GGGGTGT TGAAGGTCTCAAA-3′; Pink1 sense: 5′-CATGGCTTTGGATG GAGAGT-3′ and antisense: 5′-TGGGAGTTTGCTCTTCAA GG-3′; Parkin sense: 5′-CTGGCAGTCATTCTGGACAC-3′ and antisense: 5′-CTCTCCACTCATCCGGTTTG-3′; Drp1 sense: 5′-ACTGGCCCCCGTCCAGCTTA-3′ and antisense: 5′-TGAT CCACATCTGCTGGAAGGT-3′; Fis1 sense: 5′-GCACGCA GTTTGAATACGCC-3′ and antisense: 5′-CTGCTCCTCTTT GCTACCTTTGG-3′; Mfn1 sense: 5′-TGGGGAGGTGCTGTC TCGGA-3′ and antisense: 5′-ACCAATCCCGCTGGGGA GGA-3′; Mfn2 sense: 5′-CTGCCAACCCCAGCATGCCA-3′ and antisense: 5′-GGCGCTTGAAGGCCCTCTCC-3′; Opa1 sense: 5′-ATCATCTGCCACGGGT TGTT-3′ and antisense: 5′-GAGAGCGCGTCAT CATCTCA-3′.



Western Blotting Assay

The renal cortex was homogenized with RIPA Lysis Buffer. After centrifugation, protein concentration was determined by bicinchoninic acid (BCA) protein assay kit. The protein samples were then denatured in boiling water for 10 min. Equal amounts of proteins were resolved by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and transferred onto nitrocellulose membranes. The membranes were blocked with 3% bovine serum albumin in tris-buffered saline (TBS) for 1 h and incubated overnight at 4°C with following antibodies: Parkin (Cell Signaling Technology, cat. no. 2132), DRP1 (Abcam, cat. no. ab184247), LC3B (Cell Signaling Technology, cat. no. 2775), BNIP3L/Nix (Cell Signaling Technology, cat. no. 12396), caspase3 (Cell Signaling Technology, cat. no. 9662), cleaved caspase3 (Cell Signaling Technology, cat. no. 9661), and β-actin (Sigma, cat. no. A1978). Then, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies, followed by enhanced chemiluminescence reaction. Quantification was performed by the Gel and Graph Digitizing System. The full western blot bands of LC3B, Parkin, BNIP3L, DRP1, caspase3, cleaved caspase3 were shown in Supplementary Figures S1–S6.



Analysis of Apoptosis

Apoptosis was determined by TUNEL assay by using the In Situ Cell Death Detection Kit (Roche, Basel, Switzerland) in rat kidney sections. Briefly, following deparaffinization and rehydration, the sections were pretreated with 0.1 M sodium citrate (pH 6.0) at 65°C for 30 min. After washing, sections were blocked with bovine serum albumin and then incubated with TUNEL reaction mixture for 1 h at 37°C in a moist chamber. DAPI was used to label the nuclei. Sections were observed with a Laser Scanning Confocal Microscope (TCS LSI, Leica, Mannheim, Germany). The numbers of the TUNEL-positive cells in the five fields of renal cortex region for each section were counted at ×40 magnification of objective, and the average was calculated. Besides, to evaluate apoptosis, the expression of caspase3 and cleaved caspase3 was also assessed by immunoblot analysis.



Statistical Analysis

All data are presented as means ± SE. For BUN, plasma creatinine and pathology score analyses, statistical analysis was performed with two-way ANOVA followed by Tukey test for multiple comparisons. For other experiments, statistical analysis was performed with the two-tailed student’s t-test. A probability of less than 0.05 was considered to be statistically significant.




RESULTS


Cisplatin-Induced Kidney Injury Was Ameliorated in PINK1 KO Rats

Under unchallenged conditions, BUN and plasma creatinine were at low levels in both PINK1 KO rats and WT rats, indicating that PINK1 deficiency did not affect renal function in normal state. However, BUN and plasma creatinine levels were significantly lower in PINK1 KO rats than in WT rats at 96 h after cisplatin injection (Figures 1A,B). Next, we assessed the tubular injury via PAS staining. Histologically, the structure of renal tissues in the WT + saline group and KO + saline group was normal. Following the cisplatin treatment, WT rats displayed severe pathological changes, characterized by the distortion of the overall renal morphology, severe tubular necrosis, brush border loss and appearance of protein casts. In contrast, the cisplatin-induced damage was significantly ameliorated in PINK1 KO rats (Figures 1C,D). These results indicated that PINK1 KO rats were resistant to cisplatin-induced acute kidney injury.
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FIGURE 1. PINK1 deficiency attenuated cisplatin-induced acute kidney injury. PINK1 KO and WT rats were injected with 5 mg/kg cisplatin or saline for 72 h. (A) Plasma level of BUN in PINK1 WT and KO rats after cisplatin treatment. (B) Plasma level of creatinine in PINK1 WT and KO rats after cisplatin treatment. (C) Pathological score of tubular damage. (D) Representative histology of kidney cortex by PAS staining. N = 6 in each group. ∗P < 0.05, WT + cisplatin vs. WT + saline; #P < 0.05, KO + cisplatin vs. WT + cisplatin; ΔP < 0.05, KO + cisplatin vs. KO + saline. Data are mean ± SE.





PINK1 Deficiency Prevented Cisplatin-Induced Mitophagy in Renal Tubular Epithelial Cells

To address the effect of PINK1 deficiency on mitophagy during cisplatin treatment, we checked the expression of LC3B by western blot and immunofluorescence. As expected, cisplatin treatment significantly increased the expression of LC3B in renal proximal tubular epithelial cells and PINK1 deficiency blocked the up-regulation of LC3B (Figures 2A,E,F). We further verified cisplatin-induced autophagy by electron microscopy. As shown in Figure 2B, there were many autophagic vacuoles or vesicles in proximal tubular epithelial cells of WT rats after cisplatin treatment. Moreover, we found large vacuoles containing numerous autophagosomes and mitophagosomes in WT + cisplatin group (Figure 2D). Besides, after cisplatin treatment, many small and round mitochondria were observed and the ratios of mitochondrial lengths to widths were significantly decreased in proximal tubular cells of WT rats, indicating mitochondrial fragmentation (Figures 2B,C). Notably, all of these changes seemed to be attenuated by PINK1 deficiency.
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FIGURE 2. PINK1 deficiency prevented cisplatin-induced mitophagy. (A) Representative images of LC3B immunostaining. (B) Representative transmission electron microscope images of renal proximal tubular cells and mitochondria. L indicated the proximal tubular lumen. The arrow indicated a representative mitophagosome. (C) Quantitative analysis of the length/width of mitochondria in proximal tubular cells. (D) Transmission electron microscope images of large vacuoles containing numerous autophagosomes and mitophagosomes in cisplatin treated WT rats. (E) Quantitative analysis of the western blotting of LC3BII. (F) Representative western blot bands of LC3BII in renal cortex. N = 3 in WT + saline group and KO + saline group, N = 4 in WT + cisplatin group and KO + cisplatin group. ∗P < 0.05, WT + cisplatin vs. WT + saline; #P < 0.05, KO + cisplatin vs. WT + cisplatin; ΔP < 0.05, KO + cisplatin vs. KO + saline. Data are mean ± SE.





The Expression of PINK1 and Parkin During Cisplatin Treatment

Real-time PCR detected very little Pink1 mRNA in PINK1 KO rats. This indicated that PINK1 KO was effective. In WT rats, cisplatin treatment significantly decreased the expression of Pink1 (Figure 3A). However, we were unable to confirm the protein expression of PINK1 due to lack of specific antibodies against PINK1 protein in rats (Dave et al., 2014). For Parkin, cisplatin treatment decreased the mRNA and protein expression significantly but PINK1 KO increased the expression of Parkin both under cisplatin treatment conditions and unchallenged conditions (Figures 3B,C,E). The down-regulation of PINK1 and Parkin indicated that PINK1/Parkin pathway might not take the major responsibility for the active of mitophagy in cisplatin-induced kidney injury. BNIP3/BNIP3L pathway is another main mechanism of mitophagy (Ney, 2015). We checked the expression of BNIP3L by western blot. The results showed that cisplatin treatment distinctly increased the renal expression of BNIP3L, but there was no difference between PINK1 KO rats and WT rats (Figures 3D,E).
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FIGURE 3. Altered expression of PINK1, Parkin and BNIP3L during cisplatin treatment in PINK1 WT and KO rats. (A) Real-time quantitative PCR analysis of Pink1 mRNA expression in renal cortex. (B) Real-time quantitative PCR analysis of Parkin mRNA expression in renal cortex. (C) Quantitative analysis of the western blotting of Parkin. (D) Quantitative analysis of the western blotting of BNIP3L. (E) Representative western blot bands of Parkin and BNIP3L in renal cortex. N = 3 in WT + saline group and KO + saline group, N = 4 in WT + cisplatin group and KO + cisplatin group. ∗P < 0.05, WT + cisplatin vs. WT + saline; #P < 0.05, KO + cisplatin vs. WT + cisplatin; ΔP < 0.05, KO + cisplatin vs. KO + saline; $P < 0.05, KO + saline vs. WT + saline. Data are mean ± SE.





The Effect of PINK1 Deficiency on Mitochondrial Dynamics During Cisplatin Treatment

Results from electron microscope showed mitochondrial fragmentation after cisplatin treatment indicated the change of mitochondrial dynamics from fusion to fission. So, we checked the mRNA expression of mitochondrial dynamics related genes including Fis1, Drp1, Opa1, Mfn1, and Mfn2 by realtime PCR (Figures 4A–E). The results showed that mitochondrial fusion related genes Mfn1 and Mfn2 decreased significantly after cisplatin treatment both in WT and KO rats. However, Drp1 which is critical for mitochondrial fission was significantly down-regulated in PINK1 KO rats both under cisplatin treatment conditions and unchallenged conditions. Subsequently, we double checked the protein expression of DRP1 by western blots. As shown in Figures 4F,G, cisplatin treatment induced an evident increase of DRP1 in renal cortex of WT rats, but it was largely attenuated in PINK1 KO rats, suggesting a key role of PINK1/Parkin in DRP1-mediated mitochondrial fission during cisplatin treatment.
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FIGURE 4. The effect of PINK1 deficiency on mitochondrial dynamics related proteins during cisplatin treatment. (A–E) Real-time quantitative PCR analysis of Fis1, Drp1, Mfn1, Mfn2, and Opa1 mRNA expression in renal cortex. (F) Quantitative analysis of the western blotting of DRP1. (G) Representative western blot bands of DRP1 in renal cortex. N = 3 in WT + saline group and KO + saline group, N = 4 in WT + cisplatin group and KO + cisplatin group. ∗P < 0.05, WT + cisplatin vs. WT + saline; #P < 0.05, KO + cisplatin vs. WT + cisplatin; ΔP < 0.05, KO + cisplatin vs. KO + saline; $P < 0.05, KO + saline vs. WT + saline. Data are mean ± SE.





PINK1 Deficiency Attenuated Cisplatin-Induced Renal Tubular Cell Apoptosis

Apoptosis and autophagy are highly coordinated mechanisms in response to various intrinsic and/or extrinsic stresses to maintain cellular homeostasis and it is well known that apoptosis contributes to cisplatin nephrotoxicity. We evaluated renal tubular cell apoptosis by TUNEL assay (Figures 5A,B). The results revealed that there were significantly less TUNEL-positive tubular cells in KO rats than WT rats after cisplatin treatment. Next, we checked the expression of caspase3 and cleaved caspase3 by western blots. Consistent with TUNEL assay, immunoblot analysis also showed a lower induction of caspase3 and cleaved caspase3 in renal cortex after cisplatin treatment in PINK1 KO rats (Figures 5C–E).
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FIGURE 5. PINK1 deficiency attenuated cisplatin-induced renal tubular cell apoptosis. (A) Presented are the representative photographs of TUNEL staining of kidney tissues in PINK1 WT and KO rats after cisplatin treatment. (B) Quantitative analysis of TUNEL-positive cells among the various groups. (C,D) Quantitative analysis of the western blotting of cleaved caspase3 and caspase3. (E) Representative western blot bands of cleaved caspase3 and caspase3. N = 3 in WT + saline group and KO + saline group, N = 4 in WT + cisplatin group and KO + cisplatin group. ∗P < 0.05, WT + cisplatin vs. WT + saline; #P < 0.05, KO + cisplatin vs. WT + cisplatin; ΔP < 0.05, KO + cisplatin vs. KO + saline; $P < 0.05, KO + saline vs. WT + saline. Data are mean ± SE.






DISSCUSION

Many previous studies have clearly demonstrated mitochondrial damage and dysfunction as a key pathophysiological component in cisplatin nephrotoxicity. The pathological changes of mitochondria in cisplatin nephrotoxicity are mainly triggered by DNA damage response, disruption of mitochondrial dynamics, pro-apoptotic protein attack and oxidative stress (Yang et al., 2014). There is evidence that mitochondrial DNA and other mitochondrial targets are perhaps more important than nuclear DNA damage in mediating cisplatin-induced cell death and the sensitivity of cells to cisplatin seems to correlate well with mitochondrial density and mitochondrial membrane potential (Peres and da Cunha, 2013). Mitochondrial damage and dysfunction would then result in abnormal energy metabolism, oxidative stress, inflammation, and cell death, inducing a rapid deterioration in renal function (Manohar and Leung, 2018). Therefore, maintenance of a cohort of healthy mitochondria is crucial for the homeostasis and viability of renal tubular cells in cisplatin-induced kidney injury.

PINK1/Parkin-mediated mitophagy pathway is one of the best studied mechanisms for mitophagy in mammalian cells (Eiyama and Okamoto, 2015). Recently, Wang et al. (2018) demonstrated that renal PINK1 and Parkin were increased in cisplatin treated mice and indicated that PINK1/Parkin-mediated mitophagy had a protective role against kidney injury. Besides, there is evidence that PINK1-parkin pathway of mitophagy protects against contrast-induced acute kidney injury via decreasing mitochondrial ROS and NLRP3 inflammasome activation (Lin et al., 2019). However, in our present study, we found renal PINK1 and Parkin were significantly down-regulated in cisplatin treated rats. This is surprising but not impossible. In streptozotocin-induced diabetic mice and db/db mice, Li et al. and Sun et al. found mitochondrial abnormalities occurred in the kidney accompanied by reduced PINK1 and Parkin expression, while BNIP3 and LC3B were significantly increased in the renal tubular cells (Huang et al., 2016; Li et al., 2017; Xiao et al., 2017). There are many possible reasons for the different pattern of PINK1 expression and role between cisplatin treated mice and rats. First, autophagy may be a double-edged sword. Indeed, stimulation of autophagy has been described to both improve and exacerbate ischemia-reperfusion injury in the kidney and a hypothesis has been put forward that autophagy can switch roles depending on the severity of the kidney injury and the phase of the injury process (Decuypere et al., 2015). Moderate level of autophagy may improve kidney injury and excessive autophagy may exacerbate kidney injury (Decuypere et al., 2015). The different cisplatin doses and differential accumulation of cisplatin in mitochondria between rats and mice in the absence of PINK1 in mitochondria may result in different mitochondria injury severity between rats and mice. In fact, we found a number of autophagic vacuoles or vesicles as well as large vacuoles containing numerous autophagosomes and mitophagosomes in cisplatin treated WT rats, indicating excessive autophagy. And the excessive mitochondria damage and autophagy might have negative feedback inhibition effect on the expression of PINK1 and Parkin. Second, most of evidences that autophagy exacerbated renal ischemia-reperfusion injury were found in rats models (Decuypere et al., 2015). Considered the difference that we used PINK1 KO rats and Wang et al. (2018) used PINK1 KO mice, it may also indicate species difference between mice and rats. Besides, aging are associated with dysfunctional autophagy, which may reduce the threshold for detrimental autophagy (Filfan et al., 2017). Furosemide is frequently used in patients with acute kidney injury to promote diuresis. Interestingly, furosemide can induce autophagosomes in the thick ascending loop and it has been reported that the detrimental effect of furosemide only occurs in adult rats but partially protective in young rats during renal ischemia-reperfusion injury (Fleck and Heller, 1993). The age of rats (24–28 week old) may also contribute to the protective effects of PINK1 deficiency that observed in present study. In addition, the different gene targeting strategies between KO rats and KO mice that result in different products of transcription from Pink1 locus could also be a reason.

In present study, electron-microscopy and LC3B expression indicated mitophagy was activated in cisplatin-induced acute kidney injury. However, real-time PCR and western blots showed a down-regulation of PINK1 and Parkin by cisplatin treatment, suggesting other mechanisms of mitophagy. There are substantial evidences that BNIP3 and BNIP3L can promote mitochondrial depolarization and mitophagy (Ney, 2015). Ishihara et al. reported that BNIP3 might regulate mitophagy in the proximal tubules of ischemia-reperfusion injury rats (Ishihara et al., 2013). In this study, we checked the expression of BNIP3L and found that cisplatin significantly up-regulated the expression of BINP3L, indicating BNIP3/BNIP3L pathway may play a major role for the elevated mitophagy in cisplatin treated rats.

Mitochondria are highly dynamic organelles that shift between fragmented and tubule like morphologies by the control of mitochondria fission and fusion. A number of biochemical and genetic studies link the PINK1/Parkin pathway to mitochondrial fission and fusion (Voigt et al., 2016). It has been demonstrated that normally tubule like mitochondria in the proximal tubules rapidly fragment in response to insults such as cisplatin and ischemia-reperfusion injury (Hall et al., 2013). Emerging evidences suggest that the mitochondrial fragmentation caused by changes of mitochondria fusion and fission balance has a pathogenic role in acute kidney injury. In line with those studies, electron-microscopy showed increased mitochondrial fragmentation after cisplatin treatment in WT rats while PINK1 deficiency seemed to decrease mitochondrial fragmentation in present study. The molecular machinery governing mitochondrial dynamics is determined by fission proteins, such as DRP1 and FIS1, and fusion proteins, such as MFN1, MFN2, and OPA1 (Meyer et al., 2017). Brooks et al. demonstrated in both cell and mouse models that DRP1 is rapidly recruited to fragmented mitochondria in the proximal tubule and inhibition of DRP1 was protective against mitochondrial fragmentation and kidney damage (Brooks et al., 2009). In present study, PINK1 deficiency remarkably restrained cisplatin-induced DRP1 up-regulation, indicating the regulation of DRP1 by PINK1/Parkin pathway might play a key role in cisplatin-induced acute kidney injury. A number of studies demonstrated that the PINK1/Parkin pathway is pro-fusion as overexpression of PINK1 leads to elongated mitochondria while knockdown of PINK1 leads to fragmented mitochondria (Dagda et al., 2009; Lutz et al., 2009). Accordantly, in present study cisplatin-induced mitochondrial fragmentation was accompanied by a down-regulation of PINK1 and Parkin. Interesting, we found PINK1 deficiency induced a compensatory increase of Parkin expression both under cisplatin treatment conditions and unchallenged conditions. And this compensatory increase of Parkin might account for the decrease of mitochondrial fragmentation and DRP1 expression in PINK1 KO rats during cisplatin treatment. In agree with this, Buhlman et al. (2014) demonstrated that Parkin-mediated mitochondrial fission depends on DRP1 and at least in part independently of PINK1. Additionally, mitochondria need to be fragmented before mitophagy to occur. Zhao et al. (2017a) demonstrated that DRP1 dependent mitochondrial fission was required for mitophagy in cisplatin treated tubular epithelial cells. Consistently, Li et al. (2018) showed that renal ischemia-reperfusion induced mitophagy also depended on DRP1-mediated mitochondrial fragmentation. Besides, Drp1 mRNA expression was unchanged but DRP1 protein level was significantly up-regulated by cisplatin treatment in WT rats, indicating a main role of post-transcriptional regulation. However, PINK1 deficiency significantly inhibited Drp1 mRNA expression both under cisplatin treatment conditions and unchallenged conditions, indicating a main role of transcriptional regulation. And the different pattern of Drp1 mRNA expression and DRP1 protein level might suggest that Drp1 mRNA expression was ample under normal conditions and the effect of PINK1 deficiency on Drp1 transcriptional regulation was covered up. Under cisplatin treatment conditions, Drp1 mRNA were extensively transformed into DRP1 proteins and then the effect of PINK1 deficiency on Drp1 transcriptional regulation appeared. Interesting, it has been reported that Parkin could also act as a transcription factor and modulate various genes (Alves da Costa et al., 2018). Thus, there was high possibility that the effect of PINK1 deficiency on Drp1 transcriptional regulation was related to the compensatory increase of Parkin expression. Taken together, it was probable that PINK1 deficiency caused a compensatory increase of Parkin and affected DRP1 dependent mitochondrial fission to protect against mitochondrial fragmentation, mitophagy and overall kidney damage.

It is well known that apoptosis contributes to cisplatin nephrotoxicity and some studies suggest that apoptosis and autophagy are co-ordinated processes in the pathogenesis of acute kidney injury (Zhou et al., 2018). The dual role of autophagy or mitophagy under stimulating factor may depend on the balance between pro-survival and pro-death processes. Generally, when cell is exposed to modest stress and just produce a few damaged mitochondria, the cell can easily remove those abnormal mitochondria via mitophagy. However, if plenty of mitochondria are damaged leading to insufficient scavenging capacity, the cell is beyond rescue and apoptosis will become the dominant pathway (Kubli and Gustafsson, 2012). Therefore, it is not surprising that both apoptosis and mitophagy/autophagy were attenuated in PINK1 KO rats in present study and this may also indicate excessive mitophagy/autophagy during cisplatin-induced acute kidney injury. Besides, mitochondrial dynamics are integrated with mitophagy and cell death. Studies have shown that excessive DRP1-mediated mitochondrial fission contributes to apoptosis (Frank et al., 2001). It has been found that DRP1 and Bax are co-localized on the mitochondrial membrane at the onset of apoptosis and inhibition of DRP1 protected against irradiation and senecionine induced apoptosis (Wang et al., 2015; Zhang et al., 2016; Yang et al., 2017). However, there is also evidence that DRP1-mediated fission is not necessary for apoptosis process but it increases sensitivity to apoptotic signals possibly by enhancing cytochrome c release (Sugioka et al., 2004; Parone et al., 2006). Therefore, the reduced apoptotic level in PINK1 KO rats may partly due to the inhibition of DRP1 and mitochondrial fission during cisplatin-induced acute kidney injury.

In summary, our results showed that renal mitophagy was activated in cisplatin treated rats and PINK1 deficiency ameliorated cisplatin-induced acute kidney injury accompanied by a decrease of mitophagy. Mechanistically, cisplatin treatment decreased the renal expression of PINK1 and Parkin while increased the expression of BNIP3L, indicating PINK1/Parkin mediated mitophagy might not play a major role in cisplatin nephrotoxicity rat models. Nevertheless, PINK1 deficiency caused a compensatory increase of Parkin and significantly inhibited cisplatin-induced up-regulation of DRP1, suggesting a renal protection mechanism by regulating DRP1 dependent mitochondrial fission and therefore to inhibit the excessive mitophagy and overall kidney damage (Figure 6).
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FIGURE 6. Schematic representation of possible mechanism related to mitophagy in cisplatin-induced kidney injury in PINK1 KO rats. Cisplatin causes the mitochondrial damage of renal tubular epithelial cells, which induces BNIP3/BNIP3L-mediated mitophagy, DRP1-mediated mitochondrial fission and apoptosis leading to kidney injury. And the excessive mitophagy may have negative feedback inhibition effect on the expression of PINK1 and Parkin and result in the down-regulation of PINK1 and Parkin in WT rats. In PINK1 KO rats, PINK1 deficiency causes a compensatory increase of Parkin and significantly inhibits the up-regulation of DRP1, which regulates mitochondrial fission and apoptosis, and therefore to inhibit the excessive mitophagy and overall kidney damage.
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Peritoneal dialysis (PD) is an alternative for managing the end-stage renal disease (ESRD). The peritoneal membrane (PM) is not just a membrane that passively responds to diffusion and convection. The characteristics of PM result in the peritoneal equilibrium test (PET) and with this test is possible to obtain the type of peritoneal transport (PT). The patient on PD can be classified in different types of PT as; Low, Low Average, High Average, and High. The aim of the study was to compare the inflammatory cytokines, oxidants, antioxidants, and oxidative DNA damage markers in the different types of PT. A cross-sectional analytical study of 77 adult PD patients was performed. Levels of lipoperoxides (LPO) were higher in all types of PT vs. healthy volunteer controls (HC) (p < 0.0001). Nitric oxide (NO) levels were found significantly down-regulated in all types of PT (p < 0.0001). The activity of the superoxide dismutase enzyme (SOD) was found to be significantly increased in all types of PT vs. the HC (p < 0.0001). The levels of the DNA repair enzyme were found to be decreased in all types of PT. The levels of the pro-inflammatory cytokines TNF-α, IL-6, the marker of oxidative DNA damage, 8-IP and the total antioxidant capacity (TAC) were all significantly decreased, contrary to the levels in HC, possibly by the clearance in the dialysis fluid in all types of PT or due to down-regulation of their expression. In conclusion, we found significant changes in markers of inflammation, oxidative stress, and oxidative damage to DNA in all types of PT; Low, low average, high average, and high PT in the values of D/P creatinine at 4 h compared to HC.

Keywords: peritoneal dialysis, peritoneal transport, oxidative stress, oxidative DNA damage, inflammation


INTRODUCTION

End-stage renal disease (ESRD) is a clinical morbidity given the increasing prevalence of diseases as diabetes mellitus (DM) and hypertension. Mortality in patients with ESRD has decreased 30% since 1999 (1). In Jalisco (Mexico), nearly half of the patients (49.4%) are on PD (2). The adequacy of initial and maintenance PD prescription it is usually based on Twardowski's peritoneal equilibrium test (PET) result and KT/V. PET is used to evaluate the transport function of the peritoneal membrane (PM) of each patient, in which the solute transport rates (creatinine, sodium, urea, glucose) are evaluated by the speed of the equilibrium reached between the dialysate and the peritoneal capillaries. According to the PET result, the patient on PD can be classified in different types of peritoneal transport (PT) as; Low, Low Average, High Average and High (3, 4). Some studies refer to High PT as a risk factor for mortality and technique failure in PD patients (5, 6). However, other authors showed that a high PT by itself is not an independent risk factor for either mortality or technique failure and exposed that other factors, like peritoneal protein clearance, residual renal function and age, are better predictors for survival rather than peritoneal membrane (PM) permeability (7–9). Hence, the effect of PM solute transport rate on these findings remains unclear. Cardiovascular disease (CVD) is the leading cause of death among patients in hemodialysis (HD) or peritoneal dialysis (PD) (10). Inflammation is one of the earliest events in situations of cardiac stress which implies high levels of endothelial adhesion molecules, increased production and release of inflammatory cytokines and chemokines (11). Studies have reported inflammation as an independent risk factor for all causes of cardiovascular mortality in HD and PD patients (12). Oxidative stress (OS) is characterized by an imbalance between oxidants and antioxidants (13). OS is implicated as a unifying factor between chronic kidney disease (CKD) and CVD (14), and it is involved in mechanism related to vascular calcification, oxidation of low-density cholesterol, and low endothelial nitric oxide (NO) which lead to atherosclerosis (15–18). The increase in reactive oxygen species (ROS) and the decrease in antioxidants among PD patients in counterpart with matched controls have been previously reported (19, 20). The marker of oxidative damage to DNA; 8-hydroxy-2-deoxyguanosine (8-OHdG) is considered as an independent predictor of all-cause mortality in patients undergoing dialysis (21). An increase of OS may lead to increased risk for cardiovascular disease in patients in DP regardless of the type of PT, however, there is no clear association, whereas OS is clearly associated with PM permeability rate.

The aim of the study was to compare the serum/plasma levels of inflammatory cytokines, oxidants, antioxidants, and oxidative DNA damage markers in the different types of PT.



PATIENTS AND METHODS

An analytical cross-sectional study was conducted. Seventy-seven ESRD patients receiving PD at Hospital General Regional No. 46 of the Instituto Mexicano del Seguro Social in Jalisco, Mexico were included. Patients were seen in the PD outpatient clinic and were sent to perform the PET. Patients were eligible of the PD program and never had have a PET performed before. Patients with episodes of peritonitis in the last 6 months with dysfunction of the PD catheter, with a current infectious, inflammatory, or malignant process were excluded.


Data Collection

Demographic and clinical data were obtained through medical records the day that PET was performed. An extra venous blood sample during PET was obtained to assess the following: hemoglobin, white blood cell count, blood urea nitrogen, creatinine, glucose, albumin, sodium, potassium, chloride, calcium, phosphorus, uric acid, total cholesterol, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, very low-density cholesterol, triglyceride, bicarbonate, serum iron, and transferrin saturation.



Peritoneal Equilibrium Test

The PET was performed and the patients were classified based on the result of dialysate to plasma/creatinine ratio at 4 h as Low, Low Average, High Average, and High PT. The PET was performed in 149 patients a minimum of sixteen patients were collected in each group of type of PT. For the calculation of sample size, we used the formula to compare two means. We assumed a risk of making two tail type I and type II errors of 5–20%, respectively. Previous data of OS markers measured in this study were not available in the populations of Low, Low Average, High Average, and High PT. Thus, we took as reference the variation of NO between PD patients and HC as reported by Uzun et al. (22). An additional 20% sample was added for possible withdrawals, missing data, loss of sample while processing, etc.

For the measurement of metabolites, blood samples were drawn when PET blood samples were taken and centrifuged at 10,000 rpm for 10 min at room temperature; supernatants were stored in aliquots at −80°C until final processing. We included 10 mL of extra blood from 10 blood donors [healthy volunteer controls (HC)] to establish the normal value of the metabolites. For the selection of blood donors, we considered subjects who are not known to suffer any relevant illness to the proposed study and be within normal range of body measurements (23). Also, efficient measures were implemented to improve the sample result among them; a better examination of donors through microbiological tests has led to the reduction of transfusion-related infections (1 in 8 million for HIV, 1 in 6.7 million hepatitis C viruses and 1 in 1.7 million for hepatitis B viruses) (24).



Inflammation Cytokines
 
TNF-α and IL6

The ELISA kit was used to determine the IL-6 and TNF-α level. We followed the instructions of the kit manufacturer (Peprotech, Rocky Hill, NJ 08553, USA®). Both cytokines had a detection limit of 32 pg/mL. First, 100 μL of diluted capture antibody was added, followed by incubation overnight at room temperature. Then, 300 μL of blocking buffer was added to the wells and it was incubated for 1 h at room temperature. Plasma and standards were added, followed by incubation for 2 h at room temperature. After several washings, 100 μL of diluted detection antibody was added. The plate was incubated at room temperature for 2 h. Then, 100 μL diluted HRP-Avidin-conjugate was added, followed by incubation for 30 min at room temperature. Finally, 100 μL of substrate solution was added to each well. The plate was read at a wavelength of 405 nm with correction set at 650 nm. The TNF-α intra-assay coefficient of variation was 2.1% and the intra-assay IL-6 was 4.7%. For all of the technical readings of optical density the Synergy HT (BIOTEK) microplate reader was used.



Oxidative Stress Markers
 
Products of Lipid Peroxidation

The serum levels of LPO were measured through the FR22 assay kit (Oxford Biomedical Research Inc., Oxford, MI, USA®) according to the manufacturer's instructions. The limit of detection for this test was 0.1 nmol/mL. The chromogenic reagent reacts with malondialdehyde (MDA) and 4-hydroxy-alkenals to form a stable chromophore. One hundred and forty microliter of plasma with 455 μL of N-methyl-2-phenylindole in acetonitrile (Reagent 1) was diluted with ferric iron in methanol. Samples were agitated, after 105 μL 37%, HCl was added, followed by incubation at 45°C for 60 min, and centrifugation at 12,791 rpm for 10 min. One hundred and fifty microliter of the supernatant was added to a microplate and absorbance was measured at 586 nm. The standard curve with known concentrations of 1,1,3,3-Tetramethoxypropane in Tris-HCl was used. The intra-assay CV was 8.5%.

8-Isoprostane

The immunoassay reagent kit from Cayman Chemical Company® (Michigan, USA) was used according to the manufacturer's instructions. The limit of detection was 0.8 pg/mL. The 8-IP assay was based on the principle of competitive binding between sample 8-IP, 8-IP acetyl cholinesterase (AChE) conjugate, and 8-IP tracer. Fifty microliter of serum samples or standard were added to each well and 50 μL of 8-IP AChE tracer was added to all wells except the total activity and blank wells. Fifty microliter of 8-IP enzyme immunoassay antiserum was added to all wells except the total activity and blank wells. Fifty microliter of 8-IP antiserum was added to all wells except total activity, non-specific binding, and blank wells. The plate was covered and incubated at 4°C for 18 h and then washed 5 times with buffer. Absorbance was read at 420 nm. The intra-assay CV was 12.5%.

Nitric Oxide

The serum samples were de-proteinized by the addition of zinc sulfate; 6 mg of zinc sulfate was added to 400 μL of sample, vortexed for one min and the samples were centrifuged at 10,000 × g for 10 min at 4°C. For the determination of NO, the colorimetric method was used according to the kit (Nitric Oxide Assay Kit, User protocol 482650, Calbiochem®). Eighty five microliter of the standard or sample were added to the wells of the plate, 10 μL of nitrate reductase was added to each well and 10 μL of 2 mM NADH. The plate was shaken for 20 min at room temperature. Fifty microliter of dye 1 was added and shaken briefly; 50 μL of dye 2 was added and again shaken for 5 min at room temperature. Finally, the plate was read at 540 nm in a spectrophotometer within the first 20 min after the procedure was finished.



Antioxidants
 
Superoxide Dismutase (SOD)

The kit manufacturer's instructions were followed (SOD No. 706002, Cayman Chemical Company®, USA) for the detection of [image: image] generated by xanthine oxidase and hypoxanthine enzymes through the reaction of tetrazolium salts. The serum samples were diluted 1:5 in sample buffer, 200 μL of the radicals' detector diluted 1:400, was placed, and 10 μL of the sample was added. After slow agitation, 20 μL of xanthine oxidase was added to the wells. The microplate was incubated for 20 min at room temperature and the absorbency was read at a wavelength of 440 nm. The levels are reported in U/mL.

Total Antioxidant Capacity

The total antioxidant capacity (TAC) evaluation were made following the instructions of the kit manufacturer (Total Antioxidant Power Kit, No. TA02.090130, Oxford Biomedical Research®), to obtain the concentration in mM equivalents of trolox (an analog of vitamin E). The detection limit was 0.075 mM. The serum samples and standards were diluted 1:40, and 200 μL were placed in each well. The plate was read at 450 nm as a reference value, 50 μL of copper solution was added, and the plate was incubated at room temperature for 3 min. Fifty microliter of stop solution was added and the plate was read again at 450 nm. The dilution factor was considered in the result. The intra-assay CV was 7.8%.



8-hydroxy-2′-deoxyguanosine (8-OHdG)

The method by the manufacturer of the ELISA kit was followed (8-hydroxy-2′-deoxyguanosine No. ab201734 Abcam®, Cambridge, United Kingdom). An 8-OHdG-coated 96-well plate was used. Fifty μL of sample or standard were added to each well and were detected with horseradish peroxidase (HRP) conjugated 8-OHdG antibody. Tetramethylbenzidine (TMB) substrate was used to obtain a color signal measured at 450 nm using a spectrophotometer reader. The value of the samples was plotted on the standard curve to interpolate sample concentrations.



8-oxoguanine-DNA-N-glycosylase-1 (hOGG1)

Repair of the oxidative damage of DNA was determined with a commercial kit (hOGG1 MBS702793 My BioSource®, San Diego, CA). The manufacturer's instructions were followed. One hundred microliter of plasma and standards were added to the wells and the plate was incubated at 37°C. The biotinylated antibody was added and incubated under the same conditions. The corresponding washings were done and the HRP-avidin was added, followed by the substrate and the stop solution at the corresponding times. The optical density was read at 450 nm.



Statistical Analysis

All data were expressed as mean ± standard deviation (SD), standard error (SEM), or percentages. Kolmogorov-Smirnov test was used to analyze distribution normality of measured parameters. Differences between the four groups for continuous variables we used Kruskall-Wallis or a way ANOVA test according to the normality distribution. The post-hoc Dunn-Bonferroni correction was used for pairwise comparison and was considered significant at p ≤ 0.05. For categorical variables, the difference between the groups using Chi2 or Fisher's exact test for categorical variables. To evaluate relationships between oxidative stress markers and PET results Pearson's correlation test was used. p ≤ 0.05 was considered statistically significant. SPSS for Windows version 18.0 (IBM SPSS statics Inc., Chicago, IL, USA) was used.



Ethical Considerations

The research complies with the ethical principles for medical research in human beings stipulated in the Declaration of Helsinki 64th General Assembly, Fortaleza, Brazil, October 2013. To adhering to the standards of Good Clinical Practices. All procedures were performed according to regulations stipulated in the General Health Legal Guidelines for Health care Research in Mexico, 2nd Title, in Ethical Aspects for Research in Human Beings, Chapter 1, and Article 17. All patients gave and signed informed consent form in the presence of signed witnesses. The study was evaluated and approved by the Local Ethics, and Research Committee, at the Hospital General Regional No. 110, Instituto Mexicano del Seguro Social (R-2017-1303-117).




RESULTS


Baseline Demographic and Clinical Characteristics

Of 77 patients who met the inclusion criteria; 15 were Low (It was not possible to complete 16 patients of this group), 23 Low Average, 23 High Average, and 16 were classified as High PT. The median age was 42 (IQR 27–60) years, 53 (65%) patients were male, and the etiology of CKD was of unknown and DM kidney disease predominantly. The average time on PD program was ~40 months. Albumin (p = 0.05) and Triglycerides levels (p = 0.007) were lower in the High PT compared to the rest of the transporters. The PET was significant in the High PT patients (p < 0.0001). Hypertension was found more frequently in the High Average group (p = 0.016). Uric acid increased in patients with Low/Low Average PT rates compared with those with High Average/High PT rates (p = 0.016). Baseline demographic and characteristics of PD therapy according to the type of PT are shown in Tables 1, 2.



Table 1. Clinical data of different type of peritoneal transport.
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Table 2. Demographic and biochemical data according to the type of peritoneal transport.
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Inflammatory Cytokines According the Type of PT
 
TNF-α and IL-6

The TNF-α level in the different types of PT were found to be significantly decreased. Low PT, 28.94 ± 5.23 pg/mL, Low Average, 27.90 ± 4.20 pg/mL, High Average, 32.56 ± 6.18 pg/mL and High, 66.28 ± 21.12 pg/mL vs. levels found in HC, 631.38 ± 125.40 pg/mL (p < 0.0001 Mann Whitney U-test and Kruskall-Wallis test).

The different types of PT showed lower serum levels of IL-6; Low PT, 326.13 ± 287.75 pg/mL, Low Average, 124.89 ± 47.25 pg/mL, High Average 357.21 ± 126.47 pg/mL and High PT, 272.02 ± 164.65 pg/mL vs. serum levels of IL-6 in HC, 498.45 ± 93.96 pg/mL (p < 0.0001 Mann Whitney U-test and Kruskall-Wallis test) (Table 3).



Table 3. Inflammation cytokines, oxidative DNA damage, oxidants and antioxidants according to the type of peritoneal transportation of patients in peritoneal dialysis.
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Oxidative Damage of DNA and Repair

Levels of the oxidative DNA damage marker were significantly reduced in Low PT, 38.25 ± 15.10 ng/mL, Low Average, 38.09 ± 20.68 ng/mL (p = 0.042), High Average, 11.20 ± 3.05 ng/mL, and High PT 31.05 ± 8.02 ng/mL (p = 0.046) in contrast to HC, 65.21 ± 19.14 ng/mL (p = 0.004).

The hOGG1 levels in HC obtained 3.53 ± 2.09 ng/mL. The different types of PT obtained lower levels (NS); Low PT, 0.29 ± 0.17 ng/mL, Low Average, 0.30 ± 0.12 ng/mL, High Average, 0.07 ± 0.01 ng/mL, and High 0.23 ± 0.09 ng/mL (Table 3).



Oxidants

The serum levels of the 8-IP were significantly reduced (p < 0.0001) in all types of PT in relation to the levels of HC, 22.88 ± 3.80 pg/mL. The serum levels of LPO in the HC were 3.05 ± 0.18 μM, however, significantly increased levels of LPO were found (p < 0.0001) in Low PT, 160.01 ± 30.39 μM, Low Average, 157.83 ± 35.48 μM, High Average, 223.77 ± 90.26 μM, and High PT, 101.80 ± 21.94 μM.

In contrast, the levels of NO metabolites were found significantly decreased in the different types of PT; Low 20.13 ± 4.79 μM, Low Average 23.53 ± 5.35 μM, High Average 6.82 ± 1.44, and High 10.59 ± 3.52 μM vs. levels of HC, 197.97 ± 34.20 μM (p < 0.0001) (Table 3).



Antioxidants

Serum activity of SOD was found increased in all types of PT; Low 3.02 ± 0.38 U/mL, Low Average, 3.40 ± 0.37 U/mL, High Average, 3.36 ± 0.35 U/mL, and High 3.41 ± 0.22 U/mL. In contrast, the activity of the enzyme in HC obtained 0.23 ± 0.02 U/mL (p < 0.0001) (Table 3).

The levels of TAC were found to be significantly consumed in all types of PT; Low 0.71 ± 0.05 mM, Low Average 0.68 ± 0.02 mM, High Average 0.64 ± 0.03 mM, and High PT, 0.68 ± 0.05 mM vs. the HC, 2.62 ± 0.17 mM (p < 0.0001) (Table 3).



Correlations

Table 4 shows correlations found between the markers of inflammation and oxidative stress with PET values. Only NO presented a low negative correlation with PET (r = −0.269, p = 0.021).



Table 4. Pearson correlation coefficient between the oxidative stress markers and PET value.
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DISCUSSION

In this study, we investigated the behavior between the types of PT and the levels of diverse markers of inflammation and OS in patients with ESRD on PD. The levels of the above-mentioned markers were altered in the totality of the 77 patients in comparison with the levels of these markers in HC. Uremic inflammation commonly affects patients with CKD and is characterized by increased expression of pro-inflammatory cytokines (25, 26). Overexpression of TNF-α and IL-6 has been previously reported in patients with ESRD (27). Systemic pro-inflammatory cytokines is a significant risk factor suggestive of infection in patients with PD (28). However, recently it was reported that circulating pro-inflammatory cytokines TNF-α and IL-6 decreased significantly after 3 months of PD and remained low at 6 months of follow-up in patients with heart failure undergoing PD due to overflow (29). The patients included in the study did not have heart failure, but the information could partially explain the behavior of the pro-inflammatory cytokines in the included patients. According to the types of PT, the serum levels of TNFα and IL-6 were significantly reduced. In this finding, we can hypothesize that the systemic inflammatory state was not present or that in the PD process the cytokines were purified in the dialysis fluid or is the result of a change in its expression (TNF-α and IL-6 in the dialysis fluid were not determined).

The circulating levels of 8-OHdG were first described in 1984 (30). 8-OHdG is considered a robust and sensitive marker of the OS; it reflects the oxidative decomposition of DNA (18). The 8-OHdG marker is considered an independent predictor of all-cause mortality in HD patients (21). Overexpression of 8-OHdG produces erroneous readings by converting A to C and form G to T capable of producing mutagenic alterations (31). Circulating and urinary concentrations of the 8-OHdG marker are increased in patients with chronic diseases such as cancer, chronic hepatitis, DM, CVD, and ESRD (32–34). In a study reported in 2015, the authors analyzed the levels of 83 PD patients and found higher levels of 8-OHdG than the control population without significant difference between the types of PD. In other reports, the higher levels were found in patients on HD, which underscores the importance of the role of other factors involved in oxidative status (19). Contrary to previous reports, we found significantly decreased levels of the 8-OHdG marker in Low Average PT, High Average and High PT in contrast to levels obtained in HC. Our findings could be due to the possible depuration of this marker during PD sessions due to greater biocompatibility of the PD solutions in the PM (19). Other studies have shown moderate positive correlation between the ratio of creatinine D/P at 4 h and the levels of 8-OHdG in the peritoneal effluent as a marker of damage to the PM. However, the authors did not measure plasma levels and did not explain whether the correlation is due to increased local production of 8-OHdG or to a better clearance of it (35). The clearance of this marker in the dialyzed effluent is only speculative. We did not find in the available literature low systemic levels of 8-OHdG as in our study.

In the present study, the levels of the DNA repair enzyme (hOGG-1) were found to be decreased in all types of PT (NS), in contrast to levels obtained in HC, suggesting the inactivity or consumption of the enzyme in an attempt to avoid over-production of the 8-OHdG. We can speculate that the results may be due to the inactivity of the enzyme or down-regulation of its expression. The repair of DNA containing oxidized bases, involves complex pathways (36). One mechanism of repair that eliminates 8-OHdG is characterized by the cleavage of the glycosidic bond of the 8-OHdG residue by breaking the phosphodiester bond at the resulting apurinic site by β-elimination (37). There is a lack of data in the literature about hOGG-1 in dialysis patients. We previously evaluated the long-term behavior of hOGG-1 in patients with renal transplantation and we found low levels of hOGG-1 in HC compared with patients in HD or DP before transplantation. However, these measures were made with no distinction of type of PT or renal replacement therapy (38).

LPO are molecules that result from the reactions of ROS (39). The production of ROS by mitochondria is important because it underlies oxidative damage in many pathologies and contributes to retrograde redox signaling from the matrix of mitochondria to the cytosol and nucleus (40). MDA is a final compound of the LPO process and is useful as an indicator of OS in patients with CKD where its elimination is decelerated (41). The lipid peroxidation process is involved in the genesis of atherosclerotic lesions and cardiovascular complications in CKD (42–44). Higher levels of MDA have been reported in patients with ESRD, HD, PD vs. HC (45, 46). There are also reports where no differences in MDA levels in patients with PD and HC (47). In our study, we found increased levels of LPO in all types of PT (48) and no correlation with the value of PET. Stepanova et al. previously reported the association of MDA with some PD parameters, they also found no correlation with D/P creatinine ratio but a negatively correlation with total KT/V (49).

NO is produced by an NOS family and consists of three identified isoforms (neuronal, inducible, and endothelial NOS). NO is an important molecule in physiological processes as in neuronal transmission, reproduction, apoptosis and predominantly in endothelial vasodilatation. NO also actively participates in pathological processes such as inflammation, septic shock, asthma, and nitrosative stress. NOS produces [image: image] by NOS decoupling phenomenon (50). The generation of [image: image] occurs mainly when the NOS is not coupled with its cofactor or substrate due to depletion of L-arginine (10). Vascular endothelial dysfunction is due to the decoupling of NOS, phagocytic activation of vascular membrane oxidases and mitochondrial. NO is capable of increasing vascular stiffness and compromising cardiac output (51). The decrease in OS is directly related to endothelial dysfunction by reducing the bioavailability of NO to produce alterations in vascular permeability and favoring the entry of low-density cholesterol into the vascular intima where it is oxidized. In this process, the migration of inflammatory cells in the sub-endothelial space takes place after the expression of adhesion molecules by the dysfunctional endothelium (52). In our study, NO levels were significantly decreased in all types of PT vs. the levels found in HC. Additionally, a negative correlation between NO and PET was found. These explained that patient with High and High Average PT tents to have lower levels of NO, which could suggest alterations in the bioavailability of NO in the vascular endothelium (53). Schmidt et al., showed that patients in PD have low levels of NO vs. HC when both are undergoing a controlled dietary NO intake (54). Uzun et al., also found that patients in PD, without HD, have lower levels of NO compared with HC (22). However, Kovačević et al., found increased levels of NO in CAPD (55). The reason of these different outcomes may be explained by the effect of PM solute transport rate among the patient in PD.

8-IP are a bioactive product of peroxidation of arachidonic acid (56). In our study, significantly decreased serum levels were found in the patients studied in comparison to HC. However, in the available literature, one study reported decreased plasma levels of F2-isoprostans in patients with CAPD compared to patients in HD (57). It has been reported down-regulation of this metabolite in people with high consumption of polyunsaturated fatty acids via NOX (58). The enhanced levels of 8-IP has been reported in patients with ESRD receiving HD and CAPD (59). Other studies have found higher levels of 8-IP in CAPD patients vs. healthy matches (60). Currently, there is no defined behavior of 8-IP and its serum levels, as well as the clearance of these in the PD effluent. It would be necessary to determine the levels of this metabolite in the dialytic effluent.

As a defense mechanism against oxidative damage, the organism possesses compounds with antioxidant capacity such as the SOD enzyme. The SOD is a metallo-enzyme that catalyzes the dismutation of [image: image], this enzyme is considered crucial in the beginning of the enzymatic mechanisms of defense against OS (61). The determination of SOD levels turns out to be an important indicator for the analysis of the OS in various pathologies such as DM and CKD. The activity of SOD enzyme in all types of PT was significantly increased compared to HC in agreement with other studies demonstrating the alteration the OS balance favoring the pro-oxidant state (43). The SOD enzyme contains selenium that is traditionally been considered as the main mediator of antioxidant enzymatic protection (61). In the present study, we found greater activity of the SOD enzyme in all types of PT vs. HC, possibly in an attempt to compensate the increase in LPO products (62, 63). Some studies suggest patients in PD have an increased activity of SOD vs. HC (64).

The main antioxidant defenses in extracellular fluids against OS are bilirubin, uric acid, and albumin; which makes it possible to measure them as a whole by determining the TAC reagent. Albumin, bilirubin and urates prevent free radicals from reacting by sequestering transition metal ions (65–67). We found TAC decreased in all types of PT by contrast to HC, which is consistent with other study that showed low TAC in PD also compared to HC. Other studies demonstrated contrary; higher TAC in patients in PD vs. HC (68). This finding could suggest that these extracellular antioxidants are possibly being cleared in the dialysate effluent.

As strengths, we point out that the present study is one of the largest studies carried out so far at an international level in the PD population with an adequate number of patients in each group according to the type of PT, in addition to being a homogeneous sample as to the baseline, clinical, and therapeutic characteristics. Most of the data available in the literature is focus between binominals of mixed population of Low-Low Average PT and High Average-High PT. In our study, we aimed to show the behavior for each individual group. These data give tools to understand the behavior of the oxidative status in relation of the PM permeability rate, which may contribute to the design of new studies with therapeutic or risk assessment approaches.

In terms of limitations of the study, we accept that it is a cross-sectional study; thus, only one sample was used to decide about the inflammation and OS markers. The levels of the markers do not have a static behavior and a follow up throughout study with multiple determinations in time is required to corroborate these findings.

In conclusion, we found statistically significant changes in the markers of OS, DNA damage, and inflammation in all type of PT, Low, Low Average, High Average, and High PT compared to HC. All patients included had increased levels of LPO and the SOD suggesting compensatory antioxidant activity. Important down-regulation of serum levels of NO with the ability to influence the bioavailability of NO in the renal and systemic vascular endothelium. The decreased levels in hOGG1 was possible due to the down-regulation of the expression or excretion in the dialysis fluid.
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Purpose: Morbidity associated with and mortality from acute kidney injury (AKI) is gradually increasing, and no efficient drug is available. We explored whether neferine, a bisbenzylisoquinoline alkaloid, attenuated AKI, and the possible mechanisms in play in vivo and in vitro.

Methods: We induced AKI using ischemia-reperfusion (I/R) or lipopolysaccharide (LPS) in vivo. C57 BL/6 male mice were randomized into two groups each containing four subgroups: control, neferine, I/R or LPS, and I/R or LPS + neferine. Mice were sacrificed 24 h after AKI induction and kidneys and sera were collected. NRK-52E cells were exposed to hypoxia/reoxygenation (H/R) or LPS in vitro.

Results: Neferine pretreatment significantly alleviated kidney functional loss and pathological damage. In the AKI mouse models induced by I/R or LPS, neferine inhibited the infiltration of inflammatory cells, including granulocytes and macrophages. Both in vivo and in vitro, neferine attenuated apoptosis, suppressed inflammatory cytokine production, decreased degradation of IκB-α, and inhibited nuclear translocation of NF-κB. Furthermore, it also upregulated Klotho expression in AKI.

Conclusion: Neferine mitigated renal injury in AKI models, perhaps by suppressing the activation of NF-κB and upregulating the expression of Klotho.

Keywords: acute kidney injury (AKI), neferine, NF-κB, Klotho, apoptosis, inflammation



Introduction

Acute kidney injury (AKI) is a heterogeneous group of disorders manifested by increased levels of serum creatinine (Scr) and/or oliguria. AKI is becoming more prevalent worldwide, associated with high mortality and morbidity (Ali et al., 2007; Bellomo et al., 2012; Wen et al., 2013). A systematic review of data from 2004 to 2012 found that the pooled adult AKI rate was 21.6% [95% confidence interval (CI) 19.3 to 24.1%], while the pooled mortality of AKI patients was 23.9% (95% CI 22.1 to 25.7%) (Susantitaphong et al., 2013). The multinational AKI–epidemiologic prospective investigation found that AKI developed in over half of all intensive care unit patients (Hoste et al., 2015). AKI was associated with prolonged hospitalization, more resource utilization, and an unfavorable prognosis. AKI prevention and treatment are thus urgent. Generally, AKI develops after the contraction of another acute or chronic disease such as a critical illness, sepsis, circulatory shock, or complications associated with medication (Levey and James, 2017). When the kidneys are exposed to risk factors, various cellular reactions causing tissue injury commence. Inflammation plays a key role in AKI emergence, exacerbation, and prognosis (Akcay et al., 2009; Dellepiane et al., 2016; Coelho et al., 2018); it involves the release of inflammatory mediators by endothelial and tubular cells, infiltration of inflammatory cells, and the damaging effects of toxic molecules on renal tubules. Nuclear factor kappa B (NF-κB) activation has been recorded both in vitro and in vivo models of AKI. Research increasingly suggests that NF-κB plays a pivotal role in AKI-associated inflammation and other cellular events (Guijarro and Egido, 2001; Sanz et al., 2010; Panah et al., 2018). Renal tubular epithelial cells stimulated by lipopolysaccharide (LPS) produce inflammatory mediators, free radicals, and other disruptive agents; express various proinflammatory cytokines after NF-κB activation; and, ultimately, contribute greatly to renal dysfunction. The level of Klotho, a single-pass transmembrane protein, correlates with the levels of aging suppressors (Kuro-O et al., 1997) and the extent of calcium/phosphorus metabolism (Huang and Moe, 2011). Klotho is synthesized principally by the distal renal tubules. AKI is associated with greatly reduced Klotho production, in turn aggravating kidney damage (Hu et al., 2010; Hu et al., 2012).

Neferine (Figure 1), a bisbenzylisoquinoline alkaloid from the seed embryo of Nelumbo nucifera, is widely used in traditional Chinese medicine to treat nervous exhaustion, bacillosis, helminthiasis, and cardiovascular and pulmonary diseases (Sharma et al., 2017; Marthandam Asokan et al., 2018). Neferine exhibits anti-cancer properties (Qin et al., 2011; Deng et al., 2017), relaxes smooth muscles; inhibits platelet aggregation and arrhythmia; retards the development of atherosclerosis (Zheng et al., 2014), diabetes, and Alzheimer’s disease; and reduces scarring and cisplatin nephrotoxicity (Li et al., 2017), and the like. Neferine attenuates the inflammatory response and fibrosis by inhibiting cytokine production and NF-κB activation both in vivo and in vitro (Zhao et al., 2010; Baskaran et al., 2016; Baskaran et al., 2017; Priya et al., 2017; Guolan et al., 2018). Thus, we speculated that neferine might protect the kidney from acute injury. We established two AKI models to explore this topic.
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Figure 1 | The chemical structure of neferine (C38H44N2O6).






Materials and Methods



Animals

C57BL/6 male mice with 10 weeks of age (20–25 g in weight) were purchased from the Department of Laboratory Animals of Central South University and were individually housed at a standard temperature (22 ± 2°C) and humidity (50–60%) under a 12-h/12-h photoperiod. The study was approved by the Institutional Animal Care and Use Committee of Central South University. All animal experimental procedures met the criteria of the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals.

AKI was induced by ischemia-reperfusion (I/R) or LPS injection as described previously (Savransky et al., 2006; Cao et al., 2008). The mice were randomized into two major groups and each group then divided into four subgroups (n = 6 mice per subgroup): (1) control, (2) neferine (Purechem-Standard Co. Ltd., Chengdu, China), (3) I/R or LPS, and (4) I/R or LPS + neferine. The I/R model was established by clipping both kidney pedicles (using microarterial clamps; model FST 18055-04: Fine Science Tools Inc., Foster City, CA, USA) for 30 min. LPS-induced AKI was generated via intraperitoneal injection of 10 mg/kg LPS. Neferine was administrated via intraperitoneal injection for 3 days prior to model establishment (20 mg/kg/d) (Huang et al., 2007); mice were sacrificed 24 h later. Normal saline was used instead of neferine in control and model groups. Anesthesia was induced by an intraperitoneal injection of pentobarbital (0.7 mg/kg) prior to surgery. Kidneys and sera were stored at −80°C prior to analysis.




Histology

Kidneys were fixed in 4% (v/v) paraformaldehyde for 48 h at room temperature. Paraffin-embedded sections (4 µm thick) were stained with hematoxylin and eosin and periodic acid–Schiff. The extent of tubular injury was scored as the percentage of damaged tubules in the outer medulla (Savransky et al., 2006). All scoring was performed by a renal pathologist (blinded to mouse subgroup) under the high-power field of a light microscope. Ten random non-overlapping fields were examined for each sample.




Serum Biochemistry and Enzyme-Linked Immunosorbent Assay (ELISA)

Scr and blood urine nitrogen (BUN) levels were measured using a Hitachi model 7180 automatic analyzer (Hitachi Ltd., Tokyo, Japan). Serum levels of neutrophil gelatinase-associated lipocalin (NGAL) were measured with the aid of an ELISA kit following the manufacturer’s instructions (Abcam, Cambridge, UK).




Immunohistochemical Staining

Kidney sections were sequentially deparaffinized, rehydrated, and subjected to antigen retrieval and inactivation of endogenous enzyme activity. After blocking in 5% (w/v) bovine serum album (BSA) for 30 min, tissues were incubated with a primary antibody targeting Ly6G (Servicebio, Wuhan, China; 1:200), and F4/80 (Servicebio; 1:200) and Klotho (Abcam; 1:200) at 4°C overnight. Biotinylated secondary antibodies (ZsBio, Beijing, China) were then added; the samples were incubated at room temperature for 30 min and analyzed using a biotin-streptavidin horseradish peroxidase (HRP) detection system.




Cell Culture

NRK-52E cells (American Type Culture Collection, Rockville, MD, USA) were cultured in high-glucose Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS) at 37°C in a humidified incubator with an atmosphere containing 5% CO2. Two cell-based models of AKI were established—hypoxia/reoxygenation (H/R)– and LPS (5 µg/ml, Sigma)-mediated cell injuries. Cells were pretreated with the indicated concentrations of neferine for 2 h, followed by H/R or administration of LPS. For H/R, the cells were cultured in glucose- and FBS-free DMEM containing antimycin A (100 nM, Abcam) for 2 h to imitate hypoxia. The cells were subsequently cultured in normal medium until being harvested.




Cell Counting Kit-8 Assay

A Cell Counting Kit-8 (CCK8) (Selleck, Shanghai, China) was used to assay cell proliferation. NRK-52E cells were seeded in 96-well plates at a density of 4 × 103/well and incubated overnight. When the cells reached 50% confluence, neferine was added at the indicated concentrations (1, 2, 4, 8, 10, 20, 40, 100μM), and the cells were incubated for 24 h. Next, 10 ml of CCK-8 reagent was added to each well, and the plate was incubated at 37°C for 2 h. Finally, the absorbance at 450 nm was measured. Each experiment was conducted independently three times.




Flow Cytometry

An Annexin V-Fluorescein Isothiocyanate (FITC)/Propidium Iodide (PI) Apoptosis Detection Kit (BD Pharmingen, CA, USA) was used to assay the rate of apoptosis of cultured cells. Cells were collected by trypsinization 12 h after H/R. After washing twice with cold PBS, the cells were resuspended in 300 ml of 1× binding buffer and stained with 5 ml of Annexin V-FITC plus 5 ml of PI for 15 min in the dark. Fluorescence signals were detected using a FACScan Flow Cytometer (BD Biosciences, CA, USA). Each experiment was conducted independently three times.




Quantitative Reverse Transcription-PCR

Total RNAs were isolated from kidney tissue NRK-52E cells exposed to the TransZol Up reagent (TransGen Biotech, Beijing, China) and reverse-transcribed into complementary DNA using the EasyScript One-Step gDNA Removal and cDNA Synthesis SuperMix system (TransGen Biotech). Quantitative PCR employed Hiff qPCR SYBR Green Master Mix (Low ROX Plus) (Yeasen, Shanghai, China) and the following primers: M-Klotho, forward 5´-TTTGCCCTATTTCACCGAAG-3,´ reverse 5´-CCTGACTGGGAGAGTTGAGC-3´; M-tumor necrosis factor-α (TNF-α), forward 5´-TATGGCTCAGGGTCCAACTC-3,´ reverse 5´-CTCCCTTTGCAGAACTCAGG-3´; M-interleukin-6 (IL-6), forward 5´-AGTTGCCTTCTTGGGACTGA-3,´ reverse 5´-TCCACGATTTCCCAGAGAAC-3´; M-cyclooxygenase 2 (COX2), forward 5´-TGCAGAATTGAAAGCCCTCT-3,´ reverse 5´-GCTCGGCTTCCAGTATTGAG-3´; and M-β-actin, forward 5´-CGTTGACATCCGTAAAGACC-3,´ reverse 5´-AACAGTCCGCCTAGAAGCAC-3´; R-Klotho, forward 5´-AGCTGCTTGTGTTGTGATGC-3,´ reverse 5´-TACGGGGGTGCTGTAGAAAC-3´; R-TNF-α, forward 5´-AACTCCCAGAAAAGCAAGCA-3,´ reverse 5´-CGAGCAGGAATGAGAAGAGG-3´; and R-β-actin, forward 5´-CACCCGCGAGTACAACCTTC-3,´ reverse 5´-CCCATACCCACCATCACACC-3.´




Western Blotting

Total protein was extracted from mouse kidneys and cultured cells using RIPA Lysis Buffer (Beyotime Biotechnology, Nanjing, China). Nucleoproteins were extracted using a commercial kit (Beyotime Biotechnology). Samples (20–40 µg of protein/lane) were separated on 12% (w/v) sodium dodecyl sulfate-polyacrylamide gels; the proteins were electrotransferred to 0.22-µm pore-sized polyvinylidene fluoride membranes (Millipore Sigma, Burlington, MA, USA) and immunoblotted with primary antibodies against Klotho (Abcam; 1:1,000; Santa Cruz Biotechnology, Dallas, TX, USA; 1:200), NF-κB p65 (Cusabio, Wuhan, China; 1:1,000), IκB-α (Abcam; 1:5,000), phosphorylated-IκB-α (Abcam; 1:1,000), COX2 (Proteintech, Rosemont, IL, USA; 1:300), caspase-3 (Proteintech; 1:1,000), Bax (Proteintech; 1:2,000), Bcl2 (Cell Signaling Technology, Danvers, MA, USA; 1:1,000), histone 3 (Cell Signaling Technology; 1:1,000), and β-actin (Servicebio; 1:2,000). They were then incubated with HRP-conjugated secondary antibodies (Proteintech; 1:10,000). The Western blots were developed using a ChemiDoc MP Imaging System (Bio-Rad, Hercules, CA, USA); band intensities were quantified with the aid of Quantity One ver. 4.6.7 software (Bio-Rad).




Immunofluorescence Staining

Cultured cells were incubated with anti-NF-κB p65 (Cusabio, 1:200) antibodies at 4°C overnight, then with CY3-labeled secondary antibodies (Servicebio; 1:500) for 1 h at room temperature and counterstained with 4′,6-diamidino-2-phenylindole (DAPI; Servicebio) for 10 min. Images were taken under a fluorescence microscope (Olympus Corp., Tokyo, Japan).




Terminal Deoxynucleotidyl Transferase-Mediated Nick-End Labeling (TUNEL) Assay

We used the TUNEL assay to detect apoptotic cells in kidney sections; we employed an in situ Cell Death Detection Kit (Roche, Basel, Switzerland) following the manufacturer’s instructions. After deparaffinization and rehydration, kidney tissues were incubated with proteinase K (20 µg/ml) for 20 min at room temperature and with the TUNEL reaction mixture for 1 h at 37°C, stained with DAPI, and observed under a fluorescence microscope.




Cytometric Bead Array (CBA)

A CBA Mouse Th1/Th2/Th17 Cytokine Kit (Becton Dickinson, Franklin Lakes, NJ, USA) was used to measure serum TNF-α and IL-6 levels. Standards were reconstituted in 2.0-ml amounts of assay diluent and serially diluted to 1:2, 1:4, 1:8, 1:16, 1:32, 1:64, 1:128, and 1:256; mixed capture beads (10 µl volumes) were added to all tubes, followed by 50-µl amounts of standard dilutions and sera, and then 50-µl amounts of the Th1/Th2/Th17 PE detection reagent. The tubes were incubated for 2 h at room temperature; next, 300 µl of wash buffer was added to each tube to resuspend the beads, and the beads were subjected to flow cytometry. Data were analyzed with the aid of FCAP Array Software.




Statistical Analysis

All data are expressed as means ± standard deviations (SDs). Student’s t-test was used to compare pairs of groups; a one-way ANOVA followed by Tukey’s test was employed to compare multiple groups. We used SPSS ver. 19 software (IBM Corp., Armonk, NY, USA). A P-value <0.05 was taken to indicate statistical significance.





Results



Neferine Attenuated AKI Induced by I/R and LPS

In mice with AKI induced by I/R, the renal tubular epithelium was severely injured; the brush border was lost, and necrosis, cast deposition, and renal tubule dilatation were evident (Figure 2A). In the LPS-induced AKI model, tubular cell damage included vacuolization, brush border loss, cast deposition, and necrosis (Figure 2D). These pathological changes were most obvious in the external medulla. We calculated tubular injury scores (Figures 2B, E). No mesangial proliferation and fibrosis were observed in mouse AKI models. Renal insufficiency (reflected by increases in serum SCr, BUN, and NGAL levels) was evident in both AKI models (Figures 2C, F). Neferine pretreatment effectively mitigated kidney injury and renal insufficiency in both AKI models.
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Figure 2 | Neferine attenuated AKI induced by I/R and LPS in vivo. (A, D) Representative photomicrographs of kidney sections stained by hematoxylin–eosin and periodic acid–Schiff. Black arrows indicated tubular injury, comprising cast deposition, brush border loss, necrosis, tubular dilatation, and vacuolization. (B, E) The tubular injury scores of (A and D). Data was presented as the percentage of damaged renal tubules over the total visible tubules in the outer medulla. (C, F) Serum levels of Scr, BUN, and NGAL in four subgroups. Data are represented as means ± SD (n = 6). *P < 0.05 vs. control, #P < 0.05 vs. I/R or LPS.






Neferine Suppressed Apoptosis in Mouse AKI Models

Above, we showed that neferine afforded renal protection; we thus explored whether the drug affected apoptosis. Apoptosis was in play in both AKI mouse models as revealed by the TUNEL assay which detects DNA fragmentation (Figures 3A and 4A). We further verified the apoptotic phenotype by showing that Bcl2 expression was decreased, while the Bax and activated caspase-3 levels were increased in model groups, compared to the control values (Figures 3B and 4B). Neferine pretreatment significantly reduced DNA breakage and the changes in the expression levels of Bcl2, Bax, and cleaved caspase-3 induced by I/R and LPS (Figures 3 and 4).



[image: ]

Figure 3 | Neferine suppressed apoptosis in I/R-AKI. (A) Apoptosis induced by I/R in kidney cells was detected by TUNEL assays. Apoptosis index was calculated according to TUNEL results. (B) Renal protein levels of Bcl2, Bax, and cleaved caspase-3 assayed by Western blotting (three randomly samples selected from each subgroup were shown). The corresponding quantifications were shown as well. Data are represented as means ± SD (n = 6). *P < 0.05 vs. control, #P < 0.05 vs. I/R.
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Figure 4 | Neferine suppressed apoptosis in LPS-AKI. (A) Apoptosis induced by LPS in kidney cells was detected by TUNEL assays. Apoptosis index was calculated according to TUNEL results. (B) Renal protein levels of Bcl2, Bax, and cleaved caspase-3 assayed by Western blotting (three randomly samples selected from each subgroup were shown). The corresponding quantifications were shown as well. Data are represented as means ± SD (n = 6). *P < 0.05 vs. control, #P < 0.05 vs. LPS.






Neferine Attenuated the Expression of Inflammatory Cytokines in Mouse AKI Models

Inflammation can be triggered by various stimuli, including I/R and LPS. Inflammatory factors play important roles in AKI emergence and development. The levels of mRNAs encoding TNF-α, IL-6, and COX2 in the kidney increased significantly 24 h after I/R or LPS injection (Figures 5C, D), as did the serum levels of TNF-α and IL-6 (Figures 5E, F) and the kidney COX2 level (as revealed by immunoblotting; Figures 5A, B). Neferine pretreatment effectively mitigated the abnormal expression of inflammatory mediators.
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Figure 5 | Neferine inhibited the phosphorylation of IκB-α and the expression of inflammation cytokines in AKI models. (A, B) Renal protein levels of COX2, p-IκB-α, and IκB-α assayed by Western blotting (three randomly samples selected from each subgroup were shown). The corresponding quantifications were shown as well. (C, D) Renal mRNA levels of TNFα, IL-6, and COX2 were assayed by qRT-PCR and quantified as fold changes. (E, F) Serum levels of TNFα and IL-6 in different subgroups. Data are represented as means ± SD (n = 6). *P < 0.05 vs. control, #P < 0.05 vs. I/R or LPS.






Neferine Inhibited the Infiltration of Inflammatory Cells in Models of AKI

The various leukocyte subgroups contribute to AKI in different ways. Upon the development of AKI, granulocytes and macrophages successively accumulate in kidney tissue (Bonventre and Zuk, 2004; Joannes-Boyau et al., 2010). We performed immunohistochemical staining for Ly6G and F4/80 as markers of granulocytes and macrophages, respectively. As shown in Figures 6A–D, granulocyte and macrophage infiltrations were negligible in the control and neferine subgroups. However, the expressions of Ly6G and F4/80 in both cortex and outer medulla were increased by I/R or administration of LPS. Neferine reduced the number of Ly6G- and F4/80-positive cells, suggesting inhibition of inflammatory cells infiltration.
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Figure 6 | Neferine inhibited the infiltration of inflammatory cells in AKI models. The figures in cortex and outer medulla were listed respectively. (A, B) Photomicrographs of Ly6G-stained kidney sections and the corresponding quantifications. (C, D) Photomicrographs of F4/80-stained kidney sections and the corresponding quantifications. Data are represented as means ± SD (n = 6). *P < 0.05 vs. control, #P < 0.05 vs. I/R or LPS.






Neferine Inhibited the Nuclear Translocation of NF-κB in Both AKI Mouse Models

NF-κB activation is triggered by both I/R and LPS. NF-κB is activated principally via nuclear translocation. To explore whether neferine modulated NF-κB activity, we used Western blotting to measure the levels of NF-κB p65 in the nucleus and cytoplasm. The immunoblotting of p65 in nucleus and cytoplasm (Figures 7A, B) confirmed that neferine inhibited the nuclear translocation of NF-κB. Neferine reduced IκB-α phosphorylation and degradation after I/R or LPS injection (Figures 5A, B), which further revealed that neferine inhibited the activation of NF-κB pathway.
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Figure 7 | Neferine inhibited the nuclear translocation of NF-κB in AKI models. (A, B) P65 levels in nuclear extract and cytoplasm assayed by Western blotting (three randomly samples selected from each subgroup were shown). The corresponding quantifications were shown. Data are represented as means ± SD (n = 6). *P < 0.05 vs. control, #P < 0.05 vs. I/R or LPS.






Effect of Neferine on the Expression Levels of Klotho in AKI Models

We confirmed that both I/R (Panah et al., 2018) and LPS (Bi et al., 2018) downregulated Klotho expression. As mentioned above, Klotho levels decreased 3 h after I/R and attained a nadir 24 h after reperfusion (Hu et al., 2010). We thus performed assays at this time. The levels of Klotho-encoding mRNA and the protein per se were high in normal kidney tissues; both I/R (Figures 8A–C) and LPS (Figures 8D–F) triggered Klotho deficiencies. Neferine pretreatment attenuated such changes in both AKI models.
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Figure 8 | Effect of neferine on the expression levels of Klotho in AKI models. (A, D) Representative expression levels of Klotho by immunohistochemistry in different groups and the corresponding quantifications. (B, E) Renal mRNA levels of Klotho was assayed by qRT-PCR and quantified as fold changes. (C, F) Renal protein levels of Klotho assayed by Western blotting (three randomly samples selected from each subgroup were shown). The corresponding quantifications were shown as well. Data are represented as means ± SD (n = 6). *P < 0.05 vs. control, #P < 0.05 vs. I/R or LPS.






Effect of Neferine on Apoptosis of NRK-52E Cells Exposed to H/R and LPS

The above results suggest that neferine protects against AKI in mouse models in a manner involving tubular cells. Next, we investigated the mechanism of protection in vitro using NRK-52E cells. To determine the optimum concentration of neferine, a CCK8 assay of cell viability was performed using 1, 2, 4, 8, 10, 20, 40, and 100 μM neferine (Figure 9A), then neferine treatment with 2, 4, and 8 μM was employed in the following experiments. The morphological characteristics and the rate of apoptosis determined by flow cytometry (Figures 9B, C) suggested that neferine rescued the cell death induced by H/R. Moreover, Western blotting for Bcl2, Bax, and cleaved-caspase3 (Figure 9D) confirmed that neferine suppressed apoptosis. Although only a few apoptotic cells was observed after 24 h of LPS administration, the expression of Bcl2 and Bax protein levels revealed the protective effect of neferine in LPS-induced tubular cell injury (Figure 9E).



[image: ]

Figure 9 | Neferine suppressed apoptosis in NRK-52E cells exposed to H/R or LPS. (A) Cell viability was measured by CCK8 in NRK-52E cells after 24 h of treatment with neferine. (B) The microscope image of NRK-52E cells. Cells were treated with H/R in the absence or presence of neferine (8 µM) for 12 h. (C) Cell apoptosis was detected by flow cytometry. NRK-52E cells were treated with H/R in the absence or presence of neferine (2, 4, 8 µM) for 12 h. (D, E) Western blotting of Bcl2, Bax, and cleaved caspase3. NRK-52E cells were treated with H/R or LPS in the absence or presence of neferine (2, 4, 8 µM) for 12 h. Each experiment was conducted independently three times. *P < 0.05 vs. control, #P < 0.05 vs. H/R or LPS.






Neferine Inhibits the Production of Inflammatory Cytokines and the Activation of NF-κB Pathway Induced by H/R and LPS in NRK-52E Cells

Neferine dose-dependently inhibited the expression of TNF-α induced by H/R and LPS (Figures 10B and 11B). Neferine inhibits the NF-κB signaling pathway in vivo; therefore, we next investigated the underlying mechanisms in vitro. Immunofluorescence staining (Figures 10A and 11A) and Western blotting (Figures 10C and 11C) showed the protein levels of p65 in the nucleus and cytoplasm, suggesting that neferine suppressed the nuclear translocation of NF-κB in a dose-dependent manner. Also, neferine reduced the phosphorylation and degradation of IκB-α induced by H/R and LPS (Figures 10D and 11D), consistent with the in vivo findings.
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Figure 10 | Neferine inhibited NF-κB signaling pathway and the production of inflammatory cytokine induced by H/R in NRK-52E cells. (A) Immunofluorescent staining of p65. NRK-52E cells were treated with H/R in the absence or presence of neferine (8 µM) for 12 h. The cells were stained with anti-p65 antibody (top panel) and counter-stained with DAPI (middle panel), and figures were merged (lower panel). (B) The TNF-α mRNA levels of NRK-52E cells assayed by qRT-PCR and quantified as fold changes. Cells were treated with H/R in the absence or presence of neferine (2, 4, 8 µM) for 12 h. (C) Western blotting of p65 in nucleus and cytoplasm. The corresponding quantifications were presented as well. (D) Western blotting of p-IκB-α and IκB-α in NRK-52E cells. Each experiment was conducted independently three times. *P < 0.05 vs. control, #P < 0.05 vs. H/R.
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Figure 11 | Neferine inhibited NF-κB signaling pathway and the production of inflammatory cytokine induced by LPS in NRK-52E cells. (A) Immunofluorescent staining of p65. NRK-52E cells were treated with LPS in the absence or presence of neferine (8 µM) for 12 h. The cells were stained with anti-p65 antibody (top panel) and counter-stained with DAPI (middle panel), and figures were merged (lower panel). (B) The TNF-α mRNA levels of NRK-52E cells assayed by qRT-PCR and quantified as fold changes. Cells were treated with LPS in the absence or presence of neferine (2, 4, 8 µM) for 12 h. (C) Western blotting of p65 in nucleus and cytoplasm. The corresponding quantifications were presented as well. (D) Western blotting of p-IκB-α and IκB-α in NRK-52E cells. Each experiment was conducted independently three times. *P < 0.05 vs. control, #P < 0.05 vs. LPS.






Effect of Neferine on Klotho Expression in NRK-52E Cells

The gene that encodes Klotho is expressed mainly in distal renal tubules, while Klotho protein is present in proximal renal tubules. We investigated the expression of the Klotho-encoding gene using NRK-52E cells (Hsu et al., 2014a). The expression level of Klotho in NRK-52E cells was reduced by exposure to H/R and LPS. Administration of neferine significantly increased the Klotho mRNA and protein levels in a dose-dependent manner (Figures 12A–D).
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Figure 12 | Effect of neferine on the expression levels of Klotho in NRK-52E cells exposed to H/R or LPS. Cells were treated with H/R or LPS in the absence or presence of neferine (2, 4, 8 µM) for 12 h. (A, C) The Klotho mRNA levels of NRK-52E cells assayed by qRT-PCR and quantified as fold changes. (B, D) Protein levels of Klotho assayed by Western blotting and the corresponding quantifications. Each experiment was conducted independently three times. *P < 0.05 vs. control, #P < 0.05 vs. H/R or LPS.







Discussion

A multicenter, retrospective Chinese cohort study (Xu et al., 2015) found that the overall incidence of AKI was 11.6% and in-hospital mortality 8.8%. AKI is thus a major problem; no effective drug is available, and such a drug is urgently required. We showed that neferine, a bisbenzylisoquinoline alkaloid, effectively alleviated AKI by inhibiting apoptosis, inflammation, and nuclear translocation of NF-κB while preserving Klotho expression.

AKI caused by I/R and sepsis develops secondarily to several clinical conditions. We explored this topic using I/R and LPS AKI models, which were reliable and reproducible. AKI is characterized by kidney apoptosis and inflammation; a drug ameliorating these symptoms would be very useful. Neferine was renoprotective in AKI mouse models, as evidenced both pathologically and biochemically. Neferine accumulates to high levels in the kidneys, perhaps explaining the beneficial effects afforded by the drug (Huang et al., 2007). Neferine highly penetrates tissues by passive diffusion due to its highly lipophilicity. The drug then plays various pharmacological roles. This is the first report to discover the potential therapeutic value of neferine for AKI.

In I/R-AKI, proximal tubule epithelial cells are extremely susceptible to apoptosis, and loss of tubular cells causes increased backleak and reduced glomerular filtration rate (GFR) (Havasi and Borkan, 2011). Although the pathogenesis of septic AKI is multifactorial, renal cell apoptosis is definitely involved (Joannes-Boyau et al., 2010). In our study, neferine decreased the ratio of Bax/Bcl2 in vivo and in vitro and dramatically attenuated the apoptosis of tubular cells in AKI, which suggested that anti-apoptosis may be one of the mechanisms of kidney protection from neferine. Pyroptosis is a new cell death pathway drawing substantial attention in recent years (Yang et al., 2014). It was reported that neferine inhibited LPS-ATP-induced endothelial cell pyroptosis (Tang et al., 2019), indicating the effect of prohibiting pyroptosis of neferine. Therefore, further studies focused on pyroptosis should be evaluated to explore the functional mechanism of neferine in AKI.

The NF-κB family of transcription factors integrates extracellular stimuli with intracellular signal transduction pathways, transcriptionally regulating genes involved in inflammation, immunity, and apoptosis. NF-κB is a potential target of anti-inflammatory therapy. Various etiologies of AKI, including I/R and LPS, can trigger the activation of NF-κB through distinct pathway in tubular cells (Sanz et al., 2010; Panah et al., 2018). The classic activation pathway features three consecutive steps: phosphorylation/ubiquitination, proteolytic degradation of IκB, and NF-κB nuclear translocation. As most NF-κB target genes are regulated by RelA (p65)/p50 (Sanz et al., 2010), we measured p65 levels when exploring the effects of NF-κB. We found that neferine clearly inhibited NF-κB nuclear translocation, indicating that suppression of NF-κB activation may explain the renoprotective action of the drug. Neferine reduced IκB-α phosphorylation and degradation, suggesting that the drug affected the classical NF-κB activation pathway. The results were consistent with the conclusions in osteoclast differentiation (Chen et al., 2019). Moreover, unlike other types of cells, neferine also suppressed NF-κB pathway by inhibiting the p65 expression in renal cancer cells (Kim et al., 2019).

TNF-α, IL-6, and COX2, all of which are involved in the AKI inflammatory response (Lemay et al., 2000; Grigoryev et al., 2008; Feitoza et al., 2010; Wang et al., 2016), are downstream regulators of NF-κB (Baskaran et al., 2016). Expression of the genes encoding these proinflammatory proteins is upregulated after NF-κB enters the nucleus and therein binds to the corresponding promoters. We found that the serum levels of TNF-α, IL-6, and COX-2 expressions in the kidney increased substantially in both AKI models. Neferine pretreatment inhibited cytokine upregulation in AKI, accompanied by the inhibition of NF-κB activation. We thus suggest that neferine relieves AKI inflammation by preventing NF-κB nuclear translocation.

The Klotho protein comes in two different forms: transmembrane and soluble Klotho (sKL). Transmembrane Klotho serves as a co-receptor for fibroblast growth factor-23 (FGF23) and thus regulates both calcium and phosphorus metabolism. sKL, the extracellular domain of the transmembrane form of Klotho, protects the kidney by exerting anti-oxidative (Mitobe et al., 2005), anti-apoptosis (Hu et al., 2012), anti-inflammation (Oh et al., 2015; Bi et al., 2018), anti-fibrotic effects (Sugiura et al., 2012). Klotho expression was reduced after the induction of AKI by I/R, LPS, cisplatin (Panesso et al., 2014), and folic acid (Moreno et al., 2011). Low-level Klotho is both a biomarker of and a contributor to AKI pathogenesis. Klotho is upregulated by resveratrol (Hsu et al., 2014a), testosterone (Hsu et al., 2014b), statins (Kuwahara et al., 2008), Rhein (Zhang et al., 2017), and hydrogen-rich saline (Chen et al., 2017) in both the cells and tissues of animals with kidney disease. Klotho restoration exerted impressive renal protective roles on pathological injury. We found that the Klotho levels fell in AKI, consistent with previous work. Notably, the present study demonstrated that neferine significantly prevented Klotho loss from AKI, supporting the scenario that the renoprotective effect of neferine might be mediated by the upregulation of Klotho expression.

The relationship between the Klotho protein and NF-κB pathway activity is critical. TNF-α downregulates Klotho expression via an NF-κB-dependent mechanism in renal tubular cells (Moreno et al., 2011). Preservation of Klotho expression attenuates inflammation induced by LPS via inhibition of the TLR4/NF-κB pathway (Bi et al., 2018). We found that neferine not only inhibited NF-κB nuclear translocation but also reversed the decrease in Klotho expression. The function mechanisms of neferine were supposed to be one of the following three ways. Neferine may inhibit the NF-κB pathway directly. Alternatively, neferine may inhibit the NF-κB pathway by increasing Klotho expression. Finally, neferine may affect NF-κB activation and Klotho expression via two different signaling pathways. Further researches should be performed to explore the exact mechanisms.

In summary, we found that neferine protected against AKI by inhibiting both apoptosis and inflammation. The renoprotection afforded by the drug may be attributable to inhibition of NF-κB activation and preservation of Klotho expression. Neferine may be a valuable prophylactic therapy for AKI.
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Chronic kidney disease (CKD) is prevalent worldwide and is associated with significant co-morbidities including cardiovascular disease (CVD). Traditionally, the subtotal nephrectomy (remnant kidney) experimental model has been performed in rats to model progressive renal disease. The model experimentally mimics CKD by reducing nephron number, resulting in renal insufficiency. Presently, there is a lack of translation of pre-clinical findings into successful clinical results. The pre-clinical nephrology field would benefit from reproducible progressive renal disease models in mice in order to avail of more widely available transgenics and experimental tools to dissect mechanisms of disease. Here we evaluate if a simplified single step subtotal nephrectomy (STNx) model performed in the 129S2/SV mouse can recapitulate the renal and cardiac changes observed in patients with CKD in a reproducible and robust way. The single step STNx surgery was well-tolerated and resulted in clinically relevant outcomes including hypertension, increased urinary albumin:creatinine ratio, and significantly increased serum creatinine, phosphate and urea. STNx mice developed significant left ventricular hypertrophy without reduced ejection fraction or cardiac fibrosis. Analysis of intra-renal inflammation revealed persistent recruitment of Ly6Chi monocytes transitioning to pro-fibrotic inflammatory macrophages in STNx kidneys. Unlike 129S2/SV mice, C57BL/6 mice exhibited renal fibrosis without proteinuria, renal dysfunction, or cardiac pathology. Therefore, the 129S2/SV genetic background is susceptible to induction of progressive proteinuric renal disease and cardiac hypertrophy using our refined, single-step flank STNx method. This reproducible model could be used to study the systemic pathophysiological changes induced by CKD in the kidney and the heart, intra-renal inflammation and for testing new therapies for CKD.

Keywords: chronic kidney disease (CKD), modeling disease, cardiac hypertrophy, renal fibrosis and inflammation, monocytes/macrophages


INTRODUCTION

Chronic kidney disease (CKD) is increasing in prevalence (Eckardt et al., 2013) and is a significant public health problem due to its associated economic burden (Kerr et al., 2012). Multiple clinical etiologies result in CKD with hypertension and diabetes being the leading causes (Horowitz et al., 2015; Alicic et al., 2017; Obrador and Levin, 2019). CKD progression is staged via estimated glomerular filtration rate (eGFR) and urinary albumin-creatinine ratio (ACR) (Stevens and Levin, 2013). Patients with CKD are at increased risk of cardiovascular disease (CVD) and this risk increases as renal function declines. Once patients reach end-stage kidney disease (ESKD) requiring dialysis or transplantation, the risk of CVD is 10–30x that of the general population with cardiovascular events accounting for almost 50% of deaths in CKD patients (Di et al., 2015).

The common end-pathway of progressive CKD is the deposition of fibrotic scar tissue that replaces the functional renal parenchyma in the form of tubulointerstitial fibrosis and glomerulosclerosis. The underlying mechanisms of fibrosis remain incompletely understood as it is a complex process involving a diverse array of cell types and molecular pathways, with cross-talk between cell types being evident (Gewin et al., 2017). These cell types include fibroblasts, tubular epithelial cells, macrophages, endothelial cells, dendritic cells, and lymphocytes (Boor et al., 2010). For example, fibroblasts differentiate into myofibroblasts, proliferate, and deposit extracellular matrix components (Mack and Yanagita, 2015). The sources of myofibroblasts within the injured kidney have been the subject of intense study, perivascular Gli+ progenitor cells have been suggested to be particularly important (Kramann et al., 2015). Another notable feature of CKD is tubular atrophy and loss of tubular epithelial cells (Venkatachalam et al., 2015; Schelling, 2016; Webster et al., 2017). The renal tubule has long been thought of as a target of renal injury, however it may also function as a propagator of injury as tubular cells may undergo cell-cycle arrest, de-differentiation, and acquire a pro-secretory phenotype (Gewin, 2018). Cytokines secreted by tubular cells may act as paracrine factors to promote the production of collagenous matrix by surrounding myofibroblasts (Gewin, 2018).

Subtotal nephrectomy, or 5/6 nephrectomy, is used as a rodent model of progressive CKD (Yang et al., 2010). Historically, the subtotal nephrectomy model was performed in rats, although it has more recently been conducted in mice (Ma and Fogo, 2003; Kennedy et al., 2008; Siedlecki et al., 2009; Yang et al., 2010; Gava et al., 2012; Oosterhuis et al., 2017). The effectiveness of STNx to produce experimental-CKD in mice has been found to vary depending on the strain of mouse used (Leelahavanichkul et al., 2010), with C57BL/6 mice being more resistant (Kren and Hostetter, 1999; Ma and Fogo, 2003; Leelahavanichkul et al., 2010) and SV129/CD1 mice being permissive (Ma and Fogo, 2003; Kennedy et al., 2008; Siedlecki et al., 2009; Leelahavanichkul et al., 2010). However, the results in mice have been inconsistent and there is a lack of technical information about how the model was performed, any power calculation data, mortality rates, information on post-surgery animal welfare and whether the ARRIVE guidelines were followed. This lack of standardization in the model in mice likely contributes to the inconsistencies reported (Chatzimanouil et al., 2018).

We sought with this paper to standardize the STNx model in mice, to improve animal welfare standards and define the renal and cardiac effects to enable consistent modeling of the pathophysiological changes induced during progressive CKD.



MATERIALS AND METHODS


Single Step Flank Subtotal Nephrectomy Model

The refined STNx model involves a single anesthetic and surgery (∼40 min), performed via flank incisions that result in improved animal condition scores, reduced mortality with reproducible outcomes between studies.

Male 129S2/SV mice were obtained from Envigo and used when 6–8 weeks old (weighing 24.7 ± 0.37 g SEM). Male Gli1 × Ai14 mice on a C57BL/6 genetic background were used at 9 ± 3 weeks old (weighing 31.9 ± 1.1 g SEM). Mice were group-housed and provided with ad lib access to water and fed with Rm1 standard chow (Special Diets Services) with the following content 0.25% Na, 0.67% K, 0.38% Cl. Mice were also given environmental enrichment. A 12-h light–dark cycle was maintained. During the study, mice were weighed weekly and had their condition recorded. ARRIVE guidelines were adhered to at all times. Only male mice were selected as unlike in other organs, notable sex difference in myeloid cells, including macrophages have been documented in the kidney (Bain et al., 2016).

Animals were randomized to receive sham or subtotal nephrectomy surgery (STNx) using a random number generator website1. Prior to surgery, mice had a timed overnight urine sample collected (single housed metabolic cage), blood sample taken (superficial vein) and blood pressure measured (tail cuff). Immediately prior to surgery, mice were weighed and a total of four studies including two pilot studies were performed.

Surgery was performed in a sterile surgical environment using inhalational isoflurane for anesthesia. Once anesthetised, the mouse was shaved and received perioperative s.c. analgesia.

The mouse was initially placed on the left lateral side and an incision was made on the flank over the right kidney. The right kidney was located and carefully maneuvred out of the incision site. The adrenal gland was carefully blunt dissected away from the kidney to avoid adrenalectomy. The right renal pedicle was clamped and a nephrectomy performed. The vascular clamp was removed, the renal bed checked for signs of bleeding and the abdominal wall sutured closed and skin clips applied to close the outer skin incision.

The left kidney was then located and adrenal gland blunt-dissected away. The renal artery and vein were isolated and clamped ensuring ischemic time was less than 5 min. Renal poles (approximately 2/3 renal mass) were then surgically removed and spongostan applied. The vascular clamp was released and once hemostasis had been achieved, the kidney was placed back into the abdomen and the incisions closed. For sham surgery, animals were prepared the same way, had bilateral flank incisions and both kidneys isolated and manipulated.

At the end of surgery, mice were immediately placed in a fresh cage with littermates in a hotbox at 28°C, where they remained for 7 days. During this time, the mice were checked three times daily and scored using bespoke animal condition scoring sheets (Supplementary Table 1). After this time the mice were weighed, skin clips removed and placed in a regular animal holding room and maintained under normal conditions.

For quality control purposes, the weight of kidney removed was calculated to estimate how much residual kidney was left (with the caveat that the kidneys have a small mismatch in weights). The weight of the whole right kidney was measured and compared to the weight of the two pole sections of kidney removed from the left kidney. In order to maintain consistency in this model we ensured that the percentage remaining was as consistent as possible. Residual kidney mass was calculated by the following:

% left renal mass remaining = 100 – [(left kidney sections weight/whole right kidney weight)∗ 100]

Animals were schedule 1 culled in compliance with United Kingdom Home Office regulations. Upon confirmation of death, blood was obtained via cardiac puncture and the animal perfused with PBS and tibia length recorded. For isolation of serum, blood was allowed to clot and spun down at 3000G for 20 min at 4°C. Organs were removed and weighed, prior to being cut into predefined sections with sections for RNA and protein snap frozen in liquid nitrogen, while those for histology were placed in 10% formalin for 24-h, before embedding in paraffin to produce FFPE sections. For flow cytometry studies kidney portions were collected in PBS on ice prior to processing.



Histology

Three μM thick FFPE sections were cut and deparaffinized prior to staining with picrosirius red in accordance with manufacturer’s guidelines (Abcam, ab150681). Slides were imaged using ZEISS Axio Scan.Z1 Slide Scanner. Quantification of images was carried out using Image-Pro Premier 9.2.



RNA Extraction, Gene and miRNA Expression

Tissue was homogenized using Qiagen TissueLyser II. RNA was extracted from homogenized tissue with the RNeasy Mini Kit (Qiagen 74106) and RNA yields were quantified using NanoDrop 1000 (Thermo Fisher). Reverse transcription was carried out using high-capacity cDNA synthesis kit (Applied Biosystems, 4368814). Quantitative real-time PCR (qRT-PCR) was carried out using specific Taqman gene probes (Table 1).


TABLE 1. Taqman gene and miRNA expression assays used for qRT-PCR in these studies.
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Renal Function Analysis

Timed overnight collections of urine (18 h) were performed at baseline, 6-weeks post-STNx and 10-weeks post-STNx from mice housed singly in metabolic cages. Blood was collected at baseline and at termination. Urine and serum were stored at −20°C prior to analysis by an in-house biochemical analysis service2.

Mouse urine albumin measurements were determined using a commercial Microalbumin Kit (DiaSys Diagnostics Systems, Germany) adapted for use on a Cobas Mira analyzer (Roche Diagnostics, Ltd., Welwyn Garden City, United Kingdom). The immunoturbidimetric assay was standardized against purified mouse albumin standards (Sigma Chemical, Co., Poole, United Kingdom) with samples diluted in phosphate buffer saline as appropriate. Within run precision was CV < 5% while intra-batch precision was CV < 7.1%.

Urine ion concentration was determined using ion-selective electrodes using the SPOTCHEMTM E-Plate with the SPOTCHEMTM EL Analyzer. Urine osmolality was measured by freezing-point depression on a Micro-Digital i-Osmometer (Type 16M, CamLab, United Kingdom).



Echocardiography for Cardiac Structure and Function

Echocardiography was carried out by University of Edinburgh pre-clinical imaging facility under isoflurane anesthesia at 6 and 10-weeks post-surgery as previously published (Respress and Wehrens, 2010; Gao et al., 2011; Lindsey et al., 2018). A parasternal long-axis view of the heart was used to obtain EKV (ECG-gated Kilohertz Visualization) over one cardiac cycle. Spectral Doppler was carried out in parasternal short-axis view and used to assess mitral valve and blood-flow. Doppler sample volume was placed across the mitral valve for measurement of E (early) and A (late, atrial) wave velocity. Doppler sample volume was placed at mid-left ventricular level to measure isovolumic relaxation (IV RT).



Blood-Pressure Analysis

Systolic blood-pressure was measured via a non-invasive tail-cuff method in a customized machine (Wang et al., 2017). Mice were trained prior to the start of the study. The mice were placed in a hot-box at 32°C for 5–10 min prior to blood-pressure measurement.



Flow Cytometry

Tissue was placed in gentleMACSTM C Tubes with digestion buffer (Collagenase Type II 0.425 mg/mL, Collagenase D 0.625 mg/mL, Dispase 1 mg/mL and DNAse 30 μg/mL) and dissociated using the gentleMACSTM Dissociator. Cellular suspensions were digested at 37°C for 30 min then gentleMACSTM dissociated for a second time. The cellular suspensions were then put through 100, 70, and 40 μM sieves sequentially and red blood lysis performed with Red Blood Cell Lysing Buffer (Sigma). The concentration of the resultant single cell suspension was determined using a cell counter and cells dispensed into 96-well round-bottom plate and incubated with appropriate rat anti-mouse antibodies (Table 2). Unstained samples, compensation beads for each antibody, FMO samples and cell suspensions were run on the six laser LSR Fortessa cell analyzer (BD Biosciences) using DAPI to determine live cells. Data was analyzed using FlowJo software.


TABLE 2. Antibodies utilized in flow cytometry.
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Statistical Analysis

A pilot study was performed using Col1a1 gene expression as the outcome measure. Power calculations derived from the pilot study determined that n = 9 mice in each group were required to ensure sufficient power (95%) to detect a 30% difference of in Col1a1 expression at a 5% level of significance. To account for mortality at 9% (combined anesthetic and model mortality), n = 10 mice/group was employed. For C57BL/6 study the results are from a pilot study performed on group size n = 6.

All data was assessed for normal distribution using the D’Agostino-Pearson normality test. Comparisons between two, normally-distributed, data points were carried out via Student’s t-test. Comparisons between two unpaired, non-normally distributed data points were carried out via Mann–Whitney test. All data generated was subjected to Grubbs outlier test, outliers were removed from analysis. ACR at 6 and 10-weeks post-surgery (Figure 1D) was assessed for statistical significance via two-way ANOVA for repeat measures with Sidak’s multiple comparison test. Gene and miRNA expression at 6 and 10-weeks post-surgery (Figures 2D,E) were compared via ordinary two-way ANOVA with Tukey’s multiple comparison test.
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FIGURE 1. Effect of single-step subtotal nephrectomy on renal function. 129S2/SV mice were subjected to flank single-step STNx or sham surgery and were culled 10-weeks post-surgery. Urine and blood at 10-weeks post-STNx or sham surgery was analyzed for renal function parameters. (A) Serum creatinine, (B) phosphate, (C) urea. Sham: n = 7, STNx: n = 8. Student’s t-test was used for statistical analysis. ∗∗P ≤ 0.01, ∗⁣∗⁣∗∗P ≤ 0.0001. Plotted as mean ± SEM. (D) Urinary albumin:creatinine ratios (log10) were calculated from timed overnight (18 h) collections from animals 6 and 10-weeks post-surgery. Sham: n = 7, STNx: n = 8. All comparisons made via two-way ANOVA for repeat measures, with Sidak’s multiple comparisons test. ∗⁣∗⁣∗∗P ≤ 0.0001 vs. sham (of same timepoint), ††P ≤ 0.01 vs. STNx 6-week. Plotted as mean ± SEM.
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FIGURE 2. Single-step subtotal nephrectomy induces significant renal fibrosis. 129S2/SV mice were subjected to flank single-step STNx or sham surgery and were culled 10-weeks post-surgery. At sacrifice kidney sections were snap frozen for RNA analysis and to prepare FFPE 3 μM sections. (A) Picrosirius red staining for total collagen in kidneys. Exemplar images are provided at 5x magnification, scale bar 100 μM. B-1 = Tubulointerstitial fibrosis, B-2 = glomerulosclerosis, B-3 = tubular dilation. (B) Quantification of fibrosis (% PSR staining). Sham: n = 7, STNx: n = 11. Student’s t-test was used for statistical analysis. ∗P < 0.05. Plotted as mean ± SEM. (C) Pro-fibrotic gene expression in whole kidney tissue was determined by quantitative real-time PCR (qRT-PCR) carried out with specific Taqman probes for each gene, normalized to housekeeper Ppia. Sham: n = 6, STNx: n = 10. Col1a1 was found to have non-parametric distribution, therefore Mann–Whitney test was used, Student’s t-test was used for other genes. ∗∗∗∗P < 0.0001, ∗∗∗P < 0.001, ∗∗P < 0.01. Plotted as RQ mean ± SEM. (D) Inflammatory gene expression in whole kidney tissue at 6 and 10-weeks post-surgery was determined by quantitative real-time PCR (qRT-PCR) carried out with specific Taqman probes for each gene, normalized to housekeeper Ppia. Sham 6-week: n = 3, STNx 6-week: n = 5, Sham 10-week: n = 6, STNx 10-week: n = 10. All comparisons made via an ordinary two-way ANOVA with Tukey’s multiple comparisons test. ∗∗∗P < 0.001 vs. sham (of same timepoint), ∗∗∗∗P < 0.0001 vs. sham (of same timepoint), ††P < 0.01 vs. STNx 6-week, †⁣†⁣††P < 0.0001 vs. STNx 6-week. Plotted as mean ± SEM. (E) Renal fibrosis-associated miRNA expression in whole kidney tissue at 6 and 10-weeks post-surgery was determined by quantitative real-time PCR (qRT-PCR) carried out with specific Taqman probes for each miRNA, normalized to housekeeper U6. Sham 6-week: n = 3, STNx 6-week: n = 5, Sham 10-week: n = 6, STNx 10-week: n = 10. All comparisons made via an ordinary two-way ANOVA with Tukey’s multiple comparisons test. ∗∗∗P < 0.001 vs. sham (of same timepoint), †⁣†⁣†† P < 0.0001 vs. STNx 6-week. Plotted as mean ± SEM.




RESULTS


Effect of One-Step Flank STNx on Renal Function

We utilized initially male 129S2/SV mice because they have been shown to be sensitive to developing renal dysfunction in previous studies. Following our refined single step flank subtotal nephrectomy (STNx) procedure there was no significant difference in body weight between the sham and STNx animals during the 10-week study run (Supplementary Figure 1A). The use of a single surgery procedure was well-tolerated. In total across four studies (pilot and full studies), 53 male 129S2/SV mice aged 7–10 weeks (weights 24.7 ± 0.37 g SEM) and 10 male Gli1 × Ai14 mice on a C57BL/6 genetic background aged 9 ± 3 weeks (weights 31.9 ± 1.1 g SEM) were subjected to STNx or sham surgery. There was an overall model failure rate of 9% (5% mortality, 2% anesthetic death, and 2% early termination rate due to deteriorating animal body condition scoring). Group housing the mice post-surgery resulted in improved animal condition scores and faster recovery compared to single housing (Supplementary Figure 1B). Animal stress peaked day 3 post-surgery as assessed by body condition score for single and grouped house, which may suggest analgesia up to day 2 post-surgery may be warranted (Supplementary Figure 1B). Across the studies the mean percentage of residual left kidney mass was 32.9 ± 0.98% SEM (Supplementary Figure 1C).

Initially we examined the effect of the STNx performed on 129S2/SV male mice on renal excretory function and proteinuria as patients with CKD have increased serum creatinine (Jha et al., 2013; Levey et al., 2014; Hill et al., 2016), urea (Jörres et al., 2004; Almeras and Argilés, 2009; Lau and Vaziri, 2016; Vanholder et al., 2018), and phosphate (Martin and González, 2011; Felsenfeld et al., 2015; Ritter and Slatopolsky, 2016; Vervloet et al., 2017) levels as well as proteinuria. Biochemical analysis of blood samples from mice 10-weeks post-STNx consistently revealed significant increases in serum creatinine (9.29 vs. 4 μmol/l) (Figure 1A), phosphate (2.74 vs. 1.84 mmol/L) (Figure 1B) and urea (11.62 vs. 6.35 mmol/L) (Figure 1C) compared to sham operated mice indicating a reduction of renal excretion. Total urinary albumin excretion was significantly increased 123-fold in STNx mice compared to controls (Table 3). STNx mice had a significant increase in urinary albumin:creatinine ratio (ACR) at 6 and 10-weeks post-surgery, with ACR significantly increasing from 6 to 10-weeks post-surgery indicating progressive proteinuria (Figure 1D). Renal sodium excretion was not significantly different between STNx and sham operated mice at both 6-weeks (174 ± 24 vs. 121 ± 26 μmol/18 h) and 10-weeks (167 ± 20 vs. 132 ± 24 μmol/18 h; Table 3). Chloride excretion was also not different between groups at 6-weeks (372 ± 38 vs. 290 ± 61 μmol/18 h) and 10-weeks (255 ± 21 vs. 271 ± 25 μmol/18 h; Table 3). Potassium excretion was significantly different between groups, reflecting an increase in excretion in STNX mice at 6-weeks (380 ± 32 vs. 260 ± 45 μmol/18 h, P = 0.019); potassium excretion was not different between groups at 10-weeks (234 ± 15 vs. 218 ± 28 μmol/18 h; Table 3). Urine osmolarity was also measured with no significant difference at 6-weeks between sham and STNx groups (1272.7 vs. 1157.5 mOsm) but by 10-weeks post-STNx there was significantly lower osmolarity compared with sham animals (Table 3).


TABLE 3. Urine parameters measured in male 129S2/SV mice 10-weeks post-STNx.

[image: Table 3]Renal fibrosis remains one of the best histological markers of progressive kidney disease (Ito et al., 2004; Hewitson, 2009; Hewitson et al., 2017). At 10-weeks post-STNx, renal fibrosis as measured by picrosirius red staining was increased 3.4-fold (increasing from 0.62 ± 0.12% in sham kidneys to 2.11 ± 0.37% in STNx kidneys) (Figures 2A,B). Evidence of tubulointerstitial fibrosis and glomerulosclerosis was observed along with tubular dilation (Figure 2A). 6-weeks post-STNx surgery, when ACR was already increased, there were no significant pro-fibrotic gene expression changes (Supplementary Figure 2). However, by 10-weeks post-STNx surgery, gene expression analysis revealed significant increases in the expression of pro-fibrotic genes (Col1a1, Col3a1, Col4a1, Acta2, Mmp2, Tgfβ1) (Figure 2C). When gene expression of pro-inflammatory genes (Il1β and Tnfα) were examined there was no difference in expression compared to sham animals at 6 weeks but a significant increase from 6 to 10-weeks post-STNx (Figure 2D). We have previously reported that miR-21 and miR-214 are consistently elevated in the kidney following injury (Denby et al., 2011), however, these miRs have not been assessed in progressive renal dysfunction induced by STNx in 129S2/SV mice. We found that the pro-fibrotic miRNA miR-214-3p (Denby et al., 2014; Bai et al., 2019) was significantly upregulated 6-weeks post-STNx surgery (Figure 2E), prior to pro-fibrotic gene expression changes, with no change in the pro-fibrotic miRNA miR-21-5p expression (Denby et al., 2011; Chau et al., 2012; Gomez et al., 2015; Hennino et al., 2016). At 10-weeks post-STNx surgery, miR-21-5p was significantly upregulated 2.4-fold and miR-214-3p remained significantly elevated with a 3.5-fold higher expression compared to sham kidneys (Figure 2E). Significant increases in miR-214-3p and miR-21-5p expression were detected in the kidneys of STNx group animals between the 6 and 10-week post-surgery timepoints (Figure 2E).



Effect of One-Step Flank STNx on Intra-Renal Inflammation

As we observed an increase in pro-inflammatory gene expression markers 10-weeks post-STNx, we sought to further characterize the nature of the inflammatory cells in kidneys from mice that underwent STNx. Analysis by flow cytometry (gating strategy provided in Supplementary Figure 3A) revealed that at 10-weeks post-STNx there was a significant increase in the proportion of cells in the kidney that expressed CD45+ compared to sham kidneys (2.23% STNx vs. 0.96% Sham, Figures 3A,B and Supplementary Figure 3B). Similarly, a significant increase in CD45+ cells was also observed in the hearts of animals subjected to STNx (Supplementary Figure 3C). Further analysis of the CD45+ population in the kidney revealed no significant difference in the proportion of CD45+ inflammatory cells constituted by neutrophils (7.9% STNx vs. 4.5% Sham; Figure 3C), CD11b+ F4/80lo macrophages (monocyte derived), or CD11b+ F4/80hi macrophages (resident population) (Figures 3D,E). However, further subset analysis of the CD11b+ F4/80lo population revealed a clear waterfall effect in the STNx kidneys with Ly6Chi monocytes transitioning to Ly6Clo MHCII+ macrophages, an effect which was absent in the sham kidney (Figure 3F). Furthermore, the percentage of CD45+ CD11b+ F4/80lo Ly6Chi cells was significantly increased in the STNx kidneys (Figure 3G). Analysis of the CD11b+ F4/80hi resident macrophages population revealed that there was significantly increased expression of CD206 in these resident macrophages in the STNx kidneys (Figure 3H).
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FIGURE 3. Analysis of inflammatory infiltrate in the STNx kidney. 129S2/SV mice were subjected to flank single-step STNx or sham surgery and were culled 10-weeks post-surgery. At sacrifice n = 5 Sham and n = 4 STNx kidneys were perfused and kidneys digested for flow cytometry and analyzed on the 6L Fortessa Flow Analyzer. (A) Plot of CD45+ cells and neutrophils (CD45 + Ly6Ghi) in kidney. (B) Quantification of the percentage of total cells that express CD45+ in the kidney. (C) Quantification of Neutrophils (CD45+ Ly6Ghi) in the kidney. (D) Analysis of CD45+ Ly6G– CD11b+ F4/80+ population in the kidney. (E) Quantification of CD45+ Ly6G– CD11b+ F4/80+ population in the kidney. (F) Subset analysis and quantification of CD45+ Ly6G– CD11b+ F4/80lo population into monocytes (Ly6Chi MHCII–), transitioning monocyte-macrophages and macrophages (Ly6C– MHCII+). (G) Expression and quantification of the proportion of CD45+ Ly6G– CD11b+ F4/80lo that express Ly6C. (H) Analysis and quantification of CD206 expression in the resident macrophage population CD45+ Ly6G– CD11b+ F4/80hi. N = 5 Sham N = 4 STNx statistical analysis by Mann–Whitney test ∗P < 0.05.




Effect of One-Step Flank STNx on Vascular and Cardiac Parameters

We next determined the effect of the STNx surgery on vascular and cardiac function in the 129S2/SV mice we had measured renal excretory function and proteinuria. We determined systolic blood pressure using tail vein plethysmograph in trained conscious mice at baseline, at 6-weeks post-surgery and at study end. The mean systolic blood pressure at 6-weeks was not significantly different in STNx mice compared with sham animals, but was significantly increased from 115 ± 2.6 mmHg in sham animals to 153.1 ± 4.6 mmHg in STNx animals 10-weeks post-STNx surgery (Figure 4A). The STNx mice also had significantly increased heart mass compared to sham animals at 10-weeks post-STNx surgery (Figure 4B). Therefore, we sought to determine the effects of the progressive loss of renal function induced by our one-step STNx surgery in the 129S2/SV mice on cardiac function as measured by echocardiography (ECHO) carried out at baseline, 6- and 10-weeks post-surgery (Figure 4C and Table 4). No significant differences in percentage ejection fraction were detected, although there was a trend for a reduction 10-weeks post-STNx. At 6-weeks, changes were detected in % fractional area change (FAC) and area change, indicating that adaption had begun to occur at this point (Table 4), but no statistical difference was detected in heart weight (data not shown). By 10-weeks, STNx animals had increased cardiac wall thickness (0.88 ± 0.02 to 1.05 ± 0.04 mm) and left-ventricle mass (182.7 ± 9.06 to 234.6 ± 17.75 mm) compared with sham animals (Table 4), which mirrored the increased heart weights measured at 10-weeks post-STNx (Figure 4B). Doppler imaging performed on the mitral valve revealed a significantly increased left ventricle isovolumetric relaxation time (IV RT) at 10-weeks post-STNx, but not 6-weeks post-STNx, suggesting STNx induced renal dysfunction may lead to diastolic dysfunction over time (Lindsey et al., 2018; Schnelle et al., 2018). As ECHO analysis suggested cardiac hypertrophy and diastolic dysfunction had occurred, cardiac fibrosis was assessed histologically. At 10-weeks post-STNx there was no significant increase in total collagen deposition in the heart (Figures 4D,E). At 6-weeks post-STNx, no change in expression for fibrillar collagen genes Col1a1 and Col3a1 was observed (Figure 4F), however Col3a1 expression was significantly increased at 10-weeks compared with sham animals (Figure 4G). There was significantly higher expression of the cardiac hypertrophy markers ANP (Nppa) and BNP (Nppb) in the STNx compared with sham animals at 6-weeks with ANP remaining increased a 10-weeks (Figures 4F,G).
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FIGURE 4. Single-step flank STNx induces cardiac dysfunction and hypertrophy but not cardiac fibrosis. 129S2/SV mice were subjected to flank single-step STNx or sham surgery and were culled 10-weeks post-surgery. At sacrifice heart sections were taken and snap frozen for RNA analysis and to prepare FFPE 3 μM sections. (A) Systolic blood pressure was measured via tail cuff at 6 and 10-weeks post-surgery. Sham: n = 4, STNx: n = 5. One way-ANOVA with Tukey’s multiple comparison test, all compared to sham. ∗P ≤ 0.05, †P < 0.05 vs. STNx at 6 weeks. Plotted as mean ± SEM. (B) Heart weight at cull normalized to tibia length. Sham: n = 7, STNx: n = 11. Student’s t-test was used for statistical analysis. ∗∗P ≤ 0.01. Plotted as mean ± SEM. (C) Exemplar images of the analysis of EKV echocardiography via VisualSonics software. A = diastole, B = systole. Trace lines were drawn along the epicardial and endocardial borders at both end systole and end diastole. Left ventricle (LV) major axes were also traced at end systole and end diastole by drawing a line from the LV apex endocardium or LV apex epicardium, to the mitral valve line. (D) Picrosirius red stain for total collagen in hearts. Exemplar images are provided at 5x magnification. (E) Quantification of fibrosis (% PSR staining) carried out via Image-Pro Plus 7. Sham: n = 7, STNx: n = 8. Student’s t-test was used for statistical analysis. Plotted as mean ± SEM. (F) Gene expression in whole heart tissue was assessed 6 weeks post-STNx using quantitative real-time PCR (qRT-PCR) using specific Taqman probes for each gene, normalized to housekeeper Gapdh. Sham: n = 3, STNx: n = 5. Student’s t-test was used for statistical analysis. ∗P ≤ 0.05. Plotted as mean ± SEM. (G) Gene expression in whole heart tissue 10-weeks post-STNx or sham surgery was assessed using quantitative real-time PCR (qRT-PCR) using specific Taqman probes for each gene, normalized to housekeeper Gapdh. Sham: n = 8, STNx: n = 10. Col1a1, Col3a1, and Nppa expression were determined to have non-parametric distribution. Mann–Whitney test was used for statistical analysis on Col1a1, Col3a1 and Nppa, Student’s t-test was used on Nppb. ∗P ≤ 0.05. Plotted as mean ± SEM.



TABLE 4. Cardiac echocardiography measurements in STNX and Sham animals at 6 and 10-weeks post-surgery.

[image: Table 4]To demonstrate consistent outputs from the STNx model presented in this manuscript, two independent studies were compared in male 129S2/SV mice run 1.5 years apart (Figure 5). Between the two studies there were no significant differences in the amount of renal fibrosis detected, the increase in ACRs induced, amount of LVH (measured by heart weight:normalized to tibia) or gene expression of collagen 1 in renal tissue (Figure 5).
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FIGURE 5. Comparison between independent STNx studies conducted in male 129S2/SV mice. Male 129S2/SV mice (bought from Envigo) were subjected to STNx in two separate studies, 1.5 years apart (Study 1 – March 2017; Study 2 – September 2018). Plotted as mean ± SEM. (A) Quantification of picrosirius red stain for total renal collagen, via Image-Pro Plus. Study #1 Sham: n = 7, study #1 STNx: n = 11, Study #2 Sham: n = 7, study #2 STNx: n = 6. (B) Renal Col1a1 gene expression at 10-weeks post-surgery. Study #1 Sham: n = 6, study #1 STNx: n = 10, Study #2 Sham: n = 8, study #2 STNx: n = 10. (C) Heart weight normalized to tibia length at cull, 10-weeks post-surgery. Study #1 Sham: n = 7, study #1 STNx: n = 11, Study #2 Sham: n = 8, study #2 STNx: n = 10. (D) Log10 albumin:creatinine ratio (ACR) at 10-weeks post-surgery. Study #1 Sham: n = 7, Study #1 STNx: n = 11, Study #2 Sham: n = 7, study #2 STNx: n = 8. Statistical analysis carried out via ordinary one-way ANOVA with Tukey’s multiple comparisons test. ∗P < 0.05 vs. sham (same study), ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001.




Effect of Genetic Background on One-Step Flank STNx Induced Renal and Cardiac Dysfunction

Subtotal nephrectomy is known to be a strain-dependent model, with C57BL/6 mice being resistant to developing fibrosis (Ma and Fogo, 2003; Leelahavanichkul et al., 2010). However, this strain is commonly used as a background for the production of transgenic animals. To assess how the single step STNx performs in this genetic background, a Gli1 reporter mouse (Gli1 × Ai14) on a C57BL/6 background was used. An increase in total collagen expression (sham: 0.81 ± 0.03%, STNx: 2.57 ± 0.42%) along with histological hallmarks of renal fibrosis (tubulointerstitial fibrosis and glomerulosclerosis) was observed (Supplementary Figures 4A,B), as well as a significant increase in pro-fibrotic genes and inflammatory genes (Supplementary Figure 4C). However, the urinary ACRs of STNx animals were not different to sham at 6 or 10-weeks post-surgery (Supplementary Figure 4D) and there was no increase in heart weight observed (Supplementary Figure 4E).



DISCUSSION

Clinically, CKD is characterized by worsening excretory function with or without proteinuria and renal biopsies typically show glomerulosclerosis, tubulointerstitial fibrosis, and inflammatory cell infiltrates. In addition, CKD is associated with the development of CVD, characterized by hypertension and cardiac and vascular dysfunction. Therefore, we set out to establish if a one-step flank STNx performed in male 129S2/SV mice could model these clinical CKD parameters in a consistent and robust manner.

Urinary albumin to creatinine ratio (ACR) is an important prognostic indicator for progression of renal disease (Feldman et al., 2014; Vassalotti et al., 2016), and cardiovascular events (Waheed et al., 2012). Furthermore, regression of albuminuria is associated with improved renal outcomes (Perkins et al., 2007) and hence represents a therapeutic target in CKD patients (Heerspink and Gansevoort, 2015). Hence, the significantly increased ACR in STNx mice compared to sham operated mice represents an important clinically-relevant readout for testing novel therapeutics in this model. Indeed, this was a key readout used to demonstrate the efficacy of ACE inhibition in seminal studies in the rat subtotal nephrectomy model (Meyer et al., 1985; Anderson et al., 1986), which represents one of the few therapies that have been successfully translated from rodent models to human CKD. Urinary excretion of sodium, chloride and potassium were largely comparable between sham-operated and STNx mice at both time points. Although GFR was not directly measured here, the major reduction in filtration following STNx would significantly reduce the filtered load for sodium, chloride and potassium and our data indicate a proportionate decline tubular reabsorption. Thus, over this time course, the renal tubule adapted to maintain electrolyte excretion and preserve balance. The STNx group showed a progressive decline in urine osmolarity, indicating a reduced concentrating capacity in the remnant kidney.

Male 129S2/SV mice subjected to the refined one-step STNx developed increased serum creatinine, BUN and phosphate which are important clinical manifestations of renal disease. There was approximately a twofold increase in both creatinine and urea by 10-weeks post-STNx, however, the coefficient of variation (CV) for urea was only 11.1% compared to 39.8% for creatinine suggesting that serum urea measurements are more reliable as kidney injury markers in rodents. In this context, it would be interesting to measure some newer markers of renal function such as Cystatin C (Song et al., 2009) to further validate this model of progressive renal dysfunction in mice. The increase in serum phosphate is important as hyperphosphatemia is observed in late-stage CKD and is a driver of secondary hyperparathyroidism (Locatelli et al., 2002), mineral bone disorder and vascular calcification (Felsenfeld et al., 2015). Hyperphosphatemia is also thought to contribute to cardiac hypertrophy and calcification of heart valves and conduction system (Di et al., 2015).

The serum urea levels recorded in the mice following the single step flank STNx procedure were significantly increased compared to age matched sham controls, however, these levels are lower than those observed in some other studies which might suggest this surgery resulted in less tissue being taken and a less severe renal dysfunction being induced which resulted in less mortality. The lack of a statistical difference in body weight appears to support this too. There are very few studies that document the amount of tissue taken beyond those studies that showed the relationship between renal function and the amount of tissue removed (Rambausek et al., 1985). In our studies in male SV129/SV mice, when on average 32.9% of left renal tissue remained, all mice developed renal dysfunction with significant alterations in renal excretory function and proteinuria. Importantly, the low mortality rate in this STNx model means animals survived to pre-defined study end-points which maintained statistical power in the studies.

The relationship between CKD and hypertension is bidirectional. CKD is known to cause hypertension and hypertension is a known risk factor for CKD (Gosmanova and Kovesdy, 2016). 86% of CKD patients have hypertension (Gosmanova and Kovesdy, 2016). Blood pressure lowering strategies have been shown to decrease progression of kidney disease and all-cause mortality in patients with CKD (Peters et al., 2017). At 10-weeks post-STNx, a significant increase in systolic blood pressure was detected using tail vein plethysmograph. This was in agreement with several other studies (Kennedy et al., 2008; Leelahavanichkul et al., 2010; Gava et al., 2012). However, this is contrast to subtotal nephrectomy two-step models run in 129SV and FVB mice, where no change in blood pressure was observed (Siedlecki et al., 2009; Dilauro et al., 2010). Interestingly, sham mice from the 129SV study had higher systolic blood pressures than recorded in our study (129 ± 4 mmHg; Siedlecki et al., 2009 sham versus 115 ± 2.6 mmHg sham operated in our study). The mice in this study were trained prior to blood pressure measurements to ensure the results were not affected by stress of the procedure, potentially explaining the lower conscious blood pressures obtained. However, the diet of the mice differing between studies could also explain these effects as increased dietary NaCl is known to aggravate hypertension. Similarly, group housing of the animals may also have affected our results, as this is a less stressful environment for the animals that may have led to our sham animals having lower systolic blood pressure.

The refined single-step flank STNx performed on 129S2/SV mice results in significant renal fibrosis, accompanied by histological hallmarks tubulointerstitial fibrosis (TIF) and glomerulosclerosis (GS) by 10-weeks post-surgery. Both TIF and GS are observed in CKD patients (Nakagawa et al., 2015), with TIF being an important predictor of disease progression (Nath, 1992). Increases in three collagen genes mirror what can be seen histologically. Col1a1 and Col3a1 encode fibrillar collagens (Delella et al., 2017) which are important extracellular matrix components (Nakagawa and Duffield, 2013). Col4a1 is an important basement membrane component (Jones et al., 2016), suggesting possible basement membrane expansion in STNx kidneys. Acta2 encodes α-smooth muscle actin, a marker of activated myofibroblasts, which increase in number in renal fibrosis (Bernard et al., 2014) and secrete excess extracellular matrix components (Bernard et al., 2014). The increased expression of miR-21 and miR-214 is of interest given the pro-fibrotic role these miRNAs are known to have in the kidney (Denby et al., 2014). Importantly, miR-21 and miR-214 have also been shown to be up-regulated in the kidneys of patients with CKD, indicating that the STNx model mimics the mechanisms that promote fibrosis in human disease (Lv et al., 2018). Taken together, increased expression of these genes and miRNAs in the kidney suggests a pro-fibrotic environment is present in the kidneys of mice subjected to STNx on both the histological and molecular level.

Gene expression of the cardiac hypertrophy marker ANP (Kerkelä et al., 2015; Riaz et al., 2015) was increased in hearts at both 6 and 10-weeks post-STNx whilst BNP (Kerkelä et al., 2015) was only significantly increased at 6-weeks. This coupled with the increased heart weight detected at 10-weeks post-STNx and increased average cardiac wall thickness and left-ventricular mass detected by ECHO at 10-weeks post-STNx suggests significant hypertrophy had taken place, although cardiac fibrosis had not manifested at the histological level at this time-point. However, no significant change in these measures was detected at 6-weeks post-STNx, indicating the development of this cardiac hypertrophy in the STNx model is time dependent. Prolonged isovolumic relaxation time (IV RT) was observed at 10-weeks post-STNx (but not at 6-weeks), indicating diastolic dysfunction is present in these mice via impairment of myocardial relaxation (Schnelle et al., 2018). No significant decrease in ejection fraction was observed, indicating that adaptive measures taken by the heart to overcome the increased stress have been successful up until 10-weeks post-STNx. It is likely necessary to extend the timeline of the model past 10-weeks post-surgery in order to observe diastolic dysfunction and fibrosis.

The STNx model has been extensively reviewed from the point of heart-kidney interactions (Bongartz et al., 2012; Hewitson et al., 2015; Liu, 2019). A common comment in reviews of the literature is that in mice this model is highly variable if not uniformly performed and you can get conflicting results depending on the strain. Here we are able to present data which shows that in 129S2/SV male mice you can achieve reproducible physiological readouts using the single step STNx model described, with the added advantage of low mortality and improved animal welfare. The model is amenable to echocardiography studies which allow longitudinal studies of cardiac structure and function. Utilizing the 129S2/SV mouse also allows for the inflammatory cell profile to be examined in detail as multiple validated antibodies are available for mouse unlike rat.

Low grade inflammation is common in CKD patients (Amdur et al., 2016), with patients typically exhibiting elevated CRP, TNFα, and IL-6 levels (Panichi et al., 2001; Lacson and Levin, 2004). Furthermore, macrophage infiltration into the kidney in CKD has been found to correlate with a decline in kidney function (Eardley et al., 2006; Amdur et al., 2016). The analysis of the inflammatory cell content of the STNx mice revealed there is increased CD45+ hematopoietic cell content in the STNx kidney and heart. The STNx model mimics the findings in human CKD of increased inflammation, with flow cytometry data demonstrating persistent Ly6Chi monocyte recruitment to the STNx kidney where they transition into pro-inflammatory macrophages. Previous work has identified a CD11b+ Ly6Chi population to be induced with the onset of renal injury following ischemia reperfusion injury and unilateral ureteric obstruction (Lin et al., 2009; Clements et al., 2016). Importantly, in our study we excluded Ly6G+ neutrophils and found that significantly more CD45+ Ly6G– CD11b+ F4/80lo cells express Ly6C. This population has been previously shown to have a pro-inflammatory gene signature (Clements et al., 2016), and promote fibrosis in other organs such as the liver (Ramachandran et al., 2012). Within the CD45+ CD11b+ F4/80hi resident macrophage population there was a significantly greater expression of CD206 (Mannose receptor 1, Mrc1). This C-type lectin is expressed predominantly by tissue macrophages and is involved in phagocytosis and acts as a scavenger receptor (Taylor et al., 2005). CD206 is classically thought of as an alternatively activated or M2 macrophage marker (Murray et al., 2014). The increase in the Mrc1 expression is confined to the resident macrophage population that may suggest that resident macrophages may play an important role in scavenging of debris and scar tissue. Hence, this STNx model in mice affords an opportunity in future studies to perform detailed mechanistic studies of the role of each immune cell subset in progressive CKD.

A number of refinements to traditional methods of undertaking subtotal nephrectomy were employed in the refined single-step STNx surgery used in this study with a key focus on animal welfare. One of the key differences between the surgical methods presented in this paper and the majority of previously published studies is the use of a single-surgery via flank incisions to perform both the nephrectomy and contralateral partial nephrectomy. Multiple papers have been published where nephrectomy is performed in one surgery, then 1–2 weeks later, resection of the poles or renal artery ligation is performed in a separate surgery (Kren and Hostetter, 1999; Ma and Fogo, 2003; Soler et al., 2008; Windt et al., 2008; Leelahavanichkul et al., 2010; Yang et al., 2010; Babelova et al., 2012; Gava et al., 2012; Li et al., 2012; Purnomo et al., 2013; Hyde et al., 2014; Ucero et al., 2014; Vavrinec et al., 2016; Rosendahl et al., 2018). Reducing the number of surgeries to which the mice are subjected, by performing the single-step STNx surgery has a number of benefits for animal welfare including: the animals undergo anesthesia on one less occasion, the length of time the mice are on-procedure is decreased, and requirement for analgesics is reduced. Our approach also avoids hypertrophy of the remaining kidney or remnant kidney (depending on the surgical order) between surgeries. Renal tissue during this phase could be argued to be in the “regenerative mode” and thus may be more resistant to the development of fibrosis which would not be present in this refined STNx model. Animal welfare in response to STNx was monitored weekly throughout the study using an animal condition scoring sheet (Supplementary Table 1), which included body condition scoring. A cumulative score of 5 or higher resulted in a mandatory schedule 1 termination of the animal. We found that group housing resulted in improved animal welfare scores, therefore group housing animals is recommended. Decreased weight and body condition score in mice is an important determinant of health status (Foltz and Ullman-Culleré, 1999; Ullman-Culleré and Foltz, 1999; Burkholder et al., 2012) and mice subjected to STNx were found not to differ in weight in comparison to sham animals at any time-point during the 10-weeks between surgery and sacrifice. In studies which use traditional two-step subtotal nephrectomy protocols, most (Leelahavanichkul et al., 2010; Gava et al., 2012; Zeng et al., 2018) but not all (Siedlecki et al., 2009), report a reduction in body weight with subtotal nephrectomized animals compared to sham controls. The lack of a difference in body weight may be due to this model inducing milder progressive renal disease as systolic blood pressure and ACRs were not significantly increased until 6-weeks post-surgery. However, this may also be in part due to improved animal welfare brought about by group housing. This study could have benefited from a side by side comparison with the traditional two-step STNx to fully demonstrate its advantages, however, the mortality rates for this surgery can be high and in a recent study shown to be 60% 4 weeks post-surgery (Tan et al., 2019). Therefore, in the interests of animal welfare it is not appropriate to run such a study.

The mortality following subtotal nephrectomy has been poorly reported in the literature, but is often high, for example 43% by 12-weeks post-surgery (Ma and Fogo, 2003). Other studies report no mortality but it is not clear if this included animals that either did not develop significant renal dysfunction or were terminated prematurely due to animal welfare concerns. In our model in total 9% of animals did not complete the study due to a combination of mortality during follow-up (n = 3), exceeding animal welfare scoring limits (n = 2) or failure to recover from anesthetic (n = 2). These data suggest that the single-step STNx surgery is well-tolerated by the mice, although a small mortality rate needs to be factored into power calculations.

The subtotal nephrectomy is known to be a strain-dependent model. Both the 129S2/SV and CD1 strain have been reported to be permissive to injury (Ma and Fogo, 2003; Kennedy et al., 2008; Siedlecki et al., 2009; Leelahavanichkul et al., 2010). In our 129S2/SV mice no cardiac fibrosis was detected per se but on the gene expression level Collagen III was increased by 10-weeks post-surgery. Using the CD1 strain of mice, cardiac fibrosis can be induced with the added insult of additional dietary salt (Fontes et al., 2015) which may be required in this model too. In a pilot study in this genetic background, the refined STNx model resulted in significant renal fibrosis and increased pro-fibrotic gene expression in the kidney which matches that previously observed (Ma and Fogo, 2003). However, there were no functional alterations detectable, e.g., increased ACR or changes in heart weight. This indicates that STNx in C57BL/6 mice may not be the best pre-clinical model to test novel therapies where clinically relevant renal and cardiac outcomes are required. These results mirror the experience of other groups with subtotal nephrectomy in C57BL/6 mice (Ma and Fogo, 2003; Leelahavanichkul et al., 2010), with additional stimuli such as angiotensin II infusion required to produce hard renal outcomes (Leelahavanichkul et al., 2010). The resistance to development of albuminuria in the C57BL/6 mice is well-recognized, albumin overloaded 129S2/SV mice develop abundant albuminuria whereas C57BL/6 show none despite increased serum albumin (Ishola et al., 2006). The significant increase in fibrosis observed, however, suggests that for studies into renal fibrosis, the STNx model could be further utilized to understand the precise pathophysiology of progressive renal fibrosis using genetic knockout mice on the C57BL/6 genetic background.


Summary

Together, these data provide evidence that conducting the subtotal nephrectomy model with our refined protocol in male 129S2/SV mice results in renal dysfunction, renal inflammation, and fibrosis with systemic pathologies akin to what is observed in patients.

This model is also suitable for testing new therapies for CKD given its progressive nature, clinically relevant biochemical measurements and cardiac dysfunction. In addition, these therapies can be given with standard therapy of ACEi to examine physiological effects beyond those offered by blood pressure reduction alone.

C57BL/6 mice as previously reported are refractory to proteinuric renal dysfunction, blood pressure and cardiac changes but do develop significant renal fibrotic disease. Therefore, for pathophysiological studies of fibrosis the STNx model in C57BL/6 background may offer some insight when using genetic knockout models on this genetic background.
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INTRODUCTION

Tropical regions are currently facing a great challenge regarding very high prevalence of chronic kidney disease (CKD). In recent years, a condition called chronic kidney disease of unknown etiology (CKDu), also called CKD of non-traditional origin (CKDnt) or Mesoamerican Nephropathy has been reported (Wesseling et al., 2013, 2015; Wegman et al., 2015). This renal condition has been clearly documented in several so-called hot spots around the globe, typically in low-altitude communities near the western coast of the American continent. Though CKDu presents as typical CKD (Jha et al., 2013), CKDu patients do not present typical risk factors such as obesity, advanced age, hypertension, or diabetes. Instead, they tend to be young, otherwise healthy individuals that often live and work where dehydration and high internal and external physical loads are common. Although the etiology of the disease remains unclear (González-Quiroz et al., 2018; Chapman et al., 2019; Pearce and Caplin, 2019), most researchers agree that CKDu etiology is likely multifactorial and that chronic heat exposure, high external workload, and dehydration are associated with the disease (Wegman et al., 2015; Kupferman et al., 2018). Until now, CKDu in Mesoamerica has been studied mostly in agricultural populations (Crowe et al., 2013, 2015; García-Trabanino et al., 2015; Laws et al., 2016; Wesseling et al., 2016; Butler-Dawson et al., 2018; Kupferman et al., 2018).

Recently, the possibility of elevated rates of CKD in other populations exposed to high external heat and heavy internal heat loads from work/exercise has been raised. These populations could include endurance athletes (Eichner, 2017) in sports such as running, cycling, triathlon, open swimming, adventure races, and other long-duration disciplines. Such athletes usually undertake tremendous physical effort under high heat and humidity during a large number of hours and even consecutive days in multi-stage events in tropical settings (Gutiérrez-Vargas et al., 2018; McDermott et al., 2018; Rojas-Valverde, 2019). Although there are clear differences between CKDu occupational populations and athletes including socio-economic levels, non-optimal working conditions, poor access to health services, lack of recovery time, and low educational levels, there are notable environmental and contextual similarities between both populations.

Since people living and working in agricultural communities often face a wide range of social-economic determinants of health and are exposed to wide variety agents that could feasibly be on the etiologic pathway to CKDu, methodologies to study the effect of heat load on the kidney are complex. The athletes who participate in endurance events represent a privileged sample that could allow the isolation of factors that lead to CKD and provide insights into how external workload, dehydration and heat strain could contribute to the development of adverse renal conditions in athletes as well as populations in more vulnerable populations.

The existing evidence between heat exposure and CKDu in addition to imminent changes in temperature due to global warming have already prompted the question of whether athletes might also be at risk for kidney damage (Eichner, 2017). The sum of external workload and internal factors leading to thermal strain is of great concern, particularly when environmental temperature exceeds normal body temperature. The effect of high thermal stress (e.g., rise in internal temperature, heat loss restriction due to high humidity, and other factors) on the health and performance of athletes has been previously reported (Che Muhamed et al., 2016; Gutiérrez-Vargas et al., 2018; McDermott et al., 2018; Omassoli et al., 2019). Although these conditions are similar to those presented by populations in which CKDu has been diagnosed (see Figure 1). AKI leading to CKD has not been directly related to sports practice. However, there is evidence about increasing cases of acute kidney injury (AKI) in endurance sports related to external workload, heat and dehydration (Junglee et al., 2013; Hou et al., 2015; Kao et al., 2015; Bongers et al., 2018), although there remains a lack of information about whether AKI in sports could lead to CKD.


[image: Figure 1]
FIGURE 1. Chronic Kidney Disease common risk factors between agricultural populations and endurance athletes in tropical settings. Dotted line flow needs more longitudinal research and evidence.


Recently, it has been shown that the practice of endurance sports can cause exertional rhabdomyolysis conditions (Hoffman et al., 2012; Kim et al., 2015), and that this can trigger transitional AKI (Boulter et al., 2011; Chlíbková et al., 2015; Hoffman and Weiss, 2016) due to the release of sarcoplasmic proteins into the bloodstream as a consequence of damage and disintegration of striated muscle during strenuous physical exertion (Bosch et al., 2009; Tietze and Borchers, 2014; Olcina et al., 2018). The preferred biomarkers to diagnose both conditions are serum creatinine and cystatin C levels for kidney function and creatine kinase and lactate dehydrogenase for muscle damage. According to the RIFLE (Risk, Injury, Failure, Loss of Kidney Function, and End-stage kidney disease) categorization, a risk of renal injury exists when serum creatinine (S-Cr) increases 1.5 times; a lesion when S-Cr 2 times, and failure when the S-Cr increases 3 times or values >4 mg/dL (Bellomo et al., 2004). Another classification system, the Acute Kidney Injury Network (AKIN) classification considers AKI to occur when at least one of the following conditions are met in the last 48 h: (a) absolute increase of ≥0.3 mg/dL, (b) increase of 1.5 times above the baseline, or (3) oliguria (urination <0.5 mL/kg per hour per >6 h) (Lopes and Jorge, 2013). In addition, other biomarkers have been recently proposed in order to differentiate functional and subclinical AKI as: cystatin-C, serum albumin, neutrophil gelatinase-associated lipocalin, and kidney injury molecule 1 (McCullough et al., 2013).

Athletes experiencing AKI according to these definitions have been documented to regain baseline renal function in a matter of 1–15 days (Kim et al., 2015; Abbas et al., 2019; Rojas-Valverde et al., 2019), however, documentation also exists of more serious consequences, leading to the death of the athlete in combination to other potential risks (Asserraji et al., 2014). Due to the lack of information about whether the repeated AKI can lead to future CKD (Hoffman and Weiss, 2016), there is a need for studies that shed light on the potential of the combination of environment and physical thermal load in athletes to trigger future CKD, especially in tropical settings, where conditions of high thermal stress exist almost year-round in some regions (Gutiérrez-Vargas et al., 2017, 2018). Unfortunately, in order to observe whether AKI caused by heat exposure and prolonged physical exercise provokes CKD on the long-term requires cohort studies in a long timeframe; such a timeframe could be too late for affected athletes (Eichner, 2017). Other contextual factors that could influence AKI incidence should be explored as internal thermal load indicators, slope variations, age, finish time, carried weight during running, dehydration status and other contextual variables.



DISCUSSION

Existing evidence regarding AKI in hospitalized and occupational (working) populations, as well as the similarities in thermal load experienced by CKDu-affected occupational populations and athlete populations in the tropics, beg the question of whether athletes in hot environments might be experiencing AKI and eventually CKD. Currently available technological tools and methods allow to objectively study cases of AKI and CKD, improving parameters for accurate diagnosis (Clarkson et al., 2006; Stahl et al., 2019) and new markers and methods have been used for their identification (Colombini et al., 2012; McCullough et al., 2013).

Enough is known about the potential risk that we must call on authorities, including universities, ministries, federations, sports committees and other involved institutions, to study, and take preventative regulatory actions in the tropical and Mesoamerican region to protect athletes who compete for prolonged periods at high levels of thermal stress. This is of particular urgency given the recent increase in popularity and quantity of this type of event and the fact that there is no regional and organizational platform in place to insure implementation of endurance events in a secure manner. Regulation of aspects such as the time of events, heat-exposure, stricter participation criteria, regular medical check-ups, among others, are essential to avoid a regional health problem related to physical exercise.

Through this call for attention, the regional and international scientific community is urged not to wait for the first cases of CKD in athletes related to the combination of three above mentioned factors: heat strain, dehydration, and high external workload, to be documented before acting, since preliminary evidence (i.e., frequent reports of exertional rhabdomyolysis, AKI) are more than enough to demonstrate the need to take timely measures. Since cumulative AKI events have been shown to make individuals more likely to develop CKD in the future (Heung et al., 2016; Hsu and Hsu, 2016), it is highly probable that the same phenomenon is occurring in athletes.

Endurance athletes in tropical regions are exposed to conditions (heat strain, dehydration, and high external workload) similar to those experienced by working populations known to suffer from AKI and CKDu (Gutiérrez-Vargas et al., 2018; Rojas-Valverde et al., 2019), which is why attention should be paid to this factor as a determining point for the monitoring and treatment of this condition in endurance athletes who they carry out long-term activities at moderate to high intensities. We therefore advocate more research in athlete populations in tropical settings in order to (1) protect athletes who may be exposed under the current lack of regulation and (2) provide possible mechanistic insights that might help understand and intervene with CKDu-affected working populations.
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Cisplatin is a chemotherapy drug that is often used in clinical practice, but its frequent use often leads to nephrotoxicity. Therefore, we urgently need a drug that reduces the nephrotoxicity induced by cisplatin. Farrerol reportedly has antioxidant potential, but its renal protective effects and potential mechanisms remain unclear. In this study, we used both cell and mouse models to determine the mechanism of farrerol in cisplatin-induced nephrotoxicity. The in vitro experiments revealed that farrerol improved cisplatin-induced nephrotoxicity and reactive oxygen species (ROS) production via nuclear factor erythrocyte 2-related factor 2 (Nrf2) activation. Moreover, farrerol effectively activated Nrf2 and subsequently increased the expression of Nrf2-targeted antioxidant enzymes, including heme oxygenase-1 (HO-1) and NAD(P)H quinone oxidoreductase-1 (NQO1), but inhibited Kelch-like ECH-associated protein 1 (Keap1) and NADPH oxidase type 4 (NOX4). Furthermore, farrerol attenuated the phosphorylation of C-Jun N-terminal kinase (JNK), extracellular signal-regulated kinase (ERK), and p38 mitogen-activated protein kinase (p38); the activation of phosphorylated nuclear factor-κB (p-NF-κB) and nucleotide-binding domain (NOD)-like receptor protein 3 (NLRP3); and the expression of phosphorylated p53 (p-p53), Bax, and cleaved caspase-3. In vivo, farrerol significantly improved cisplatin-induced renal damage, as demonstrated by the recovery of blood urea nitrogen (BUN), serum creatinine (SCr), kidney injury molecule-1 (KIM-1), neutrophil gelatinase-associated lipocalin (NGAL), and pathological damage. Moreover, farrerol inhibited inflammatory and apoptotic protein expression in vivo. Notably, farrerol exerted slight protection in Nrf2-knockout mice compared with wild-type mice. These findings indicate that farrerol can effectively activate Nrf2 and can serve as a therapeutic target in the treatment of acute kidney injury (AKI).
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INTRODUCTION

Cisplatin is an inorganic platinum chemotherapy drug that is commonly used in clinical chemotherapy treatment (Yang et al., 2018) because it can effectively treat a wide range of solid tumors, including lung, ovarian, and bladder cancers. However, cisplatin has many serious side effects, such as myelosuppression, nephrotoxicity, and ototoxicity (Stojic et al., 2018), and these toxic side effects limit the clinical application of cisplatin as part of standard cancer treatment. The kidney is considered the main pathway for cisplatin excretion and the main site of its accumulation (Arany and Safirstein, 2003). Cisplatin is heavily absorbed by proximal tubular cells, and this absorption leads to renal pathophysiological disorders (Pan et al., 2009). Although the pre-hydration effects of diuretics in patients during chemotherapy reduce the nephrotoxicity of cisplatin, the incidence of cisplatin nephrotoxicity remains high, with an incidence of approximately one-third (Pabla and Dong, 2008). At present, AKI treatment is mainly supportive, and there is no treatment with curative effects (Bagshaw and Wald, 2016). The current diagnostic criteria include the BUN and SCr levels, which primarily reflect the late manifestations of the disease, and thus, early intervention is critical for the effective treatment of AKI (Moledina and Parikh, 2018; Fu et al., 2019).

The generation of ROS is induced after cisplatin enters renal tubular cells, and the levels of generated ROS exceeds the level that can be scavenged by the body, resulting in an imbalance in the redox system (Kim et al., 2019). Excessive ROS can cause oxidative stress, increase the malondialdehyde (MDA) and myeloperoxidase (MPO) levels, and inhibit antioxidant enzymes such as superoxide dismutase (SOD) and glutathione (GSH) (Ma et al., 2015). NADPH oxidase can produce many free radicals, and NOX4 is abundantly produced and leads to excessive ROS production; thus, cisplatin induces significant damage to renal tubular epithelial cells (Ma et al., 2017; Meng et al., 2018b). Nrf2 is a transcription factor that plays a decisive role in the regulation of cellular oxidative defense and redox homeostasis (Li et al., 2018a). In general, Keap1 is an inhibitory molecule that promotes Nrf2 ubiquitination by binding to Nrf2 in the cytoplasm. The activation of Nrf2 enhances the activity of the antioxidant response element (ARE) promoter and thereby simultaneously upregulates the expression of HO-1 and NQO1 and downregulates NOX4 and Keap1 to attenuate cisplatin-induced kidney damage (Babelova et al., 2012; Sedeek et al., 2013). In addition, Nrf2-deficient mice are more vulnerable to oxidative damage than normal mice and also exhibit increased susceptibility to diabetic nephropathy (Jiang et al., 2010), lupus nephritis (Chin et al., 2018), and ischemic AKI (Liu et al., 2009).

Stimulation of the renal tubules by cisplatin significantly increases the production of ROS and thereby the activation of a series of signaling proteins, including JNK (Jaiman et al., 2013), ERK (So et al., 2007), and p38 (Ma et al., 2017). In addition, cisplatin can aggravate AKI by inducing the phosphorylation of ERK and p38 and thereby upregulating the phosphorylation of NF-κB and p53 (Okada et al., 2014; Buendia et al., 2016; Chen et al., 2019). NF-κB, a heterodimer composed of two DNA-binding subunits, namely, p50 and p65, activates the NLRP3 inflammasome and mediates the inflammatory response (Ke et al., 2018). Notably, the mitochondrial pathway underlying the p53-medaited induction of apoptosis can be regulated via Bax (a pro-apoptotic protein) and Bcl2 (an anti-apoptotic protein) (Jiang et al., 2009; Okada et al., 2014). Excessive amounts of Bax protein can result in increased binding of Bax to the mitochondrial membrane, and this binding induces the release of cytochrome C from the mitochondria and activates caspase-3, which eventually results in the acceleration of apoptosis (Wei et al., 2007; Ma et al., 2017). Accordingly, Bcl2 can stabilize the mitochondrial membrane potential through a series of inhibitory effects. Consistently, Bcl2 enhances the mitochondrial membrane potential by inhibiting the release of Bax and caspase-3 and thereby blocking the mitochondrial pathway of apoptosis (Arany et al., 2004; Li et al., 2019). Therefore, apoptosis and inflammatory pathways can also be inhibited through the inhibition of ROS production. In addition, Nrf2-targeting molecules provide a new strategy for the treatment of kidney disease.

As major Nrf2 activators, some natural products counteract oxidative stress by modulating the Nrf2/ARE signaling pathway. Farrerol, which was isolated from azaleas, is a novel 2,3-dihydroflavonoid (Wang et al., 2019). We previously showed that farrerol has anti-inflammatory, antibacterial, and antioxidant properties (Ci et al., 2012; Liu et al., 2015; Wang et al., 2019) and that farrerol can activate Nrf2 in RAW 264.7 cells to resist oxidative stress (Ci et al., 2015). Thus far, the protective effect of farrerol on cisplatin-induced AKI has not been reported. Here, we used both cellular and mice models to study the effects and underlying mechanisms of farrerol on cisplatin-induced nephrotoxicity.



MATERIALS AND METHODS


Reagents and Chemicals

Farrerol was purchased from Chengdu Pufei De Biotech Co., Ltd. (Chengdu, China). Anti-phosphorylated c-Jun NH2-terminal kinase (JNK), β-actin, and NOX4 antibodies were obtained from Sungene Biotech Co., Ltd. (Tianjin, China) and Abcam (Cambridge, MA, USA). Primary antibodies against Nrf2, Keap1, HO-1, NQO1, P53, caspase-3, Bax, Bcl2, phospho-JNK, phospho-ERK, phospho-p38, and NF-κB were purchased from Abcam (Cambridge, MA, USA) and Cell Signaling (Boston, MA, USA). Phosphatase p53 was purchased from ImmunoWay. KIM-1- and NGAL-specific antibodies were purchased from R&D Systems, and the BCA protein assay kit (Beyotime, China) was used to evaluate the protein concentrations. The cell culture medium DMEM, antibiotic-antimycotic, and trypsin-EDTA were purchased from Corning, MBI, and Biofil, respectively. Dimethyl sulfoxide (DMSO) and DCFH-DA were purchased from Sigma Chemical Co. (St. Louis, MO, USA). In addition, BUN, SCr, MDA, MPO, GSH, and SOD detection kits were obtained from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).



Cell Culture and CCK-8 Analysis

Mouse tubular epithelial cells (MTECs) and human proximal tubule cells (HK-2) were purchased from the Chinese Cell Bank (Beijing, China). MTECs were cultured in DMEM containing 10% fetal bovine serum (FBS), 100 U/ml penicillin, 100 U/ml streptomycin, and 3 mM glutamine at 37°C in an environment with 95% air and 5% carbon dioxide. We used the CCK-8 assay kit to detect viability of the cells. MTECs and HK2 were seeded in 96-well plates (1.5 × 104 cells/well), and after 24 h of culture, the cells were treated with farrerol and cisplatin for 18 h and incubated with 10 μl of CCK-8 reagent for 2 h in an incubator at 37°C. The absorbance at 450 nm was then measured to determine the cell viability.



Intracellular Reactive Oxygen Species Measurement

The active oxygen scavenging activity of farrerol was determined using the oxidant-sensitive fluorescent probe DCFH-DA. MTECs were plated in 96-well plates (1.5 × 104 cells/well), pretreated with or without farrerol (5, 10, and 20 μM) for 18 h, and then stimulated with cisplatin (20 μM) for 30 min. The cells were then incubated with 50 mM DCFH-DA for 20 min. The fluorescence intensity was measured with an excitation wavelength of 485 nm and an emission wavelength of 535 nm.



Quantitative Real-Time Polymerase Chain Reaction

The mRNA expression levels of Nrf2 in MTECs and HK2 were detected by qPCR. Total RNA was extracted from the cells using the TransGen Biotech (Beijing, China) reagent according to the manufacturer’s instructions. EasyScript First-Strand cDNA Synthesis SuperMix was used to obtain the cDNA templates (TransGen Biotech, Beijing, China), and mRNA transcription was determined using SYBR Green qPCR kits and analyzed using real-time PCR systems. Each analysis was repeated three times.



Hoechst 33342/PI Double Staining

MTECs were seeded in 12-well plates (3 × 105 cells/well) and cultured for 24 h, and the medium was then aspirated and replaced with low-sugar serum-free DMEM. The cells were pretreated with farrerol for 1 h prior to stimulation with cisplatin for 18 h. We subsequently added 2 μl of Hoechst 33342 solution and 6 μl of PI staining solution, heated the cells in a warm water bath at 37°C for 15 min, and examined the cells by fluorescence microscopy.




EXPERIMENTAL DESIGN AND ANIMAL PROCEDURES OF ACUTE KIDNEY INJURY

An animal model of cisplatin-induced AKI was established in male C57BL/6 mice. The mice were randomized into the following four groups (n = 10/group): control (saline), farrerol (20 mg/kg), cisplatin only (20 mg/kg), and cisplatin (20 mg/kg) + farrerol (20 mg/kg). Prior to the in vivo experiments, all the mice were starved for 12 h. After fasting, the mice belonging to the cisplatin (20 mg/kg) + farrerol (20 mg/kg) group were treated with 20 mg/kg farrerol and administered 20 mg/kg cisplatin via intraperitoneal injection1 hour later. Farrerol was re-administered 24 and 48 h after the cisplatin injection, and the mice were sacrificed 24 h after the last dose of farrerol. C57BL/6 wild-type mice were purchased from Liaoning Changsheng Technology Industrial Co., Ltd. (Certificate SCXK2010-0001; Liaoning, China), and C57BL/6 Nrf2-knockout mice were purchased from The Jackson Laboratory (Bar Harbor, ME, United States). All the animals were housed in a specific pathogen-free facility, and this experiment was approved by the Animal Health and Research Ethics Committee of Jilin University.


Histopathology Assessment

Paraffin-embedded mouse kidneys were prepared and cut into 3-μm-thick sections. The degree of representativeness of each histological sections of kidney tissue was determined by H&E staining (Huang et al., 2017). Histological damage was determined according to necrosis, cast formation, brush border loss, tubular degeneration, and vacuolization. Tissue scores are indicated by damaged tubules. Scored as a percentage of 0, 1, 2, 3, and 4, indicating damage to tissues of normal, 1–25%, 26–50, 51–75, and ≥ 75%, respectively (Wang et al., 2018).



Blood Measurements

The renal function was measured based on the BUN and SCr levels. Blood samples were collected from the mice immediately after sacrifice. The levels of BUN and SCr in the blood samples were measured using kits purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China) according to the instructions provided with the kits.



Measurement of the Myeloperoxidase, Malondialdehyde, Glutathione, and Superoxide Dismutase Levels in Kidney Tissues

All the mice were sacrificed by anesthesia with ether, and the bilateral kidneys were excised 3 days after stimulation with cisplatin. The kidney tissue was homogenized and dissolved in extraction buffer for analysis of the MPO, MDA, SOD, and GSH levels. To examine the neutrophil accumulation and the lipid peroxidation levels in kidney tissue, the MPO and MDA levels were assessed using commercially available assay kits (Nanjing Jiancheng Bioengineering Institute, China) according to the manufacturer’s instructions. In addition, to further measure the antioxidant enzyme activity in lung tissue, the SOD and GSH levels were measured using kits (Keygen Biotech. Co., Ltd., Nanjing, China) according to the manufacturer’s instructions.



Western Blot Analysis

Renal tissue and MTECs were collected and lysed on ice for 30 min, and the protein concentrations were analyzed using a BCA Protein Assay Kit. Equal amounts of protein were separated on 10 or 12.5% SDS-polyacrylamide gels and transferred to PVDF membranes. The membranes were blocked in 5% nonfat milk on a shaker for 1 h at room temperature, incubated with the corresponding primary antibodies overnight at 4°C, and probed with the corresponding secondary antibody at room temperature. The bands were then observed using ECL, and the band intensities were quantified using ImageJ gel analysis software.



Statistical Analysis

All the above-mentioned data are expressed as the means ± SEMs and were analyzed using SPSS 19.0 (IBM). The experimental data were compared by one-way analysis of variance (ANOVA). Statistical significance was defined as p < 0.05.




RESULTS


The Effects of Farrerol on Cisplatin-Induced Reactive Oxygen Species Depend on Nuclear Factor Erythrocyte 2-Related Factor 2

To identify the signals involved in the effects, we initially focused on ROS, which are associated with cisplatin nephrotoxicity. We first observed the cytotoxic effects induced by cisplatin and the protective effects of farrerol using the CCK8 method. As shown in Figure 1A, farrerol (0–20 μM) did not exert cytotoxicity in MTECs. Furthermore, cisplatin reduced the viability of the cells after culture for 18 h with an IC50 of 20 μM (Figure 1B). Based on these data, MTECs were pretreated with farrerol (0–20 μM) for 1 h and then incubated with 20 μM cisplatin for 18 h. The farrerol pretreatment, particularly at a concentration of 20 μM, attenuated the cytotoxicity of cisplatin (Figure 1C). In addition, a fluorescence microscopy analysis showed that high levels of ROS were produced after cisplatin treatment, but farrerol (20 μM) pretreatment significantly reduced the production of ROS (Figures 1D,E). In addition, the results obtained from the treatment of HK2 cells with farrerol and cisplatin were consistent with the previous results (Figures 1F,G). Nrf2 is an important regulator of cell resistance to oxidants. Specifically, Nrf2 controls the baseline and induced expression of a range of antioxidant response element-dependent genes to regulate the damage caused by oxidant exposure (Ma, 2013). To investigate whether the protective effect of farrerol on cisplatin-induced cytotoxicity is related to Nrf2, we investigated the influence of Nrf2 inhibitors on this process through a CCK-8 assay. The experimental results suggested that the mechanism through which farrerol protects against CDDP cytotoxicity might be related to the activation of Nrf2 expression (Figures 2A,B). As shown in Figures 2C,D, a qPCR analysis showed that Nrf2 mRNA expression was markedly induced in vitro by treatment with different concentrations of farrerol. To further confirm that farrerol inhibited ROS production by activating Nrf2, we subsequently inhibited cisplatin nephrotoxicity and found that inhibitors of Nrf2 effectively inhibited the protective effect of farrerol against cisplatin and eliminated the farrerol-induced clearance of ROS (Figures 2E,F).
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FIGURE 1. Farrerol affects cisplatin-induced oxidative stress by inhibiting ROS production in vitro. MTECs were treated with the specified concentration of farrerol (A) or cisplatin (B) for 18 h, and the cell viability was then determined through the CCK-8 assay. (C) MTECs were treated with various concentrations of farrerol (5, 10 and 20 μM) for 1 h and then with cisplatin (20 μM) for 18 h, and the CCK-8 assay was then used for the assessment of cell viability. MTECs were stained with 50 mM ROS fluorescent probe for 30 min, and the resulting fluorescence was detected using a fluorescence microscope (D) and multiple detection readers (E). (F,G) HK2 cells were treated as in (A) and (C), and the cell viability was measured with the CCK-8 assay. All of the data displayed represent the mean of three independent experiments. *p < 0.05 and **p < 0.01 vs. the control group; #p < 0.05 and ##p < 0.01 vs. the CDDP group.
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FIGURE 2. The effects of farrerol on ROS production depend on Nrf2 in vitro. Effect of farrerol on MTECs (A) and HK2 cell (B) viability in the presence or absence of a Nrf2 inhibitor. Nrf2 mRNA expression in MTECs (C) and HK2 (D) treated with different concentrations of farrerol (5, 10, and 20 μM). (E) The production of ROS by MTECs was examined using the same protocol shown in Figure 1D, with or without pretreatment with a Nrf2 inhibitor. (F) Quantitative and statistical analysis of ROS-positive cells. All experiments were repeated three times. *p < 0.05 and **p < 0.01 vs. the control group; #p < 0.05 and ##p < 0.01 vs. the CDDP group. NS, no specificity.




Farrerol Attenuates Cisplatin-Induced Oxidation and Inflammation in vitro

We performed in vitro Western blotting analyses to further investigate the potential mechanism of farrerol, and the results indicated that farrerol activated Nrf2 in a dose-dependent manner and enhanced the levels of the downstream proteins HO-1 and NQO1. In contrast, farrerol alleviated the levels of Keap1 and Nox4 in a concentration-dependent manner (Figures 3A,B). These results also confirmed that the protective effects of farrerol on AKI might be related to Nrf2 activation. The mitogen-activated protein kinase (MAPK) pathway plays a crucial role in both inflammation and apoptosis (Okada et al., 2014). Farrerol reduced the cisplatin-induced phosphorylation of JNK, p38, and ERK to inhibit the MAPK pathway (Figures 3C,D) and downregulated the protein expression of p-NF-κB and NLRP3 to inhibit inflammation (Figures 3C,E).
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FIGURE 3. Effects of farrerol on cisplatin-induced oxidation and inflammation pathway in vitro. MTECs were treated with different concentrations of farrerol (5, 10, or 20 μM) for 1 h and then with cisplatin (20 μM) for 18 h, and whole cell lysates were collected for Western blotting. (A,B) Quantification of the relative Nrf2, HO-1, NQO1, Keap1, and NOX4 protein levels obtained by Western blotting. (C–E) Representative Western blots showing the p- JNK/T-JNK, p-ERK/T-ERK, p-p38/T-p38, p- NF-κB (p-p65), and NLRP3 protein levels. All experiments were repeated three times. *p < 0.05 and **p < 0.01 compared with the control group; #p < 0.05 and ##p < 0.01 compared with the CDDP group. β-actin was used as an internal control.




Farrerol Regulates Cisplatin-Induced Mouse Tubular Epithelial Cells Apoptosis

During activation of the MAPK pathway, ERK and P38 phosphorylation can effectively stimulate p-p53 production to induce apoptosis (Li et al., 2018b), which is consistent with the Western blot results obtained in our study. Pretreatment with farrerol inhibited the expression of p-p53, Bax, and cleaved caspase-3 and activated the expression of Bcl2 in a concentration-dependent manner in vitro (Figures 4A,B). In addition, the cells were stained with PI and Hoechst dyes, and their apoptosis was observed using a fluorescence microscope. The results showed that farrerol significantly reduced the number of PI-positive cells and effectively inhibited apoptosis in a dose-dependent manner (Figures 4C,D). Similarly, the same experimental results were obtained by flow cytometric analysis (Figures 4E,F).
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FIGURE 4. Effects of farrerol on inhibition of the apoptosis of cisplatin-treated MTECs. MTECs were plated in six-well plates, preincubated with farrerol (5, 10, or 20 μM) for 1 h and then stimulated with cisplatin (20 μM) for 18 h. (A,B) The expression of the representative proteins p-p53, p53, Bcl2, Bax, and caspase-3 was assessed by Western blotting. (C,D) MTECs were stained with Hoechst/PI for 15 min, and the fluorescence was then rapidly detected with a fluorescence microscope. (E,F) The percentages of apoptotic and necrotic cells were determined by flow cytometry. All experiments were duplicated three times. *p < 0.05 and **p < 0.01 vs. the control group; #p < 0.05 and ##p < 0.01 vs. the CDDP group. β-actin was used as an internal control.




Effects of Farrerol on Cisplatin-Induced Kidney Dysfunction

To determine the effect of farrerol on AKI, we established an experimental model of cisplatin-treated mice (Figure 5A). After 12 h of fasting, the mice received an individual intraperitoneal injection of cisplatin (20 mg/kg) to induce AKI. Morphological observations revealed that the kidneys of the cisplatin group showed significant edema, mainly characterized by an increased kidney volume and a pale kidney color. However, the morphology of the kidneys of the mice belonging to the treatment group was significantly improved (Figure 5B). Furthermore, we measured and analyzed changes in the body weights of the mice, and the results showed that the weights of the stimulated group were significantly decreased. In addition, no evident difference in body weight was found between the farrerol and control groups (Figure 5C). Our analysis of the kidney index also revealed that farrerol significantly improved the cisplatin-induced kidney damage (Figure 5D). To understand the mechanism of action of farrerol, we performed H&E staining and scored the stained sections. Compared with the control group, the cisplatin group showed more morphological damage, including necrosis, cast formation, brush border loss, tubular degeneration, and vacuolization. Notably, these histological lesions were significantly attenuated in the farrerol-treated mice (Figures 6A,B). Consistent with the improvements in the kidney morphology, farrerol significantly reversed the increase in the BUN and SCr levels observed after 72 h of cisplatin treatment (Figures 6C,D). Moreover, farrerol improved the significant upregulation of renal KIM1 and NGAL (proximal tubular injury markers) caused by cisplatin, as shown in Figures 6E,F.
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FIGURE 5. Effects of farrerol on cisplatin-induced AKI. (A) Experimental design and schedule for treatment with cisplatin alone or in combination with farrerol. After 12 h of fasting, C57BL/6 mice were treated with farrerol (20 mg/kg) and administered 20 mg/kg cisplatin or vehicle 1 h later via intraperitoneal injection. Farrerol was administered 24 and 48 h after injection, and the mice were sacrificed 24 h after the last dose of farrerol. (B) Images of kidneys without magnification. (C) The changes in body weight were calculated by subtracting the body weight at 72 h from and the body weight 1 h prior to treatment. (D) The kidney index is expressed as the weight of the kidney divided by the body weight at 72 h. All the data are presented as the means ± SEM (n = 10 per group). All experiments were duplicated three times. *p < 0.05 and **p < 0.01 vs. the control group; #p < 0.05 and ##p < 0.01 vs. the CDDP group.
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FIGURE 6. Effects of farrerol on cisplatin-induced kidney dysfunction. (A) Representative tissue sections of kidneys stained with H&E. Necrosis (red arrow); Cast formation (black arrow); brush border loss, tubular degeneration, and vacuolization (green arrow). (B) Tissue damage score by percentage of damaged tubules (0, no damage; 1, <25% damage; 2, 25–50% damage; 3, 50–75% damage; and 4, >75% damage). The collected blood was used for calculation of the BUN (C) and SCr (D) levels. Data are presented as means ± SEM (n = 10 in each group). (E,F) The kidney tissue was homogenized and dissolved in extraction buffer, and Western blotting was performed to evaluate the protein expression of the proximal tubular injury markers, including KIM1 and NGAL. All experiments were repeated three times. *p < 0.05 and **p < 0.01 compared with the control group; #p < 0.05 and ##p < 0.01 compared with the CDDP group.




Farrerol Improves Cisplatin-Induced Oxidative Stress and Inflammation in vivo

Because oxidative stress plays a key role in cisplatin-induced mice, we evaluated the extent of cisplatin-induced oxidative damage by measuring various oxidation markers. The data demonstrate that cisplatin can increase the MPO and MDA concentrations while reducing the SOD and GSH levels. Consistently, we observed that farrerol attenuated cisplatin-induced AKI in mice by reducing the MPO and MDA levels and increasing the SOD and GSH levels compared with the levels obtained with cisplatin treatment only (Figures 7A–D). To assess the antioxidant mechanism of farrerol in a cisplatin-induced AKI model, we extracted protein from kidney tissue and performed Western blotting. The results showed that farrerol efficiently activated Nrf2 and increased the levels of the downstream proteins HO-1 and NQO1. In contrast, farrerol attenuated the expression of Keap1 and NOX4 (Figures 7E,F). These data indicated that the antioxidant ability of farrerol involves activation of the Nrf2/ARE pathway, and this finding was examined further in the subsequent experiments.

[image: Figure 7]

FIGURE 7. Effects of farrerol on the levels of oxidative pathway-related proteins induced by cisplatin. (A–D) Renal tissues were collected from the mice to measure the production of MPO, MDA, SOD, and GSH. Data are expressed as mean ± SEM (n = 10 per group). (E,F) Representative Western blots showing the effect of farrerol on the levels of oxidative pathway-related proteins (including Nrf2, HO-1, NQO1, Keap1, and NOX4) in mouse kidney tissues. All experiments were duplicated three times. *p < 0.05 and **p < 0.01 vs. the control group; #p < 0.05 and ##p < 0.01 vs. the CDDP group.




Farrerol Ameliorates Cisplatin-Induced Inflammation and Apoptosis in Mice

We then investigated whether farrerol regulates the MAPK pathway in the AKI model. As shown in Figures 8A,B, the protein expression of p-JNK, p-ERK, and p-p38 was evidently upregulated in the cisplatin group compared with the control group, and farrerol pretreatment effectively reduced the expression levels of these proteins. The MAPK pathway plays a crucial role in both inflammation and apoptosis (Okada et al., 2014). We subsequently investigated the role of farrerol in the inflammatory and apoptotic pathways in vivo, and the results indicated that farrerol can inhibit inflammation by inhibiting the expression of p-NF-κB and NLRP3 (Figures 8A,C). In addition, farrerol increased the Bcl2 protein levels compared with the levels obtained with cisplatin treatment alone and reduced the levels of p-p53, Bax, and cleaved caspase-3 (Figures 8D,E). To further confirm this hypothesis, the kidney specimens were subjected to immunohistochemical staining of caspase-3. As shown in Figure 8F, the expression of caspase-3 in the kidney tissues of the mice exposed to CDDP was elevated compared with that found in the control group, and farrerol pretreatment significantly reduced these levels. All the results confirm that treatment with farrerol can improve CDDP-induced inflammation and the apoptotic pathway.
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FIGURE 8. Effects of farrerol on cisplatin-induced inflammation and apoptosis in AKI. (A–C) p-JNK / T-JNK, p-ERK / T-ERK and p-p38 / T-p38, p-NF-κB (p-p65) and NLRP3 protein levels were analyzed by Western blot. (D,E) Representative Western blot showing the expression of p-p53, p53, Bax, caspase-3 and Bcl2 in the kidney. (F) Representative photographs of immunohistochemical analysis of Caspase3 (black arrow) for kidney sections of the control, CDDP, CDDP + Far, and Far groups. Data are presented as the means ± SEM (n = 10 per group). All of the data displayed represent the mean of three independent experiments. *p < 0.05 and **p < 0.01 vs. the control group; #p < 0.05 and ##p < 0.01 vs. the CDDP group. NS, no specificity. β-actin was used as an internal control.




Nuclear Factor Erythrocyte 2-Related Factor 2 Deficiency Aggravates Cisplatin-Induced Acute Kidney Injury in vivo

To test whether the improvements mediated by Nrf2 in CDDP-induced AKI contribute to the protective effects of farrerol, we also induced AKI in wild-type and Nrf2-knockout C57BL/6 mice using a similar approach to that used to obtain the data shown in Figure 4A. The expression of the antioxidant response gene Nrf2 and that of its downstream related genes HO-1 and NQO1 were significantly increased in the wild-type mice, but no significant expression was observed in the Nrf2-knockout mice (Figures 9A,B). We then assessed renal function by measuring the body weight changes, kidney index, and levels of BUN, SCr, KIM1 and NGAL. Compared with the control group, kidney function was significantly reduced in the cisplatin group, and Nrf2 knockout mice have worsened symptoms than the wild-type mice (Figures 9C–H). Notably, the results presented in Figures 9A–H showed that farrerol exerted no obvious protective effect on Nrf2-deficient mice.
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FIGURE 9. The effects of farrerol on cisplatin-induced AKI depend on Nrf2 in vivo. After 12 h of fasting, wild-type and Nrf2-knockout C57BL/6 mice were injected intraperitoneally with farrerol (20 mg/kg), and cisplatin (20 mg/kg) was administered by intraperitoneal injection 1 h later. Farrerol was then administered at 24 and 48 h after the injection, and the mice were sacrificed 24 h after the last farrerol administration. After recording the body and kidney weights, the kidneys and blood from all the tested mice were collected. (A,B) Protein expression of Nrf2, HO-1, and NQO1 in the wild-type and Nrf2-knockout mice. The body weight changes (C), kidney injury index (D), BUN (E). and SCr levels (F) in the wild-type and Nrf2-knockout mice were measured. All the data are presented as the means ± SEM (n = 10 per group). (G,H) Western blot analysis of KIM1 and NGAL protein expression in the kidneys. All experiments were duplicated three times. *p < 0.05 and **p < 0.01 compared with the control group; #p < 0.05 and ##p < 0.01 compared with the CDDP group. β-actin was used as an internal control, NS, no specificity; WT, wild-type C57BL/6 mice; KO, Nrf2-knockout C57BL/6 mice.





DISCUSSION

Acute kidney injury (AKI) caused by sepsis, ischemia, or nephrotoxic agents is characterized by abrupt and reversible kidney dysfunction (Doi and Rabb, 2016). The pathogenesis of AKI is complex and diverse and is mainly related to oxidative stress, inflammation, and apoptosis. Among these symptoms, nephrotoxicity is a main side effect of cisplatin chemotherapy, and this side effect limits the usage of cisplatin for the treatment of cancer patients (Ozkok and Edelstein, 2014). It has been reported that the entry of cisplatin into the proximal tubules of the kidney induces the production of a large amount of ROS, which might destroy the balance of the body’s redox system (Yen et al., 2019). Some studies have shown that antioxidants can prevent cisplatin-induced nephrotoxicity through their effects on inflammation and apoptosis (Shen et al., 2019), and other studies have shown that antioxidants can improve cisplatin-induced cytotoxicity by inhibiting inflammatory responses and reducing apoptosis (Lin et al., 2019).

Under various pathological conditions, ROS produced by oxidative stress are inseparable from renal damage (Nath and Norby, 2000). The treatment of mice with cisplatin significantly increases the BUN, SCr, KIM1, and NGAL levels (Figures 6C–F) and significantly worsens the histopathology results mainly including necrosis, cast formation, and brush border loss (Figures 6A,B). Therefore, we concluded that ROS-mediated oxidative stress is associated with cisplatin-induced AKI. Farrerol is a novel 2,3-dihydroflavonoid isolated from rhododendron (Wang et al., 2019) that reportedly exerts antioxidant effects (Liu et al., 2015; Wang et al., 2019). The administration of 20 mg/kg cisplatin was adjusted based on the protocol used for farrerol administration (Figure 4A). CDDP-induced oxidative stress is characterized by elevated MDA and MPO levels and decreased SOD and GSH levels (Ma et al., 2015), and these effects were reversed by farrerol in our experiments (Figures 7A–D). Based on these data, farrerol can effectively inhibit oxidative stress, but the specific mechanism remains unclear. Farrerol also reportedly activates Nrf2 to alleviate oxidative lesions in RAW 264.7 cells (Liu et al., 2015). Inspired by these observations, we utilized antioxidant molecules to investigate the possible relationship between Nrf2 and antioxidant activity to further explore the pharmacological effects of farrerol. The activation of the Nrf2 pathway plays an important role in the cellular redox status and oxidative stress (Dodson et al., 2015). Notably, a Nrf2 inhibitor abolished farrerol-induced Nrf2 activation and increased cisplatin-induced cytotoxicity, which indicated that farrerol might protect against cisplatin-induced toxicity through Nrf2 activation (Figures 2A,B). In addition, we observed that farrerol failed to attenuate the production of ROS in cisplatin-treated tubular cells in which Nrf2 was inhibited (Figures 2E,F), and these results suggested that farrerol inhibited ROS production by activating Nrf2 and subsequently inhibited cisplatin nephrotoxicity in vitro. In addition, qPCR and Western blotting assays were performed to detect the expression of Nrf2, and the results demonstrated that farrerol upregulated the expression of Nrf2 in a dose-dependent manner in vitro (Figures 2C,D). Our results also showed that farrerol dose-dependently upregulates the levels of HO-1 and NQO1 proteins and downregulates the expression of Keap1 and NOX4 in vitro (Figures 3A,B) and in vivo (Figures 7E,F). To support these findings, we used Nrf2-knockout and wild-type mice models to further explore the mechanism through which Nrf2 protects against CDDP-induced AKI. Our findings revealed that the cisplatin group exhibited significantly reduced kidney function (including body weight changes; kidney index; BUN, SCr, KIM1, and NGAL levels) and that Nrf2-knockout mice exhibited lower kidney function compared with the wild-type mice (Figures 9C–H). We also found that farrerol exerted only a slight protective effect on Nrf2-deficient mice, and no significant expression of Nrf2, HO-1, and NQO1 was detected in the Nrf2-knockout mice (Figures 9A,B).

Furthermore, increasing lines of evidence show that ROS produced by cisplatin mediate inflammatory pathways by activating the MAPK and NF-κB pathways (Baker et al., 2011; Li et al., 2014). NF-κB, which is a central regulator of the kidney inflammatory response mechanism (Meng et al., 2018a), can effectively control the expression of the inflammation-related signaling molecule NLRP3 and thereby regulate the inflammatory pathway. In brief, the MAPK family consists of three major serine/threonine kinase proteins, namely, JNK, ERK and p38. Previous studies have shown that members of the MAPK family are activated after cisplatin exposure (Malik et al., 2015). The phosphorylation of MAPK exacerbates renal function and further causes apoptosis and inflammation (Pabla and Dong, 2008). Here, we discovered that farrerol substantially declined cisplatin-induced MAPK phosphorylation and p-NF-κB activation in vitro (Figures 3C–E) and in vivo (Figures 8A–C). As described above, ROS can also induce the phosphorylation of ERK and p38 to regulate apoptosis via p53 (Martindale and Holbrook, 2002), which is a tumor-suppressor protein that plays a key role in the induction of apoptosis in various cell types (Jiang et al., 2007). Here, we detected the levels of p53, Bax, caspase-3, and Bcl2 by Western blot analysis and found that the expression levels of p-p53, Bax, and caspase-3 were significantly increased in the cisplatin group and that Bcl2 expression was increased after pretreatment with farrerol (Figures 4A,B,D,E). In addition, TUNEL staining (Figures 4C,D) and flow cytometry (Figures 4E,F) assays indicated that farrerol evidently alleviated apoptosis compared with cisplatin treatment alone. Therefore, the scavenging of ROS by farrerol could prevent cisplatin-induced p-p53 activation and effectively decrease MTECs apoptosis. In short, we concluded that farrerol can alleviate the cisplatin-induced inflammatory response and apoptotic pathway by inhibiting ROS production in vitro and in vivo.



CONCLUSION

In summary, our study demonstrated that farrerol can improve cisplatin-induced nephrotoxicity by ameliorating the oxidative, inflammatory, and apoptotic pathways (Figure 10). This mechanism of kidney protection further alleviates the generation of ROS by activating Nrf2, which in turn regulates the signaling pathways associated with oxidation, inflammation, and apoptotic factors. These experiments demonstrated that farrerol, as a natural Nrf2 activator, has potential for the treatment of clinical AKI.
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FIGURE 10. Protective effects of farrerol on CDDP-induced AKI and the underlying mechanism. Cisplatin enters the kidney and induces the production of a large amount of ROS. On the one hand, ROS can directly cause oxidative stress, and on the other hand, ROS activate NF-κB and p53 via the MAPK pathway and thereby induce changes in inflammation and apoptosis. Farrerol alleviates the generation of ROS by activating Nrf2, which in turn regulates the oxidation, inflammation, and apoptosis signaling pathways.
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Urinary tract infection (UTI) is a common complication in patients with urolithiasis. This study aimed to compare clinical manifestations and treatment outcomes among UTI patients with or without urolithiasis. It also focused on identifying relationships among urolithiasis, uroseptic shock, and acute kidney injury (AKI). This retrospective study enrolled hospitalized UTI patients who underwent imaging in an acute care setting from January 2006 to March 2015. Of 662 participants enrolled, 113 (17.1%) had urolithiasis, 107 (16.2%) developed uroseptic shock, and 184 (27.8%) developed AKI. A multivariate logistic regression analysis showed that in UTI patients, urolithiasis is associated with an increased risk of uroseptic shock (OR 1.80, 95% CI: 1.08–3.02, P = 0.025), AKI (OR 1.95, 95% CI: 1.22–3.12, P = 0.005), and bacteremia (OR 1.68, 95% CI: 1.08–2.64, P = 0.022). Urolithiasis is common in UTI patients and is associated with an increased risk of uroseptic shock and AKI.

Keywords: urolithiasis, urinary tract infection, uroseptic shock, acute kidney injury, bacteremia


INTRODUCTION

Urolithiasis is a global problem with an increasing incidence and prevalence rate (1, 2). The global prevalence of urolithiasis ranges from 2 to 20% and varies based on geographical locations and socioeconomic conditions of different populations (3, 4). Urolithiasis is a well-known risk factor of urinary tract infection (UTI), and a vicious cycle leading to several clinical consequences is observed seen as follows: stones → obstruction → stasis → infection → stones (5). Furthermore, urolithiasis is associated with an increased risk of chronic kidney disease (CKD), hypertension, and myocardial infarction (6–8).

Urolithiasis can lead to urinary stasis, which enables bacteria to adhere to the urothelium and multiply, thereby causing UTI (9). Complicated UTI related to obstructive uropathy can progress to urosepsis and may cause septic shock and disseminated intravascular coagulopathy (10). However, only a few studies have demonstrated the correlation among urolithiasis, uroseptic shock, and acute kidney injury (AKI) in UTI patients. Hence, we conducted a study to investigate whether urolithiasis is an important risk factor for uroseptic shock and AKI in UTI patients.



MATERIALS AND METHODS


Study Design and Patient Selection

The data for this retrospective observational study were collected between January 2006 and March 2015 from patients visiting Chiayi Christian Hospital in southern Taiwan, which consists of 1,077 inpatient beds and an outpatient department serving ~4,110 patients per day. This study was conducted after obtaining ethical approval from the Institutional Review Board of Chiayi Christian Hospital (approval no. CYCH-IRB-100015).

In total, 662 consecutively hospitalized UTI patients without any other concurrent infectious disease were enrolled in the study. All patients were adults and presented with UTI symptoms such as pain on urination, lumbago, or fever with bacterial isolation of >105 colony-forming units/mL from a urine specimen. All patients underwent imaging studies, such as ultrasonography, intravenous urography (IVU), or computed tomography (CT), to identify urolithiasis and urinary tract obstruction. The patients were divided into two groups based on the presence or absence of urolithiasis. The clinical characteristics and laboratory data were collected using a standard form for further analysis.



Assessment of the Subjects

Data on demographic characteristics (age and sex), comorbidities [diabetes mellitus (DM), hypertension, coronary artery disease, congestive heart failure (CHF), stroke, and long-term indwelling Foley catheter], vital signs (blood pressure and temperature), laboratory results [white blood cell (WBC) count, platelet count, serum creatinine, and estimated glomerular filtration rate (eGFR) at baseline and after hospitalization], causative microorganisms and antimicrobial resistance pattern, and imaging of patients were collected and analyzed.



Definitions

The diagnosis of urolithiasis was based on imaging studies. Urolithiasis was defined as the presence of any stone formation in the urinary tract that was detected during imaging studies such as ultrasonography, CT with or without enhancement, or IVU. Uroseptic shock was defined as sepsis-induced hypotension [systolic blood pressure (SBP) <90 mmHg or mean arterial pressure <70 mmHg or a decrease in SBP by >40 mmHg and lasting for at least 1 h, despite adequate fluid resuscitation and in the absence of other causes of hypotension] (11). eGFR was determined using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) creatinine equation (12, 13). For patients without recognized CKD, the estimation of baseline creatinine level was performed using the CKD-EPI creatinine equation assuming a GFR of 75 ml/min/1.73 m2 (14). AKI was defined as an increase in serum creatinine level to ≥1.5 times the baseline values according to the KDIGO Clinical Practice Guideline criteria for serum creatinine value for AKI stages 1, 2, and 3 (15). Afebrile status was defined as a body temperature of ≤ 38.3°C (101°F) during hospitalization. Multiple drug resistance (MDR) was defined as non-susceptibility of the isolates to at least one agent in three or more antimicrobial categories (16).



Statistical Analyses

The patients were grouped into two categories: those with or without urolithiasis. The continuous variables were expressed as mean ± SD, and the categorical variables were expressed as number (percentage). The data were analyzed using Student's t-test or chi-square test depending on the type of variables. Multivariate logistic regression analyses were performed to identify factors associated with urolithiasis, septic shock, and AKI post-admission. Only variables significant at the 0.15 level in the univariate analysis were selected for consecutive multivariate analyses. The goodness-of-fit of the logistic regression model was assessed using the Cox and Snell test, and the explanatory power was reported using Nagelkerke's pseudo-R-square. A P-value of <0.05 was considered statistically significant. All analyses were performed using SPSS software for Windows (SPSS Science, v. 17.0, Chicago, IL).




RESULTS

The demographic and clinical characteristics of 662 hospitalized UTI patients are shown in Table 1. The mean age on admission was 67 ± 17 years. A majority of the patients [468 (70.7%)] were females, and 229 (34.6%) had a prior history of UTI. There were 107 patients (16.2%) with uroseptic shock and 184 patients (27.8%) with AKI during hospitalization. The overall mortality rate was 0.45% (3/662). Among UTI patients, 113 (17.1%) had urolithiasis and 41 had ureteral stone with urinary tract obstruction. The ureteral stones were located at the upper ureter or ureteropelvic junction in 18 patients (43.9%), mid ureter in 5 (12.2%), and distal ureter and ureterovesical junction in 18 (43.9%). Thirty (16.3%) and 81 patients (16.9%) underwent radiologic examinations using contrast media (IVU or CT) in the AKI and non-AKI groups, respectively. The prevalence of male sex (40.7 vs. 27.0%, P = 0.003), bacteremia (57.5 vs. 40.3%, P = 0.001), uroseptic shock (26.5 vs. 14.0%, P = 0.001), AKI (40.7 vs. 25.1%, P = 0.001) and Proteus spp. isolates (10.6 vs. 2.6%, P < 0.001) was higher, while Escherichia coli isolates (61.1 vs. 75.8%, P = 0.002) was lower in patients with urolithiasis than in those without. Among UTI patients with urolithiasis, the incidences of AKI were 60.0 and 33.7%, respectively, in patients with and without uroseptic shock. The top five bacteria identified in UTI patients with urolithiasis were E. coli (61.1%), Proteus spp. (10.6%), Klebsiella spp. (8.8%), Pseudomonas spp. (8.0%), and Enterococcus spp. (3.5%). The top five bacteria identified in UTI patients without urolithiasis were E. coli (75.8%), Klebsiella spp. (7.7%), Pseudomonas spp. (7.1%), Enterococcus spp. (4.6%), and Proteus spp. (2.6%).


Table 1. Characteristics of hospitalized patients with urinary tract infection with respect to urolithiasis.
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CHF (OR 2.43, 95% CI: 1.03–5.77, P = 0.043), urolithiasis (OR 1.80, 95% CI: 1.08–3.02, P = 0.025), and AKI (OR 2.30, 95% CI: 1.45–3.65, P < 0.001) were independently associated with an increased risk of uroseptic shock (Table 2). Patients with DM (OR 1.78, 95% CI: 1.21–2.60, P = 0.003), afebrile during hospitalization (OR 1.63, 95% CI: 1.08–2.44, P = 0.019), bacteremia (OR 2.19, 95% CI: 1.47–3.26, P < 0.001), uroseptic shock (OR 2.44, 95% CI: 1.51–3.93, P < 0.001), urolithiasis (OR 1.95, 95% CI: 1.22–3.12, P = 0.005), and higher WBC count (OR 1.04, 95% CI: 1.00–1.07, P = 0.025) were independently associated with an increased risk of AKI. Conversely, higher eGFR (OR 0.99, 95% CI: 0.98–0.99, P < 0.001) was independently associated with a decreased risk of AKI in UTI patients (Table 3). Figure 1 shows a reduction in eGFR in UTI patients with uroseptic shock and urolithiasis. The reduction in eGFR values in uroseptic shock patients with or without urolithiasis, and UTI patients with or without urolithiasis were 28.35 (95% CI: 19.23–37.46), 20.78 (95% CI: 16.58–24.97), 17.05 (95% CI: 13.72–20.39), and 13.28 (95% CI: 12.05–14.50) mL/min/1.73 m2, respectively. Significant differences were observed between uroseptic shock patients with urolithiasis and UTI patients with urolithiasis, uroseptic shock patients without urolithiasis and UTI patients without urolithiasis, uroseptic patients with urolithiasis and UTI patients without urolithiasis, and UTI patients with urolithiasis and UTI patients without urolithiasis. Urolithiasis (OR 1.68, 95% CI: 1.08–2.64, P = 0.022), AKI (OR 1.87, 95% CI: 1.26–2.78, P = 0.002), and higher WBC count (OR 1.04, 95% CI: 1.01–1.07, P = 0.006) were independently associated with an increased risk of bacteremia, while afebrile status (OR 0.32, 95% CI: 0.22–0.46, P < 0.001) and higher platelet count (OR 1.00, 95% CI: 0.99–1.00, P < 0.001) were independently associated with a decreased risk of bacteremia in UTI patients (Table 4).


Table 2. Univariate and multivariate logistic regression analyses of factors related to uroseptic shock in patients with urinary tract infection.
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Table 3. Univariate and multivariate logistic regression analyses of factors related to acute kidney injury in patients with urinary tract infection.
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FIGURE 1. eGFR reduction in UTI patients with respect to uroseptic shock and urolithiasis. eGFR, estimated glomerular filtration rate; UTI, urinary tract infection; eGFR reduction, baseline minus worst value of eGFR. *p < 0.05, **p < 0.01.



Table 4. Univariate and multivariate logistic regression analyses of factors related to bacteremia in patients with urinary tract infection.
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DISCUSSION

The relationship between urolithiasis and UTI is complex. UTI is a common complication in patients with urolithiasis, and it promotes the formation of urolithiasis (5). Our study demonstrated a higher prevalence of urolithiasis in UTI patients than in the general population. The presence of urolithiasis was associated with worse clinical outcomes in UTI patients, including an increased risk of bacteremia, uroseptic shock, and AKI. To the best of our knowledge, this is the first study to demonstrate that urolithiasis is associated with an increased risk of uroseptic shock and AKI in UTI patients.

Patients with septic shock are in a critical situation that requires significant healthcare resources. It is estimated that UTI is the underlying cause in 30% of patients with severe sepsis and septic shock (17). The rate of developing septic shock in patients with UTI can range from 20.8 to 32.9% based on different underlying conditions (18–20). In the current study, the incidence of uroseptic shock in UTI patients that necessitated admission was 16.2%. Multiple factors attributing to septic shock have previously been reported in patients with UTI. Indwelling urinary catheter and increased C-reactive protein levels were risk factors of septic shock in UTI patients with or without bacteremia (18, 21). Our study showed that urolithiasis could be a good predictor of the development of uroseptic shock in UTI patients. Previous studies showed that the rate of uroseptic shock in calculous acute pyelonephritis (APN) ranged from 20.8 to 36.2% (22, 23). Here, we found a similar incidence (26.5%) of uroseptic shock in UTI patients with urolithiasis. UTI with urinary tract obstruction can lead to urosepsis in ~10% of cases (24), and the presence of urinary tract obstruction is a risk factor for septic shock in patients with bacteremic APN (19, 25). A lack of decompression leads to an increased risk of mortality for patients with sepsis and ureteral stone (26). It is important to decompress the renal collecting system by ureteral stent or pyelonephrostomy for UTI patients with severe urinary tract obstruction (27). Because urolithiasis is an independent risk factor for the development of septic shock in UTI patients, early imaging for sepsis patients with clinical suspicion of urinary source and decompressing the urinary collecting system for those with obstruction is recommended. For patients identifying severe sepsis or septic shock, administration of effective intravenous antibiotics within an hour is critical according to the recommendation of Surviving Sepsis Campaign guidelines (11).

The primary mechanism of urolithiasis-associated AKI is obstructive nephropathy (28). However, urolithiasis is a rare cause of adult AKI, accounting for ~1–2% of all AKI events only (28). One of the common causes of AKI in critically ill patients is sepsis (29), and ~60% of patients with septic shock develop AKI (30). Urolithiasis is a risk factor for UTI, and UTI is one of the common causes of sepsis, which may lead to uroseptic shock and deterioration of renal function. Our study found a high incidence of AKI (46.7%) among the patients with uroseptic shock, and uroseptic shock was an independent risk factor for AKI. UTI patients with urolithiasis were more prone to develop uroseptic shock and tended to have a greater reduction in eGFR than those without urolithiasis, regardless of the presence of uroseptic shock. Because patients with urolithiasis or uroseptic shock are both predisposed to develop more severe AKI, nephrotoxic agents, including non-steroidal anti-inflammatory drugs, contrast media, and aminoglycosides should be avoided in patients with a high risk of AKI.

The presence of bacteremia in complicated APN patients results in an increased risk of developing severe sepsis or uroseptic shock (31). Previous studies have indicated that specific clinical features in UTI patients, such as old age, low SBP, high body temperature, and high procalcitonin levels, were significantly associated with bacteremia (32). Our study showed that UTI patients with urolithiasis, AKI, and higher WBC count were at a higher risk of developing bacteremia. Urolithiasis per se is an important source of secondary infection (33). A previous study reported that the incidence of bacteria isolated from urine and stone matrices of stone formers was 24 and 32%, respectively (34). Traditionally, UTI with urease-producing bacteria, in most cases belonging to Proteus spp., can split urinary urea and increase urinary pH, thus, promoting the precipitation and aggregation of struvite crystals to form infective urolithiasis (5). However, UTIs are frequently associated with kidney stones of different chemical compositions other than struvite (34). Tavichakorntrakool et al. reported that the three most common bacteria in urine samples of patients with renal stones were E. coli, Enterococcus spp., and Klebsiella/Enterobacter spp. (34). Our data showed that the three most common pathogens in UTI patients with urolithiasis were E. coli, Proteus spp., and Klebsiella spp. There were more isolates of Proteus spp. but fewer isolates of E. coli in UTI patients with urolithiasis than in those without urolithiasis. Third-generation cephalosporin is a reasonable empirical antibiotic for stable community-acquired UTI associated with urolithiasis, while broader spectrum antimicrobial coverage is needed for patients with severe sepsis or septic shock (18). In addition, urolithiasis contains bacteria, and the number of bacteria on the stone surface can increase despite antibiotic therapy. Thus, eradication of the associated UTI is only possible after complete removal of the stone (35).

Our study had several limitations. First, the retrospective design involved a potential bias in data collection. Although we collected data using a standard form to reduce bias, the data regarding prior history of urolithiasis, as well as the type and size of urolithiasis were absent. A prospective study is needed to collect the above information to determine the associations between urolithiasis burden and urosepsis, as well as uroseptic shock and AKI. Second, this was a single-center study involving hospitalized patients with UTI, which limits the generalizability of the results. A multicenter study with a larger sample size will be needed to confirm our results. Third, in this study, the patient number with urinary tract obstruction was insufficient to evaluate it as a risk factor for causing uroseptic shock and AKI in UTI patients with urolithiasis. These limitations will be addressed in our future study.

In conclusion, we demonstrated that UTI patients with urolithiasis have a higher risk of developing uroseptic shock and AKI than those without urolithiasis. Therefore, careful medical history and imaging studies for urolithiasis are important for physicians to prevent and manage acute and severe complications in UTI patients.
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Hypoxic injury is one of the most important factors in progressive kidney disorders. Since we have found that δ-opioid receptor (DOR) is neuroprotective against hypoxic stress through a differential regulation of mitogen-activated protein kinases (MAPKs) and anti-inflammatory cytokines, we asked if DOR that is highly expressed in the kidney can modulate renal MAPKs and anti-inflammatory cytokines under hypoxia. We exposed cultured rat kidney epithelial cells (NRK-52E) to prolonged hypoxia (1% O2) with applications of specific DOR agonist or/and antagonist to examine if DOR affects hypoxia-induced changes in MAPKs and anti-inflammatory cytokines. The results showed that endogenous DOR expression remained unchanged under hypoxia, while DOR activation with UFP-512 (a specific DOR agonist) reversed the hypoxia-induced up-regulation of ERK1/2 and p38 phosphorylation. DOR inhibition with naltrindole had no appreciable effect on the hypoxia-induced changes in ERK1/2 phosphorylation, but increased p38 phosphorylation. DOR inhibition with naltrindole attenuated the effects of DOR activation on the changes in ERK1/2 and p38 phosphorylation in hypoxia. Moreover, DOR activation/inhibition differentially affected the expression of transcriptional repressor B-cell lymphoma 6 (Bcl-6), anti-inflammatory cytokines tristetraprolin (TTP), and interleukin-10 (IL-10). Taken together, our novel data suggest that DOR activation differentially regulates ERK1/2, p38, Bcl-6, TTP, and IL-10 in the renal cells under hypoxia.
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INTRODUCTION

Alteration in oxygenation induced tissue hypoxia in kidney has been identified as a final common pathway to the development and progression of diseases in both acute and chronic kidney injury (Nangaku et al., 2013; Singh et al., 2013; Fu et al., 2016), as well as renal cancer (Myszczyszyn et al., 2015; Schodel et al., 2016), and eventually leads to the end-stage kidney disease (ESKD). The responses of individual cells to hypoxia include a range of changes in genetic and signaling regulations that facilitate them to adapt to the hypoxic conditions (Shoji et al., 2014). It is demonstrated that multiple signaling pathways, such as hypoxia inducible factor (HIF), Notch, NF-κB, PI3K/Akt, and mitogen-activated protein kinases (MAPKs), are involved in hypoxia response (Luo et al., 2016; Liu J. et al., 2017). The MAPKs are one of the most fascinating signaling pathways that have been frequently studied and involved in many hypoxic/ischemic kidney diseases (Kim et al., 2013; Liu et al., 2013).

In MAPK family, there are at least four members based on their sequence similarity, upstream activators, and to a lesser extent, substrate specificity (Kyriakis and Avruch, 2001). The classic extracellular signal-regulated kinases1 and 2 (ERK1 and ERK2) are identified in the context of growth factor-related signaling, whereas the c-Jun N-terminal kinase (JNK) and p38 families are described in the setting of cell response to stress and inflammation (Kyriakis and Avruch, 2012). All MAPK pathways include central three-tiered “core signaling modules” as MAPK-kinase-kinase, in which MAPKs are activated by associated Tyr and Thr phosphorylation (Kyriakis and Avruch, 2001). They are differentially involved in the regulation of inflammatory cytokines in the hypoxic/ischemic conditions (Tan et al., 2013; Wang et al., 2017; Wu et al., 2017).

Mitogen-activated protein kinases also participate in renal responses to hypoxic stress. The activation of MAPKs, especially ERK1/2 and p38, is detected under hypoxic condition in human kidney (Chen et al., 2013). Our recent studies on rat kidney epithelial cells have shown that the phosphorylation of both ERK1/2 and p38 is up-regulated under hypoxic stress (Luo et al., 2017). However, this is different from our observations on neuronal cells that showed an increase in p38 phosphorylation with a decrease in the level of ERK1/2 phosphorylation after prolonged exposure to severe hypoxia (Ma et al., 2005).

Our serial studies have proven that the δ-opioid receptor (DOR) has a protective effect on neurons under hypoxic/ischemic stress via the regulation of ERK1/2 and p38 as well as inflammatory cytokines (Ma et al., 2005). DOR is a G protein-coupled receptor and is a key player in pain control, hedonic homeostasis, mood, stress responses, and other function (Chu Sin Chung and Kieffer, 2013; Xia, 2015). Since DOR is highly expressed in the kidney (Peng et al., 2012), we wonder if DOR activation modulates survival process by interacting with MAPKs as well as anti-inflammatory cytokines such as transcriptional repressor B-cell lymphoma 6 (Bcl-6), anti-inflammatory cytokines tristetraprolin (TTP), and interleukin-10 (IL-10) in hypoxic renal cells. Based on our previous studies, we hypothesize that DOR activation may differentially regulate MAPKs and some anti-inflammatory cytokines in the kidney under hypoxia. To test this hypothesis, we conduct serial experiments on rat kidney epithelial cells in this work to determine DOR expression and the effects of DOR activation or/and inhibition on ERK1/2, p38, and some critical anti-inflammatory cytokines under prolonged hypoxia. The outcome results demonstrate that DOR signaling indeed differentially regulates ERK1/2, p38, Bcl-6, TTP, and IL-10 under hypoxic conditions.



MATERIALS AND METHODS


Cell Culture

NRK-52E cells (normal rat kidney epithelial cells) were acquired from Chinese Academy of Sciences (Shanghai, China). In brief, Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, Grand Island, NY, United States) was used as cell culture medium, containing 5% fetal bovine serum (FBS) (Gibco, Grand Island, NY, United States), 100 U/ml penicillin, and 100 mg/ml streptomycin (Gibco, Grand Island, NY, United States). NRK-52E cells were incubated in a humidified atmosphere at 37°C with 21% O2 and 5% CO2.



Establishment of Hypoxic Culture Condition

Cells were exposed to hypoxia by placing them in a mixed gas incubator filled with an atmosphere consisting of 94% N2, 5% CO2, and 1% O2 for different durations (24, 48, and 72 h). Normoxic controls were incubated in parallel in a humidified incubator supplemented with 21% O2 and 5% CO2 at 37°C.



Drug Treatments

For drug treatments, UFP-512, a specific and effective DOR agonist, was synthesized by our research teams (Balboni et al., 2002; Chao et al., 2007), naltrindole, a particular DOR antagonist (Zhang et al., 2006; Granier et al., 2012), was purchased from Sigma (St. Louis, MO, United States), tumor necrosis factor-α (TNF-α) was purchased from R&D Systems (Minneapolis, MN, United States), they were added into the culture medium in demanded concentrations and exposed to normoxic or hypoxic conditions starting immediately before the onset of hypoxia (or at the same time-point in normoxia).



Cellular Proliferation Assay

The NRK-52E cells (1 × 104 cells/well) were seeded in a 96-well plate and incubated in normal culture condition for 24 h before hypoxia. After drug treatment, cell proliferation was determined by the CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS) kit (Promega, Madison, WI, United States) according to the manufacturer’s instructions. MTS reagent (10 μl) was added to cultured cells in all wells followed by incubation for 1 h at 37°C. The absorbance was tested at the wavelength of 490 nm with a micro-plate reader (Bio-Rad Laboratories, Hercules, CA, United States).



Protein Extraction and Western Blot Analysis

Harvested cells were washed twice with ice-cold phosphate-buffered saline (PBS) and homogenized with lysis buffer (KeyGEN Biotech Co., Ltd., Nanjing, China) on ice. Cell lysates were centrifuged at 4°C for 15 min at 12,000 rpm, and then the supernatant was collected in fresh tubes and quantified using the bicinchoninic acid assay (BCA) method (KeyGEN Biotech Co., Ltd., Nanjing, China). Cell lysate proteins (30 μg) were separated by sodium dodecyl sulfate-polyacrylamide (Solarbio Science & Technology Co., Ltd., Beijing, China) gel electrophoresis and electrophoretically transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA, United States). After blocking with 5% fat-free milk (Bio-Rad Laboratories, Hercules, CA, United States) in Tris-buffered saline tween-20 (TBST, Solarbio Science & Technology Co., Ltd., Beijing, China) buffer at room temperature for 1 h, the membranes were incubated overnight at 4°C with the indicated primary antibodies. β-Actin (1:3000), ERK1/2 (1:2000), and p38 (1:1000) were purchased from Cell Signaling Technologies (Danvers, MA, United States), rabbit polyclonal anti-DOR (1:1000) were from Millipore (Billerica, MA, United States), Bcl-6 (1:100) and TTP (1:200) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, United States), IL-10 (1:1000) were purchased from Abcam (Cambridge, United Kingdom). After repeated washing, they were reacted with the appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 h at room temperature and enhanced chemiluminescence (ECL) detecting reagent (Thermo Scientific, Rockford, IL, United States). The images were analyzed with Quantity One software (Bio-Rad Laboratories, Hercules, CA, United States).



Statistics

The data were expressed as the changes in percentage compared to the control. At least three independent experiments were conducted in each group. The results were stated as the mean and standard error mean (SEM). Comparison between two groups (i.e., 24 h of normoxia vs. 24 h of hypoxia) was analyzed by unpaired t-test. Differences with a P-value < 0.05 were considered statistically significant. GraphPad Prism software (GraphPad Software, Inc., La Jolla, CA, United States) was used for statistical analyses.



RESULTS


Effect of Hypoxia on the Expression of DOR

We first examined DOR expression in NRK-52E cells under hypoxic conditions (1% O2). As shown in Figure 1, hypoxia had no significant impact on the level of DOR protein (68, 52, and 42 KD) after 24–72 h of hypoxia (P > 0.05), suggesting that DOR protein expression of NRK-52E cells is resistant to prolonged hypoxic stress, which is very different from the observation made on neuronal cells in our previous study (Ma et al., 2005).
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FIGURE 1. Effect of hypoxia on DOR expression of NRK-52E cells. NRK-52E cells were exposed to hypoxia at 1% O2 for 24–72 h. Representative Western blots (A) and relative quantitation (B) of DOR in the total protein of NRK-52 cells. H, hypoxia; C, normoxic control. At least three independent experiments were conducted in each group. Note that the DOR protein has three different signal bands (68, 52, and 42 KD) and did not change significantly in response to hypoxia at the whole cell level.




Effect of DOR Activation on ERK1/2 and p38 in Hypoxic Conditions

Our previous work showed that prolonged hypoxia can dramatically induce the activation of MAPKs (ERK1/2 and p38) in NRK-52E cells (Luo et al., 2017), while we also explored that MAPKs were managed by DOR function in neuronal cells under hypoxic tensions (Ma et al., 2005). To explore potential interactions between DOR and MAPKs in rat kidney epithelial cells under hypoxic conditions, we applied UFP-512 (1 μM), a potent and specific agonist of DOR (Balboni et al., 2002; Chao et al., 2008), to the culture medium and determined the effect of DOR activation on ERK1/2 and p38 phosphorylation. After 24–72 h of exposure to UFP-512 in hypoxic conditions, the total cellular content of phosphorylated ERK1/2 (P-ERK1/2) was significantly decreased to 24.73 ± 3.3, 31.99 ± 3.2, and 16.97 ± 2.05%, respectively, compared to those of hypoxic groups without UFP-512 treatment (100%, P < 0.001 at all three time points, Figure 2). Interestingly, UFP-512 did not change the ERK1/2 phosphorylation in the same cells under normoxic conditions. In sharp contrast to the changes in P-ERK1/2, the total ERK1/2 (T-ERK1/2) had no appreciable change after DOR activation in both hypoxic groups and normoxic groups after 24 and 48 h of exposure, though UFP-512 induced significant increase of T-ERK1/2 in both hypoxic groups (1.31-fold, P < 0.05) and normoxic groups (1.22-fold, P < 0.05) after 72 h of treatment (Figure 2). This data suggest that DOR activation can reverse the increase in ERK1/2 phosphorylation induced by hypoxia in rat kidney epithelial cells.
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FIGURE 2. ERK1/2 and p38 expression in NRK-52E cells under hypoxic condition with DOR activation. NRK-52E cells were exposed to hypoxia at 1% O2 for 24–72 h and treated with 1 μM DOR agonist (UFP-512). (A) Representative Western blots of ERK1/2 and p38 protein. (B) Relative quantitation of ERK1/2 and p38. H, hypoxia; C, normoxic control. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. U1, 1 μM UFP-512; C + U1, DOR activation with 1 μM UFP-512 treatment under normoxic conditions; H + U1, DOR activation with 1 μM UFP-512 treatment under hypoxic conditions. At least three independent experiments were carried out in all groups. Note that DOR activation with UFP-512 eliminated the hypoxia-induced changes on P-ERK1/2 and P-p38.


When DOR was activated, the hypoxic increase in phosphorylated p38 (P-p38) was reduced to 39.07 ± 7.01, 59.66 ± 25.65, and 55.45 ± 10.31% after 24, 48, and 72 h, respectively, compared to those of hypoxic groups without UFP-512 treatment (100%, P < 0.01 at 24 h and P < 0.05 at 48 and 72 h). In sharp contrast, P-p38 was markedly increased by 3.05-, 2.0-, and 2.3-fold at 24, 48, and 72 h, respectively, with UFP-512 treatment in the cells under normoxic conditions (Figure 2). DOR activation had no appreciable effect on the levels of total p38 protein (T-p38) under hypoxia or normoxia. This data suggest that DOR activation can largely reverse the effect of hypoxia on ERK1/2 and p38 phosphorylation. Meanwhile, UFP-512 significantly induced P-p38, but not P-ERK1/2, under normoxic conditions.



Effects of DOR Inhibition on ERK1/2 and p38 in Hypoxic Conditions

To further verify the roles of DOR in MAPK regulation in NRK-52E cells exposed to hypoxic stress, we tested the effects of naltrindole, a specific DOR antagonist (Zhang et al., 2006; Filizola and Devi, 2012; Granier et al., 2012), on the changes in ERK1/2 and p38 phosphorylation. As shown in Figure 3, incubation with naltrindole (1 μM) alone had no significant impact on ERK1/2 phosphorylation under normoxia or hypoxia (P > 0.05). However, it resulted in a significant increase in T-ERK1/2 expression in both hypoxic (1.28-fold, P < 0.05) and normoxic (1.30-fold, P < 0.05) conditions at 24 h, as well as 72 h after hypoxia (1.45-fold, P < 0.05).
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FIGURE 3. ERK1/2 and p38 expression in NRK-52E cells under hypoxic condition with DOR inhibition. Cells were exposed to hypoxia at 1% O2 for 24–72 h and treated with 1 μM DOR antagonist naltrindole. (A) Representative Western blots of ERK1/2 and p38 protein. (B) Relative quantitation of ERK1/2 and p38. H, hypoxia; C, normoxic control. ∗P < 0.05, ∗∗P < 0.01. N1, 1 μM naltrindole; C + N1, DOR inhibition with 1 μM naltrindole treatment under normoxic conditions; H + N1, DOR inhibition with 1 μM naltrindole treatment under hypoxic conditions. At least three independent experiments were performed. Note that DOR-inhibition with naltrindole had no obvious impact on the expression of P-ERK1/2 under either hypoxia or normoxia, whereas naltrindole can increase the T-ERK1/2 after 24 h of treatment using both hypoxia and normoxia, as well as after 72 h of treatment in the hypoxic group. The level of P-p38 was highly induced by the naltrindole treatment under normoxic and hypoxic condition (48 h), though the level of T-p38 only changed significantly in response to naltrindole at 48 h of treatment under normoxia.


The effect of DOR inhibition on p38 was different from that of ERK1/2. As shown in Figure 3, DOR inhibition by 1 μM naltrindole significantly up-regulated the levels of P-p38 by 1.73-, 1.86-, and 2.29-fold at 24, 48, and 72 h, respectively, under normoxic conditions (P < 0.05). In the hypoxic groups, naltrindole increased p38 phosphorylation after 48 h, but not 24 or 72 h, of the drug treatment (1.43-fold, P < 0.05, Figure 3). The expression of T-p38 had no appreciable change after naltrindole administration except a large reduction at 48 h after hypoxia (decreased to 69.45 ± 14.71%, P < 0.01, Figure 3).



Attenuated Effect of DOR Antagonist on DOR Activation Induced Changes in ERK1/2 and p38

We further investigated if DOR antagonist can mitigate the DOR activation induced effects stated above. When simultaneously treating the hypoxic cells with both UFP-512 (1 μM) and naltrindole (1 μM), the level of P-ERK1/2 was reduced to 75.38 ± 6.49% at 24 h (P < 0.05), 75.06 ± 22.37% at 48 h (P < 0.05), and 28.37 ± 14.13% at 72 h (P < 0.001), compared to those of hypoxia alone. In normoxic cells, the treatment did not change the P-ERK1/2 level at all. The co-treatment of UFP-512 and naltrindole elevated the levels of T-ERK1/2 in both hypoxic and normoxic groups, with a more remarkable increase after the first 24 h (P < 0.05, Figure 4). These observations suggest that DOR activation with UFP-512 can significantly reduce ERK1/2 phosphorylation and this effect was partly attenuated by co-exposure to naltrindole, although naltrindole treatment alone had no impact on the levels of P-ERK1/2.
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FIGURE 4. The effects of DOR activation and inhibition on ERK1/2 and p38 in NRK-52E cells. NRK-52E cells were exposed to hypoxia with both DOR agonist UFP-512 (1 μM) and DOR antagonist naltrindole (1 μM) at 1% O2 for 24–72 h. (A) Representative Western blots of ERK1/2 and p38 protein. (B) Relative quantitation of ERK1/2 and p38. H, hypoxia; C, normoxic control. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. U1 + N1, simultaneous administration of 1 μM UFP-512 and 1 μM naltrindole; C + U1 + N1, 1 μM UFP-512 and 1 μM naltrindole treatment under normoxic conditions; and H + U1 + N1, 1 μM UFP-512 and 1 μM naltrindole treatment under hypoxic conditions. At least three independent experiments were conducted in each group. Note that naltrindole, along with UFP-512, reversed the efforts on ERK1/2 phosphorylation induced by hypoxia, especially after 72 h of treatment, whereas both the DOR agonist and antagonist induced the expression of T-ERK1/2 significantly after exposure for 24 h. The P-p38 was largely increased by naltrindole and UFP-512 treatment under normoxia, while the T-p38 protein levels had markedly increased under hypoxia after 24 h of treatment.


P-p38 was dramatically increased by 2.02-, 2.51-, and 2.29-fold at 24, 48, and 72 h with the co-treatment of UFP-512 and naltrindole in the cells under normoxic conditions. The same treatment also increased T-p38 expression under hypoxia, but only occurred at 24 h (1.59-fold, P < 0.01, Figure 4). This data suggested that DOR activation with UFP-512 can remarkably decrease p38 phosphorylation under hypoxia though it increased p38 phosphorylation under normoxia, while naltrindole can attenuate the UFP-512-induced decrease in p38 phosphorylation under hypoxia.



Changes in ERK1/2 and p38 Phosphorylation in Response to TNF-α Exposure

Since the TNF-α has been thought as a pro-inflammatory mediator for hypoxic/ischemic injury (Park and Bowers, 2010; Watters and O’Connor, 2011; Liu and McCullough, 2013; Wang et al., 2014), we further examined the response of ERK1/2 and p38 to TNF-α exposure in the NRK-52E cells. We administered TNF-α to the medium at three increasing concentrations (0.1, 1, and 10 ng/ml) and examined their effects on ERK1/2 and p38 at 6, 12, 24, and 48 h in hypoxia and normoxia (Figure 5). After the first 12 h of TNF-α exposure in either hypoxia or normoxia, the MTS assay showed that the NRK-52E cells did not have any appreciable injury. After prolonging the duration of TNF-α exposure to 24 h, normoxic cells showed severe damage with a significant reduction of cell viability compared to those of normoxic cells without TNF-α treatment. As a comparison, the same treatment did not induce cell injury in hypoxia. After 48 h of exposure to TNF-α at 0.1 ng/ml, cell viability was significantly lower in the normoxic than hypoxic groups (P < 0.01). In the concentrations of 1 and 10 ng/ml TNF-α; however, there was no appreciable difference in cell viability between normoxic and hypoxic groups.
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FIGURE 5. Effects of TNF-α treatment on the viability of NRK-52E cells exposed to hypoxia. NRK-52E cells were exposed to hypoxia at 1% O2 with TNF-α, and then the cell viability (n = 4) was measured by an MTS (3-[4,5-dimethylthiazol-2-yl]-5-[3-carboxymethoxypheny]-2-[4-sulfophenyl]-2H-tetrazolium) assay. H, hypoxia; C, normoxic control; T0.1, 0.1 ng/ml TNF-α; T1, 1 ng/ml TNF-α; T10, 10 ng/ml TNF-α. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. Note that the cell viability treated by TNF-α under hypoxia was higher than under normoxia after 24 and 48 h (0.1 ng/ml TNF-α).


After exposure for 24 h to TNF-α with increasing concentrations (0.1, 1, and 10 ng/ml) in hypoxia, P-ERK1/2 was largely increased by hypoxia alone, while TNF-α treatment fully eliminated the hypoxic effect on ERK1/2 phosphorylation. In the condition of TNF-α, the P-ERK1/2 expression under normoxia was much lower than that under hypoxia (decreased to 71.62 ± 9.08% at 0.1 ng/ml TNF-α, P < 0.05; 35.49 ± 6.20% at 1 ng/ml TNF-α, P < 0.01; and 40.91 ± 6.15% at 10 ng/ml TNF-α, P < 0.01, Figure 6). There was a significant increase in T-ERK1/2 levels after TNF-α exposure, with no appreciable difference between hypoxic and normoxic groups.
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FIGURE 6. Effects of TNF-α treatment on the expression of ERK1/2 and p38 in NRK-52E cells. Cells were exposed to media with different concentration of TNF-α at 1% O2 for 24 h. The expressions of ERK1/2 and p38 were measured by a Western blot. (A) Representative Western blots of ERK1/2 and p38 protein. (B) Relative quantitation of ERK1/2 and p38. H, hypoxia; C, normoxic control; T0.1, 0.1 ng/ml TNF-α; T1, 1 ng/ml TNF-α; T10, 10 ng/ml TNF-α. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. At least three independent experiments were performed. The levels of P-ERK1/2 treated with different concentrations of TNF-α were relatively elevated in the groups of hypoxia, compared to the groups treated with TNF-α under normoxia. Similar to P-ERK1/2, P-p38 under hypoxia was higher than under normoxia, but only occurred after treatment with 10 ng/ml TNF-α. TNF-α induced the total protein levels of ERK1/2 and p38; there was no significant change between the groups under hypoxia and normoxia.


The P-p38 was decreased after TNF-α treatment under hypoxic conditions, there was no significant change between hypoxic and normoxic groups except after the exposure to 10 ng/ml TNF-α (decreased to 72.73 ± 7.7% in normoxia at 10 ng/ml TNF-α, compared to those of hypoxic groups at 10 ng/ml TNF-α, P < 0.05, Figure 6). The T-p38 protein level was significantly enhanced by TNF-α exposure at all concentrations. In short, TNF-α treatment reduced cell viability and the phosphorylation of ERK1/2 and p38 in rat kidney epithelial cells, but increased the expression of T-ERK1/2 and T-p38 protein levels. Interestingly, in all concentrations of TNF-α exposure, the P-ERK1/2 level was significantly elevated in hypoxia compared to that of normoxic group.



Effect of DOR Activation or/and Inhibition on Bcl-6, TTP, and IL-10

Since hypoxia significantly decreases the levels of Bcl-6 protein in the NRK-52E cells (Luo et al., 2017) and DOR is cytoprotective against hypoxic stress (Ma et al., 2005; Wang et al., 2014; Cao et al., 2015), we further examined if DOR plays a role in Bcl-6 protein expression. We found that DOR activation with 1 μM UFP-512 had no significant effect on Bcl-6 expression after 24 h of hypoxia; however, it down-regulated the level of Bcl-6 protein by 40.39 ± 1.13% under normoxic conditions (P < 0.05). At 48 h after adding the DOR agonist, Bcl-6 protein expression increased in the group of hypoxia (1.87-fold, P < 0.05), but did not change significantly in normoxia (Figure 7A). Moreover, the level of Bcl-6 protein was much lower than the control after naltrindole treatment for 24 h in normoxic conditions (P < 0.05). This reduction almost disappeared at 48 h. The hypoxic cells showed no significant differences in terms of Bcl-6 expression after DOR inhibition at 24 and 48 h (Figure 7B). In addition, Bcl-6 expression decreased after co-exposure of UFP-512 and naltrindole under normoxia both at 24 and 48 h (P < 0.05) and increased at 24 h under hypoxia (P < 0.05, Figure 7C). As shown in Table 1, it seems that the expression level of Bcl-6 is linked to MAPKs phosphorylation level, which can be managed by DOR function in rat kidney epithelial cells.
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FIGURE 7. The protein expression of Bcl-6, TTP, and IL-10 in NRK-52E cells under hypoxic condition with DOR activation or/and inhibition. Cells were exposed to hypoxia at 1% O2 for 24–48 h and treated with 1 μM DOR agonist (UFP-512) or/and 1 μM DOR antagonist naltrindole. (A) Western blots of Bcl-6, TTP, and IL-10 after UFP-512 treatment. (B) Western blots of Bcl-6, TTP, and IL-10 after naltrindole treatment. (C) Western blots of Bcl-6, TTP, and IL-10 after UFP-512 and naltrindole treatment. H, hypoxia; C, normoxic control. ∗P < 0.05, ∗∗P < 0.01. U1, 1 μM UFP-512; C + U1, DOR activation with 1 μM UFP-512 treatment under normoxic conditions; H + U1, DOR activation with 1 μM UFP-512 treatment under hypoxic conditions; N1, 1 μM naltrindole; C + N1, DOR inhibition with 1 μM naltrindole treatment under normoxic conditions. U1 + N1, simultaneous administration of 1 μM UFP-512 and 1 μM naltrindole; C + U1 + N1, 1 μM UFP-512 and 1 μM naltrindole treatment under normoxic conditions; H + U1 + N1, 1 μM UFP-512 and 1 μM naltrindole treatment under hypoxic conditions.



TABLE 1. Effects of DOR activation/inhibition on ERK1/2, p38, Bcl-6, TTP, and IL-10.

[image: Table 1]As a comparison, we also investigated the effects of DOR activation on TTP protein in the same cells. In normoxia, UFP-512 treatment did not significantly affect the expression of TTP at 24 h after the treatment, but intended to increase TTP protein levels at 48 h (Figure 7A). After naltrindole treatment, the expression of TTP seemed to increase under both normoxia and hypoxia at 24 h, though the phenotype was more significant under hypoxia (Figure 7B, P < 0.05). TTP was significantly increased by co-treatment of UFP-512 and naltrindole under hypoxic conditions, but did not change under normoxia (Figure 7C). Since the expression level of TTP remains steady under hypoxic stress, indicated in our previous (Luo et al., 2017), it is reasonable to believe that TTP is also regulated by DOR function in NRK-52E cells.

On the other hand, IL-10 protein level was significantly increased after exposure to UFP-512 for 24 h in normoxic conditions (P < 0.01), but not in hypoxic conditions. The increased IL-10 in normoxic conditions disappeared after treatment of UFP-512 for 48 h (Figure 7A). Meanwhile, IL-10 had no response to the DOR inhibition by naltrindole under either hypoxia or normoxia (Figure 7B). Interestingly, the co-treatment of UFP-512 and naltrindole for 24 h can enhance the expression of IL-10 in both normoxic and hypoxic conditions (P < 0.05), but not for those of 48 h of treatment (Figure 7C). Similar to TTP, the expression level of IL-10 may be conducted by the DOR function, since hypoxia alone has no appreciable impact on IL-10 in NRK-52E cells (Luo et al., 2017).



Changes in Bcl-6, TTP, and IL-10 Expression in Response to TNF-α Exposure

We also checked the expressions of Bcl-6, TTP, and IL-10 in NRK-52E cells exposed to TNF-α under hypoxia. Compared to the hypoxic groups without TNF-α treatment, the protein levels of Bcl-6 in the groups with TNF-α were much higher. However, there was no significant difference in Bcl-6 levels between the hypoxic and normoxic groups when disregarding the concentration of TNF-α (Figure 8). The expression of TTP and IL-10, especially the latter, seemed to be higher after TNF-α treatment under both hypoxic and normoxic conditions.
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FIGURE 8. The expression of Bcl-6, TTP, and IL-10 in NRK-52E cells after TNF-α treatment. NRK-52E cells were exposed to media with different concentrations of TNF-α at 1% O2 for 24 h. The expressions of Bcl-6, TTP, and IL-10 were measured by Western blot. (A) Representative Western blots of Bcl-6, TTP, and IL-10 protein. (B) Relative quantitation of Bcl-6, TTP, and IL-10 protein (n = 3). H, hypoxia; C, normoxic control; T0.1, 0.1 ng/ml TNF-α; T1, 1 ng/ml TNF-α; T10, 10 ng/ml TNF-α. ∗P < 0.05. Note that TNF-α can raise the protein levels of Bcl-6 under hypoxia, without changing them between hypoxia and normoxia. TNF-α tended to promote the expression of TTP and IL-10 under both hypoxia and normoxia, though there was no change between the groups under hypoxia and normoxia treated by TNF-α.




DISCUSSION

This work presents the following key findings in rat kidney epithelial cells: (1) prolonged hypoxia increased the phosphorylation of ERK1/2 and p38 without any appreciable change in DOR expression, while DOR activation attenuate the hypoxia-induced phosphorylation of ERK1/2 and p38; (2) DOR inhibition with naltrindole had no significant impact on the change of P-ERK1/2 either under hypoxia or normoxia, but increased the phosphorylation of p38 after 48 h of hypoxia and 24–72 h of normoxia; (3) either DOR agonist or antagonist increased the activation of p38 under normoxic conditions, while DOR inhibition with naltrindole partly counteract the effect of DOR activation on the changes of ERK1/2 and p38 phosphorylation under hypoxic conditions; (4) TNF-α decreased the expression of P-ERK1/2; (5) the expression of Bcl-6 was negatively regulated by ERK1/2 and p38 phosphorylation, which could be controlled by DOR function; and (6) the expression of TTP and IL-10 was regulated by DOR administration though hypoxia alone had no significant effect on these two anti-inflammatory cytokines.

The delta-, mu-, and kappa-opioid receptors (DOR, MOR, and KOR) are three major subtypes of opioid receptors and belong to members of the rhodopsin subfamily in the superfamily of seven transmembrane nucleotide binding regulatory G-protein-coupled receptors (Law and Loh, 1999; Audet et al., 2008; Xia, 2015). A current study using absolute quantitative real-time illustrated that the kidney is principally a “DOR organ” since DOR expression is approximately 44.5-fold higher than that of KOR, without any detectable expression of MOR (Peng et al., 2012). Indeed, our studies (Chen et al., 2014; Cao et al., 2015) have shown DOR expression at both mRNA and protein levels in HEK293 cells. We have also found that DOR activation can modify microRNA expression in rat kidney under prolonged hypoxia (He et al., 2013b), suggesting an important role of DOR in renal adaptation to hypoxic stress.

We previously showed that DOR is highly expressed in cortical neurons (Ma et al., 2005) and plays a critical role in neuroprotection against hypoxic injury (Zhang et al., 2002). A severe and prolonged hypoxia (e.g., 1% oxygen for 72 h) largely reduced the level of DOR with severe injury in the cortical neurons (Ma et al., 2005). In sharp contrast, the same hypoxic stress only caused a mild cell injury in NRK-52E cells after long-term exposure as shown in our previous study (Luo et al., 2017) and this present work. This is likely attributed to, at least partially, the tolerance of DOR to the hypoxic stress in the rat kidney epithelial cells, since DOR remains the “normal” level in these cells after 24–72 h of hypoxic exposure as shown in this study. Indeed, the level of DOR expression is likely related to the tolerance of hypoxic stress because the high density of DOR in the turtle brain may make turtle neurons more tolerant to hypoxia than rat neurons (Xia et al., 1992; Xia and Haddad, 2001). Since hypoxia was not able to decrease the expression of DOR in the rat kidney epithelial cells, DOR may be more resistant to hypoxic stress in these renal cells than neurons, which may be one of the reasons that these kidney cells are more tolerant to hypoxic stress. The present data further suggest that DOR expression may be a critical determinant of renal cell survival during hypoxic stress and its activity may serve as a protective factor against hypoxic kidney injury.

The major differences between the kidney and neuronal cells in DOR expression and cell survival under prolonged hypoxia inspirited us to further explore the roles of DOR in the regulation of ERK1/2 and p38 in the kidney cells, since ERK1/2 and p38 are two critical and opposite signaling regulators in the DOR-mediated neuroprotection (Ma et al., 2005). A surprising finding is that both ERK1/2 and p38 are seriously up-regulated in terms of their phosphorylation by hypoxic stress, while both of them are largely suppressed by DOR activation in NRK-52E cells. This is very different from our observation on neuronal cells in which DOR activation by hypoxic preconditioning attenuated the increase in P-p38 and partially reversed the decrease in P-ERK1/2 in severe hypoxia, suggesting different mechanisms in the DOR-mediated regulation of MAPKs between neuronal and renal cells.

In view of the fact that most of previous studies showing a harmful role of p38 (Li et al., 2016; Liu W.Y. et al., 2017) and protective role of ERK1/2 (Hung et al., 2003; Chen et al., 2015; Li et al., 2018) in cell survival under stress, the up-regulation of P-ERK1/2 in hypoxic renal cells is probably an adaptive response to overcome the hypoxia-induced increase in P-p38, rendering the cells a new balance between ERK1/2 and p38. Indeed, there is solid evidence indicating that P-ERK1/2 is a mediator of controlling cell survival in response to many stimuli including hypoxia in the kidney (di Mari et al., 1999; Kunduzova et al., 2002; Yang et al., 2003; Zou et al., 2016), while the p38 is considered as the major stress-activated protein kinases (Kyriakis and Avruch, 2012) and mediate a pro-inflammation effect in hypoxic condition (Wu et al., 2016). Based on our previous work, we believe that DOR, which was tolerant to hypoxia and was not down-regulated in the renal cells after hypoxia, plays a positive effect in the upstream signaling of P-ERK1/2 and a negative influence on p38, at least partially. On the other hand, DOR plays its protective role via multiple mechanisms (Ma et al., 2005; Chao and Xia, 2010; He et al., 2013a; Xia, 2015). When strengthening DOR signaling by adding DOR agonists, other mechanisms might be activated, which leads to a reduction in the hypoxia-induced increase in P-p38. Therefore, ERK1/2 is accordingly adjusted for the economy of cellular energy resources. Moreover, p38 is likely sensitive to DOR and DOR inhibition reverses the DOR-induced reduction of p38 phosphorylation because the level of P-p38 was high after the treatment with both DOR agonist and antagonist. The differential responses to DOR inhibition between p38 and ERK1/2 further suggest that there is a DOR-mediated mechanism(s) that affects p38 more than ERK1/2 in these cells. However, it is unknown why P-p38 was enhanced by UFP-512 or/and naltrindole treatment in normoxic conditions. It seems that p38 responds to DOR activation differently in hypoxia and normaxia.

Tumor necrosis factor-α is a potent pro-inflammatory molecule and can trigger downstream signaling cascades that control numerous cellular processes linked to cell viability and gene expression (Park and Bowers, 2010; Watters and O’Connor, 2011; Liu and McCullough, 2013). Our previous work showed that exogenous addition of TNF-α to the culture media worsened the hypoxia-induced damage in PC-12 cells (Wang et al., 2014). The present work further demonstrates that TNF-α can reduce the level of P-ERK1/2, suggesting that its insult to cell survival may be partially via down-regulating ERK1/2 signaling.

A large number of experimental data have confirmed that MAPK signal pathways are closely related to the regulation of anti-inflammatory cytokines, such as Bcl-6, TTP, and IL-10 (Pantoja-Escobar et al., 2019; Ronkina et al., 2019; Zhang et al., 2019) although there are still controversies with some showing an inhibitory effect of MAPKs on certain anti-inflammatory cytokines in BV2 cell line (Lee et al., 2015) and others having different opinions in bone marrow cells and microglial cells (Chi et al., 2006; Correa et al., 2010). In the kidney or renal cells, however, there is a lack of information on the relationship between MAPKs and anti-inflammatory cytokines in hypoxic condition. Our present study represents the first investigation into the relationship between MAPKs and anti-inflammatory cytokines and demonstrated that Bcl-6 is sensitive to hypoxic stress and DOR activation in the renal cells.

Bcl-6 protein, a transcriptional repressor, is a critical regulator of germinal centers and involves in the development and progression of cancers with uncertain mechanism (Basso and Dalla-Favera, 2010; Yu et al., 2015) and is relevant to MAPK signaling process (Batlle et al., 2009). Our previous study showed that it was down-regulated after hypoxic exposure, in parallel with an up-regulation of both ERK1/2 and p38 MAPKs (Luo et al., 2017). An intriguing finding in the present work is that the expression of Bcl-6 is negatively correlated with the phosphorylation of MAPKs and modulated by DOR function. For example, when the levels of P-ERK1/2 and P-p38 were down-regulated by DOR activation, the level of Bcl-6 was increased after 48 h exposure to hypoxia. The same is true in normoxia. This is the first work to show the regulation of DOR in Bcl-6 expression via MAPKs in kidney epithelial cells. There is evidence suggesting that MAPKs can regulate the hypoxic exposure level of Bcl-6 by a rapid degradation through the ubiquitin/proteasome pathway (Niu et al., 1998). Therefore, the DOR-MAPK mechanisms may play a role in the regulation of Bcl-6 through ubiquitination and proteasomal degradation pathway. However, the downstream signaling in the interaction between MAPKs and Bcl-6 in kidney epithelial cells is not well acknowledged yet.

Tristetraprolin is an mRNA-destabilizing and RNA-binding protein and can enhance the decay of mRNAs, and plays as an anti-inflammatory cytokine (Patial and Blackshear, 2016). TTP can limit the expression of a number of critical genes for chronic inflammatory diseases (Brooks and Blackshear, 2013; Prabhala and Ammit, 2015). Some studies suggested that the RNA degradation activity of TTP is negatively regulated by p38 MAPK-dependent signaling (Stoecklin et al., 2004; Brook et al., 2006; Hitti et al., 2006). However, the impact of the p38 pathway on TTP expression and function remains controversial (O’Neil et al., 2018). TTP is found at sites of inflammation, and is co-localized with active p38 MAPK (Ross et al., 2017). It is implied that the strong expression of TTP protein may function as a suppressor of inflammation by down-regulating inflammatory cytokines, chemokines, as well as adhesion molecules (Bollmann et al., 2014). Based on the present work, TTP is insensitive to hypoxic stress, but it increased to other severe insults such as DOR inhibition and TNF-α exposure. We propose that the enhanced TTP expression may devote to combat cellular injury caused by DOR inhibition or TNF-α inflammation.

Interleukin-10 is produced by many kinds of cells including T and B cells as well as epithelial cells (Williams et al., 2004). It inhibits transcription of a subset of pro-inflammatory genes (Denys et al., 2002; Murray, 2005). However, the mechanisms underlying IL-10-mediated anti-inflammatory responses are not well known. Here we firstly report that DOR is a regulator of such anti-inflammatory mechanism because DOR activation increases the level of IL-10 in normaxia. Interestingly, hypoxia alone could not induce any changes in IL-10 expression (Luo et al., 2017) and the same was true for DOR activation under hypoxic condition. It seems that IL-10 is more sensitive to DOR activation in normoxia than hypoxic condition. The major results of the present work are summarized in Table 1 and Figure 9. In brief, our data suggest that DOR may upregulate Bcl-6 via targeting MAPKs in rat kidney epithelial cells under hypoxia. In contrast, TTP and IL-10 are insensitive to DOR activation in hypoxia. Our data may provide a clue to the development of new therapeutic strategies for the prevention or/and treatment of hypoxic kidney injury as may occur in a range of clinically important conditions including ischemia–reperfusion injury and chronic kidney diseases.


[image: image]

FIGURE 9. Schematic diagram of different changes in Bcl-6, TTP, and IL-10 expression in response to DOR activation, hypoxia, and TNF-α in NRK-52E cells. Note that these anti-inflammatory cytokines differentially response to different cell treatments.
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Background and Purpose

Predictors of response to type-1 hepatorenal syndrome (HRS) therapy are urgently needed. This study's purpose is to evaluate the proposed predictors in these patients.



Methods

Forty-two type-1 HRS patients with cirrhosis were treated with albumin and terlipressin. Clinical, biochemical, and demographic parameters taken at the onset of therapy and changes in endothelin-1/nitric oxide (ET-1/NO) ratio during therapy were analyzed to check their predictive value.



Results

Response to treatment (serum creatinine level <1.5 mg/dL at the end of therapy) was shown in 20 patients (48%). Independent predictive variables of response to therapy were early reduction of ET-1/NO ratio ≥0.15 at day 3 of therapy and serum bilirubin baseline <8 mg/dL (area under the receiver operating characteristic curve, 0.751; P < 0.001; specificity, 55%; sensitivity, 85%). Response rates in patients with serum bilirubin level <8 and ≥8 mg/dL were 63% and 20%, respectively (P = 0.008). The corresponding values in patients with an early reduction of ET-1/NO ratio ≥0.15 and <0.15 on day 3 were 85% and 13.6%, respectively (P < 0.001).



Conclusions

Early reduction of ET-1/NO ratio and lower serum bilirubin baseline can predict response to type-1 HRS therapy with albumin and terlipressin. Alternative therapy should be investigated for nonresponder type-1 HRS patients.





Keywords: hepatorenal syndrome, endothelin-1, nitric oxide, liver cirrhosis, endothelin-1/nitric oxide ratio, terlipressin, albumin



Introduction

Hepatorenal syndrome (HRS) is a reversible cause of renal impairment that occurs in patients with cirrhotic ascites, as well as in patients with alcoholic hepatitis or acute liver failure who show no significant abnormalities in the kidneys morphology (Arroyo et al., 1996; Dagher and Moore, 2001; Angeli et al., 2015).

HRS is characterized by marked alterations in cardiovascular function, impaired renal function, and over-activity of renin-angiotensin systems that lead to severe renal vasoconstriction with a significant reduction of the glomerular filtration rate (GFR) as well as vigorous activation of the sympathetic nervous system (Arroyo et al., 1996; Dagher and Moore, 2001).

HRS predicts mortality in cirrhosis. The most important aspect of providing care to patients with HRS is an evaluation of candidacy for orthotopic liver transplantation (Gonwa et al., 1995; Jeyarajah et al., 1997; Nair et al., 2002). Current accessible therapies other than liver transplantation for HRS consist of albumin and the utilization of vasoconstrictors, for example, terlipressin (Angeli and Merkel, 2008).

Recently, only 52% of HRS patients have responded to therapy with terlipressin (Møller et al., 2000; Fabrizi et al., 2006; Gluud et al., 2010; Allegretti et al., 2017). Furthermore, few researches have reported some predictors of response to treatment in HRS patients treated with this regimen.

The endothelium release many vasoactive mediators that change the structure and function of the vascular smooth muscle in response to mechanical and humoral stimuli. Two of the most prominent are ET and NO (Cahill et al., 2001). ET-1 is released in response to infectious complications with an inflammatory response in the form of transcription mediators activation and proinflammatory cytokines (IL-1, IL-6, and TNF-α) production. It also plays an important role in the vascular disruption pathogenesis caused by infection (Charpin et al., 2001; Yeager et al., 2012; Freeman et al., 2014).

The pathophysiology of various disorders is closely related on the ET-1/NO imbalance (Alonso and Radomski, 2003). In cirrhosis and HRS, the ET system dysfunction causes hemodynamic disturbances (Moore et al., 1992; Uchihara et al., 1992).

The identification of patients with low therapeutic response probability is of imperative clinical importance, especially in patients waiting for transplantation. In our study, we evaluated the hypothesized predictors of response to albumin and terlipressin in type-1 HRS and cirrhosis patients treated with this protocol.



Patients and Methods


Study Population

Starting 2015, patients with renal impairment and cirrhosis admitted to the Tropical Medicine Department (Mansoura, Egypt) were assessed using the same diagnostic algorithm (Gine`s et al., 2003), that involves evaluation of the possible causes of hypovolemia, diuretic withdrawal, possible infection, drug nephrotoxicity, and renal parenchymal disorders. To exclude the presence of volume depletion related renal failure, plasma expansion with I.V. albumin was tried. According to the International Ascites Club (Arroyo et al., 1996), patients who met the type-1 HRS criteria, were treated with albumin and terlipressin. The new HRS defining criteria were approved by this study protocol (Angeli et al., 2015). Some patients didn't receive therapy due to having advanced hepatocellular carcinoma, severe cardiovascular disorders and/or being terminal cases (death expected in less than 2 days).

All the differential diagnosis causes of cirrhotic acute kidney injury including: organic (including glomerulonephritis and acute tubular necrosis), prerenal (all accessible hypovolemic causes), and obstructive nephropathy (Garcia-Tsao et al., 2008; Møller et al., 2014) were excluded in this study by meticulous history taking and physical examination, together with complete biochemical analysis and radiological investigations.

The existence of infection was assessed by various methods, for example, culture and sensitivity testing for ascitic fluid, blood, sputum, and urine, evaluation of the ascitic fluid absolute polymorphonuclear (PMN) count, and chest radiography. Patients with infection were precluded from this study and received albumin and terlipressin only when renal failure continued after the infection was successfully treated. According to the type of infection, bacterial infections were initially treated with antibiotics as reported in detail elsewhere (Martin-Llahi et al., 2011; Fernandez et al., 2012). The antibiotic was changed according to the results of the cultures if there was no response to the initial therapy. In patients with negative cultures and not responding to the initial therapy, empiric antibiotics policy consisting of vancomycin and carbapenems combination was used (Barreto et al., 2014).

The current study included 42 consecutive cirrhosis/type-1 HRS patients who were subjected to treatment from March 2015 to February 2019. Twenty nine (69%) of them had bacterial infection induced type-1 HRS including 20 SBP cases, six soft tissue infection cases, and three patients with pneumonia as well as 13 patients with HRS without known risk factors.

Bacterial infections were categorized according to the following criteria: SBP is the presence of an ascitic ﬂuid absolute polymorphonuclear count >250/mm3 and/or a positive ascitic fluid bacterial culture with no apparent source of infection (Rimola et al., 2000); spontaneous bacteremia is positive blood cultures without an evident source of infection; local infections (skin infection, urinary tract infection, pneumonia, gastroenteritis, meningitis, and biliary tract infection) were evaluated utilizing standard criteria; sepsis with negative-culture is leukocytosis with/without band forms, the presence of fever (>38°C), together with negative cultures, after the exclusion of disorders other than infection that could be related to the systemic inﬂammatory response.

Improvement of SBP was deﬁned as a reduction in polymorphonuclear cell count <250/mm3, absence of clinical signs of infection, negative cultures, and normal leukocyte count. The remaining infections were improved according to the conventional criteria. Septic shock was identified as a mean arterial pressure below 60 mmHg regardless of adequate volume resuscitation and need for vasopressor agents (Dellinger, 2003).

In this study, all specific therapy or treatment was delayed for type-1 HRS until the infection has been cured.

In addition, the control group included 42 cirrhotic patients without renal impairment who were sex- and age-matched subjects (male/female = 27/15).



Treatment Protocol

The response to treatment was considered a primary endpoint, determined by either a decline in serum creatinine level >50% of the pretreatment value, or >1.5 mg/dL during treatment with an end-of-therapy level of ≤1.5 mg/dL.

Terlipressin (Glypressin, Ferring S.A., Saint-Prex, Switzerland) was administrated as follows; 0.5–1 mg/4 h, as intravenous (i.v.) bolus for 3 days with an increase up to 2 mg/4 h for those whose values did not decrease by at least 25% of the pretreatment values. The maximum duration of therapy was 2 weeks. Once serum creatinine is reduced below 1.5 mg/dL, Terlipressin was withheld. If patients developed manifestations matching the ischemic complications, administration of Terlipressin was stopped.

All patients received albumin (Baxter Human Albumin 20%, Baxter AG, Industriestraße 67, A-1221 Vienna, Austria) at a dose of 1 g/kg BW. during the first day, followed by 40 g/d, given for a maximum of 15 days, in order to reach the inferior vena cava collapsibility index (IVCCI) ≥40% and ≤75%. Clinically, IVCCI was evaluated daily in a regular manner throughout the follow-up period. The dose of albumin was decreased to 20 g/d and/or was stopped if IVCCI was <40% (Brennan et al., 2006). All measurements were carried out by qualified ultrasound radiologists. Moreover, if radiological and clinical signs of pulmonary edema developed, the administration of albumin was withheld, and the patients received i.v. doses of furosemide with careful follow-up.

During therapy of HRS, any complications of cirrhosis were treated based on standardized therapeutic measures (Cardenas and Gine`s, 2005).



Sampling

Following an overnight fasting of 12 h, 4 to 8 mL blood were withdrawn through cannulas in superficial forearm veins for all patients [1 mL in EDTA for complete blood count (CBC), 5mL without anticoagulants for serum samples].



Methodology

CBC was assessed using the CELL-DYN Emerald cell counter (Abbott, Wiesbaden, Germany). Serum creatinine, blood urea nitrogen (BUN) and liver function tests were measured on a Dimension Xpand plus chemistry analyzer (Siemens Technology, Princeton, NJ, USA) using commercially available enzyme-based kit and reagents. Quantitative detection of plasma nitric oxide (NO) was measured using ELISA kits provided by MyBiosource (San Diego, CA 92195-3308, USA) Cat No. MBS264607, with detection range 1.56 to 100 nmol/mL (nmol/mL = µmol/L). Though the NO role in various disorders is debatable, the majority of researchers agree that evaluating serum levels of NOx are associated with NO production. (Andrukhov et al., 2013). Quantitative detection of plasma Endothelin-1 (ET-1) was measured using ELISA kits provided by MyBiosource (San Diego, CA 92195-3308, USA) Cat No. MBS025621, with detection range 6.25 to 200 pg/mL (pg/mL = ng/L). Plasma L-Arginine was quantitatively measured using ELISA kits provided by ALPCO (26G Keewaydin Drive, Salem, New Hampshire 3079, United States) Cat No. 30-7733, with detection range 12.5 to 300 µmol/L. The estimated glomerular filtration rate (eGFR) was calculated according to the following formula (Levey et al., 1999): 186 x (Creatinine/88.4)-1.154 x (Age)-0.203 x (0.742 if female) x (1.210 if black). The ET-1/NO ratio was calculated and recorded for all patients.



Ethics

The protocol of this study was completed to acclimate with the Declaration of Helsinki and was affirmed by the Ethics Committee of the Mansoura University. Informed consent was obtained from all enrolled patients or their legal representatives.



Statistical Analysis

The analysis was carried out using SPSS version 20 for Windows (SPSS Inc., Chicago, IL). Results are expressed as the mean ± SD. Comparisons of continuous and categorical variables between patients were carried out using Student t- and X2-tests respectively. A paired Wilcoxon test and Student t-test were used to compare the variables measured at various time points. The multivariate analysis was built using the univariate analysis parameters that had a significant predictive value (P < 0.01). The best cutoff values for variables with independent predictive value were measured using receiver operating characteristic curves. The probability of response was evaluated using the Kaplan–Meier method. The calculation of overall response involved patients who received a liver transplant (n = 3) and the results were viewed redacted at the time of transplantation. P < 0.05 was considered statistically significant.




Results


Patient Characteristics

Only 42 out of the 121 patients with cirrhotic ascites and renal failure were included in this study. The etiology of renal failure was evaluated after admission and HRS was diagnosed following the diagnostic criteria reported by Angeli et al. Of all the excluded patients, 51 were due to previous infection exposure who were discharged from hospital with normal renal function after adequate therapy of infection (32 SBP, 12 soft tissue infections and 7 pneumonia), six due to nephrotoxic agents administration (four aminoglycosides and two contrast agents), seven due to hypovolemic causes (five GIT bleeding and two severe vomiting), and three due to obstructive nephropathy. Also, the 12 patients who showed complete response and marked serum creatinine decline after receiving only albumin as a corrective measure for the pre-renal causes of renal failure were excluded.

Baseline characteristics of patients with type-1 HRS at the time of diagnosis before starting the treatment with albumin and terlipressin are reported in Table 1. Not surprisingly, most patients with type-1 HRS had severe liver failure, as demonstrated by increased international normalized ratio (INR), high Model for End-Stage Liver Disease (MELD) and Child-Pugh scores, low estimated GFR using Modification of Diet in Renal Disease equation, high levels of serum bilirubin, creatinine, L-arginine, NOx, serum ET-1, and ET-1/NO ratio compared to the control group.


Table 1 | Baseline characteristics of patients with type-1 hepatorenal syndrome at the time of diagnosis.





Predictive Factors For Treatment Response

Twenty out of the 42 patients (48%) had a response to therapy. Generally, at the end of therapy, serum creatinine decreased below 1.5 mg/dL, while in two patients serum creatinine decreased >50% of the pretreatment levels but stayed above 1.5 mg/dL (4.8 decreased to 1.8 mg/dL and 3.7 to 1.7 mg/dL). The rest of the patients (52%) failed to reach the response to therapy criteria. Serum creatinine levels during the therapy period in non-responders and responders are summarized in Figure 1. During therapy, the probability of response in all patients is shown in Figure 2. The estimated period for response was approximately 2 weeks. Response to therapy was merely constant in most patients. Recurrence of HRS was 4/20 (20%) in patients who responded to therapy. The average period for recurrence was 2 weeks (range, 3–38 days).




Figure 1 | Changes in serum creatinine concentration during treatment in responders and nonresponders.






Figure 2 | Probability of response to treatment in patients with type 1 HRS treated with albumin and terlipressin. Dotted lines represent 95% confidence intervals. The numbers under the curve are patients at risk at each time.



At baseline, several parameters obtained were assessed for the predictive value of response to therapy (Table 2). Parameters related to response to therapy (P < 0.05) were WBCs count, AST level, serum bilirubin level, urine volume, and MELD score. Furthermore, neither ET-1/NO ratio nor serum creatinine level at baseline was related to response to treatment. The only parameter found to have an independent predictive value in the multivariate analysis was the serum bilirubin level (OR, 14.2; 95% CI, 1.256–160.77; P = 0.032). By receiver operating characteristic curves, serum bilirubin level has a cutoff value (< 8 mg/dL) that well-predicted response to therapy, (AUC = 0.751; P < 0.001; specificity = 55%; sensitivity = 85%; PPV = 63%; and NPV = 80%). Response rates in patients classified based on baseline serum bilirubin level <8 or ≥8 mg/dL were 63% (17/27) and 20% (3/15), respectively (P = 0.008).


Table 2 | Univariate analysis of baseline parameters according to response to treatment with albumin and terlipressin.



Based on changes in the ET-1/NO ratio evaluated at day 3 of therapy, we analyzed response rates in all patients. The value of the ET-1/NO ratio used was the average value of all measurements of ET-1/NO ratio assessed at day 3; a reduction in ET-1/NO ratio of 0.15 was considered relevant and used as a cutoff value. Values of ET-1/NO ratio throughout therapy in non-responders and responders are summarized in Figure 3. Although the baseline ET-1/NO ratio was not a predictive factor of response, early changes of ET-1/NO ratio within the first days of therapy predicted response. Patients with a reduction in the ET-1/NO ratio equal to or greater than 0.15 at day 3 of therapy had a response rate at the end of treatment of 85% (17/20) compared to 13.6% (3/22) in patients with minimal decreases in the ET-1/NO ratio (P < 0.001). When this decrease in the ET-1/NO ratio of 0.15 or more at day 3 was enclosed in the multivariate analysis with the baseline parameters, the predictive factors of response to treatment were the baseline serum bilirubin level and the decrease in the ET-1/NO ratio ≥0.15 at day 3 (Table 3). Moreover, 2/5 patients (40%) responded if there was a reduction ET-1/NO ratio ≥0.15 in those with baseline serum bilirubin level ≥8 mg/dL, compared to a response in 1/10 (10%) in those with a change in the ET-1/NO ratio <0.15 with baseline serum bilirubin level ≥8 mg/dL (Figure 4).




Figure 3 | Changes in ET-1/NO ratio during treatment in responders and nonresponders.




Table 3 | Parameters with independent predictive value of response to treatment with albumin and terlipressin in patients with type 1 HRS.






Figure 4 | Response rate according to levels of ET-1/NO ratio and its relationship to serum bilirubin at baseline.



In addition, Spearman's correlation analysis showed that there was a significant correlation between the ET-1/NO ratio and serum bilirubin level, serum creatinine level, creatinine clearance, MELD and Child-Pugh scores (rho = 0.63, P < 0.001; rho = 0.72, P < 0.001; rho = −0.66, P < 0.001; rho = 0.72, P < 0.001; rho = 0.69, P < 0.001respectively).

During therapy, the early decrease in serum creatinine was also used as a predictor of response to treatment. Response to therapy was demonstrated in 15 of the 19 patients (79%) in whom serum creatinine decreased by at least 0.5 mg/dL at day 3, compared to only 5 of the 23 patients (22%) in whom serum creatinine did not decrease 0.5 mg/dL or elevated at day 3 compared to the baseline (P < 0.001). When the cutoff value for the change in serum creatinine used was 1 mg/dL instead of 0.5 mg/dL similar figures were demonstrated (89% and 36%, respectively; P = 0.005). The value of the reduction in serum creatinine at day 3 as a predictor of response to treatment was also approved in the multivariate analysis model (odds ratio, 9.46; P = 0.048).



Complications of Cirrhosis

A total of 47 major cirrhotic complications were developed in 37 patients (88%) during therapy: 32 patients with hepatic encephalopathy, five patients with GIT bleeding, and ten patients with bacterial infection. Bacterial infections between responders and non-responders showed no signiﬁcant difference [4/20 (20%) vs. 6/22 (27%), respectively; P = 0.6]. The median value for WBCs count was 7,100/mm3 and throughout therapy, the occurrence of bacterial infections was partially more common in patients higher count than in those with lower count [7/23 (30.4%) vs. 3/19 (15.8%), respectively; P = 0.275]. At the lower WBCs count baseline, patients acquired pneumonia (n = 1) and urinary tract infections (n = 2) after an average period of 6 days (range, 2–10 days), while at the higher WBCs count baseline, patients acquired pneumonia (n = 2) and sepsis (n = 5) after an average period of 6 days (range, 2–14 days).



Side Effects of Therapy

Eight patients (19%) developed albumin/terlipressin therapy-related side effects. Signs of circulatory overload developed in four patients, that improved after short-lived cessation of albumin but not of terlipressin and furosemide was added in small doses. Intestinal ischemia signs developed in two patients, that disappeared after cessation of therapy. Transient arrhythmia (ventricular extrasystolia) developed in two patients, that did not need persistent cessation of therapy, and improved after therapy withdrawal. We followed up with the patients for at least 3 months after their hospital discharge.



Survival

90 days after the initiation of treatment, 32 (76.2%) patients died, 6 (14.3%) patients were still alive, 3 (7.2%) participants had undergone liver transplantation, and 1 (2.4%) patient was lost to follow-up as well as the survival probability at that time was significantly higher in responders (40%) with median survival of 65 days compared to non-responders (9%) with median survival of 8 days; P < 0.001). Septic shock (n = 16), multiorgan failure (n = 11), liver failure (n = 4), and/or unknown (n = 1) were the causes of death.

Using the original MELD risk equation, Area Under the Receiver Operating Characteristic Curve (AUROC) analysis revealed that a MELD score threshold of 20 corresponded to median survival less than 3-months (Figure 5). Kaplan-Meier survival curves of patients stratified by baseline MELD score below or above 20, which represents threshold for 3-month median survival. Median survival of patients with baseline MELD score <20 significantly greater than those with baseline MELD scores ≥ 20 (62 vs. 15 days, P < 0.001).




Figure 5 | Kaplan-Meier survival curves of patients stratified by baseline MELD score below or above 20, which represents threshold for 3-month median survival. Median survival of patients with baseline MELD score <20 significantly greater than those with baseline MELD scores ≥ 20 (62 vs. 15 days, P < 0.001).






Discussion

This recent study reports that albumin with terlipressin are currently the accepted therapy for type-1 HRS, but over 50% of patients show a suboptimal to no response to treatment (Dagher and Moore, 2001; Angeli et al., 2015). It is therefore of paramount importance that we keep searching and investigating not only for adequate predictors of response but also prognostic factors before beginning the treatment or early afterward. Obviously, patients responding to treatment showed a statistically significant decline in ET-1/NO ratio at the end of therapy; probably because the low effective arterial blood volume of HRS was improved. These outcomes firmly recommend that the gainful impact of terlipressin in the treatment of HRS is identified with its ability to enhance systemic hemodynamics (Fabrizi et al., 2006; Moreau and Lebrec, 2006). We still don't know why in some type-1 HRS patients the systemic hemodynamics were not enhanced when treated with terlipressin. This may be due to the presence of concomitant adrenal insufficiency, and latent infections associated with higher levels of ET-1 (Hocher et al., 1999).

Independent predictors of response to treatment were serum bilirubin levels at baseline and a decline in the ET-1/NO ratio ≥0.15 at day 3 of therapy. Eleven of the eleven patients (100%) with serum bilirubin at baseline <8 mg/dL who demonstrated a decline in the ET-1/NO ratio ≥0.15 at day 3 responded to our therapeutic protocol. While only one of the 10 (10%) patients with serum bilirubin at baseline ≥8 mg/dL and a reduction in the ET-1/NO ratio <0.15 had a response to therapy. In previous studies, predictive variables of response observed in patients with HRS involved MELD and Child-Pugh scores, arterial pressure, and serum creatinine level at the baseline (Moreau et al., 2002; Alessandria et al., 2007; Neri et al., 2008; Sanyal et al., 2008; Sharma et al., 2008). But some drawbacks may be observed as a small number of patients received therapy as well as analysis may have involved patients treated with different vasoconstrictors e.g. norepinephrine instead of terlipressin.

The association between the renal response to terlipressin and the presence of an early reduction of the ET-1/NO ratio shows the significance of the enhancement of systemic hemodynamics in accomplishing type-1 HRS reversal. ET-1 and NO are the most important local vasoconstrictor and vasodilator respectively. They seem to play a role in almost every tissue and organ (Hei et al., 2006). Recent researches reported that the important factors in identifying the harmful versus beneficial effects of NO are the site of NO production, duration of action, and its amount (Hon et al., 2002). It has been proposed that the disequilibrium of ET-1 and NO levels may have an impact on the pathophysiology of local and systemic circulation disorders. This imbalance in the renal microcirculation has been proposed to be in charge of the dynamic disintegration in kidney function in these patients and the development of HRS (Kayali et al., 2009).

ET-1 may be involved in both impaired glomerular perfusion and renal vasoconstriction which causes HRS (Moore, 2004). Renal blood flow is not the only factor contributing to changes in glomerular filtration rate as seen at the microcirculatory level. The enhanced production of vasoactive mediators including ET-1 causes reduction of the surface area available for glomerular filtration and contraction of mesangial cells which contributes to this phenomenon (Ring-Larsen, 1977; Simonson and Dunn, 1990). The intake of ETA and ETB receptors antagonists combination prevented and in sometimes reversed the pathogenesis of renal failure in different experiments (Anand et al., 2002). Physiologically, early reduction of the ET-1/NO ratio is considered a good prognostic marker in HRS patients with end stage liver disease or on the liver transplantation waiting list.

Interestingly, serum bilirubin level at baseline was considered an independent predictive factor of response to treatment. Poor response to therapy and elevated serum bilirubin levels association can't be explained, but looks to be unrelated to the hemodynamic response to terlipressin. The mechanisms explaining the lack of response to terlipressin related to high serum bilirubin levels are interesting and merits examination. The correlation between the ET-1/NO ratio and bilirubin noticed in this study demonstrates that the values of ET-1 are influenced by the excretory liver function. A correlation between ET-1 and bilirubin has been approved also by some (Nozue et al., 1995; Bachmann-Brandt et al., 2000), but not all authors (Isobe et al., 1993). The possible explanation, not determined by our data, maybe owing to indirect (excess pulmonary arteriovenous shunts that increased with the deterioration of liver condition) and direct (reduced clearance of ET-1 by the hepatic tissue) associations. Leakage of bile into the blood and/or disturbance of ET-1 degradation may result in increased serum ET-1 levels since ET-1 is excreted through the biliary system (Cai et al., 1999).

The multivariate analysis model showed that the reduction in serum creatinine level at day 3 can be considered a predictor of response to treatment. It should be noted that up to one-fourth of the patients showed response at the end of therapy though their serum creatinine level was not reduced by day 3. This may be due to increasing the dose of terlipressin in patients whom their serum creatinine level failed to reach an early reduction or showed a delayed renal response with respect to the improvement of hemodynamic status. In these patients, treatment with terlipressin was maintained after 3 days to achieve this delayed response effect. This finding is approved by Nazar et al. (2010).

In the current study, the 90-day survival probability in non-responders was 9% and in responders 40%. These results, in conjunction with the observation that patients with HRS where the albumin and terlipressin enhanced their renal capacity had marvelous posttransplantation results compared to patients without HRS (Restuccia et al., 2004), confirm that albumin plus terlipressin is a successful and helpful choice for HRS patients anticipating liver transplantation. The observations of this study were in accordance with previous reports which stated that type-1 HRS patients responding to therapy with albumin and terlipressin have longer survival expectancy compared to that of non-responders [(Ortega et al., 2002; Martín-Llahí et al., 2008; Neri et al., 2008; Sharma et al., 2008).

Moreover, to our knowledge, no studies published the role of changes in the ET-1/NO ratio as an independent predictor of response to albumin with terlipressin in type-1 HRS. Such results will certainly be much scrutinized, but there are some clear conclusions for the role of ET-1 and NO in the pathophysiology of HRS. Such findings add to our understanding and knowledge of the pathogenesis of HRS in a number of ways and provide a foundation for its management. This study's findings have a number of significant implications for future practice.

Of course, this study has some limitations that should be addressed. First, the sample size is small. Second, the current study is a single center study, and recruiting a large number of patients for such a meticulous study, is mandatory yet difficult due to the unavailability of terlipressin in many centers and type-1 HRS is not a common disorder. Third, the ET-1/NO ratio is not routinely measured in clinical practice. Furthermore, studies from multiple centers are needed to confirm these findings in HRS patients.

In conclusion, the outcomes of the current study, in type-1 HRS patients, indicate that a reduction in the ET-1/NO ratio and lower serum bilirubin baseline are considered good predictors of response to treatment with albumin and terlipressin. Future studies on treatment of type-1 HRS should discuss the possible mechanisms of declined response to pharmacological treatment and should search for new therapeutic options for non-responders.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation, to any qualified researcher.



Ethics Statement

The study was reviewed and approved by the Ethics Committee of Mansoura University, Egypt. (Proposal code: R.19.06.534). The patients/participants provided their written informed consent to participate in this study.



Author Contributions

All the authors have accepted responsibility for the entire content of this submitted manuscript and approved submission. AA-R and NM acquired, analyzed and interpreted data; performed statistical analysis; and wrote, edited and reviewed the manuscript. MA, AA, and MT recruited and followed up with patients; acquired, analyzed and interpreted data; performed statistical analysis; critically revised the manuscript. AT recruited and followed up with patients; acquired, analyzed and interpreted data; critically revised the manuscript. AH recruited and followed up with patients; acquired, analyzed and interpreted data; critically revised the manuscript. RE acquired, analyzed and interpreted data; underwent laboratory investigations and revised the manuscript. WE and NE-W acquired, analyzed and interpreted data; performed statistical analysis; underwent laboratory investigations; critically revised the manuscript. All authors approved the final version of the article, including the authorship list.



Acknowledgments

The authors thank the staff and patients of the Tropical Medicine Department and the lab specialists for their significant aid.



Abbreviations

HRS, hepatorenal syndrome; ET-1/NO ratio, endothelin-1/nitric oxide ratio; GFR, glomerular filtration rate; PMN, polymorphonuclear; SBP, spontaneous bacterial peritonitis; IVCCI, inferior vena cava collapsibility index; CBC, complete blood count; MELD, Model for End-Stage Liver Disease.



References

 Alessandria, C., Ottobrelli, A., Debernardi-Venon, W., Todros, L., Cerenzia, M. T., Martini, S., et al. (2007). Noradrenalin vs terlipressin in patients with hepatorenal syndrome: a prospective, randomized, unblinded, pilot study. J. Hepatol. 47, 499–505. doi: 10.1016/j.jhep.2007.04.010

 Allegretti, A. S., Israelsen, M., Krag, A., Jovani, M., Goldin, A. H., Schulman, A. R., et al. (2017). Terlipressin versus placebo or no intervention for people with cirrhosis and hepatorenal syndrome. Cochrane Database Syst. Rev. 6, CD005162. doi: 10.1002/14651858.CD005162.pub4

 Alonso, D., and Radomski, M. W. (2003). The nitric oxide-endothelin-1 connection. Heart Fail Rev. 8, 107–115. doi: 10.1023/a:1022155206928

 Anand, R., Harry, D., Holt, S., Milner, P., Dashwood, M., Goodier, D., et al. (2002). Endothelin is an important determinant of renal function in a rat model of acute liver and renal failure. Gut 50, 111–117. doi: 10.1136/gut.50.1.111

 Andrukhov, O., Haririan, H., Bertl, K., Rausch, W. D., Bantleon, H. P., Moritz, A., et al. (2013). Nitric oxide production, systemic inflammation and lipid metabolism in periodontitis patients: possible gender aspect. J. Clin. Periodontol. 40 (10), 916–923. doi: 10.1111/jcpe.12145

 Angeli, P., and Merkel, C. (2008). Pathogenesis and management of hepatorenal syndrome in patients with cirrhosis. J. Hepatol. 48 (Suppl.), S93–S103. doi: 10.1016/j.jhep.2008.01.010

 Angeli, P., Ginès, P., Wong, F., Bernardi, M., Boyer, T. D., Gerbes, A., et al. (2015). Diagnosis and management of acute kidney injury in patients with cirrhosis: revised consensus recommendations of the International Club of Ascites. J. Hepatol. 62, 968–974. doi: 10.1016/j.jhep.2014.12.029

 Arroyo, V., Gine`s, P., Gerbes, A. L., Dudley, F. J., Gentilini, P., Laffi, G., et al. (1996). Definition and diagnostic criteria of refractory ascites and hepatorenal syndrome in cirrhosis. Int. Ascites Club. Hepatol. 23, 164–176. doi: 10.1002/hep.510230122

 Bachmann-Brandt, S., Bittner, I., Neuhaus, P., Frei, U., and Schindler, R. (2000). Plasma levels of endothelin-1 in patients with the hepatorenal syndrome after successful liver transplantation. Transpl. Int. 13, 357–362. doi: 10.1007/s001470050714

 Barreto, R., Fagundes, C., Guevara, M., Solà, E., Pereira, G., Rodríguez, E., et al. (2014). Type1 hepatorenal syndrome associated with infections in cirrhosis: natural history, outcome of kidney function, and survival. Hepatology 59, 1505–1513. doi: 10.1002/hep.26687

 Brennan, J. M., Ronan, A., Goonewardena, S., Blair, J. E., Hammes, M., Shah, D., et al. (2006). Handcarried ultrasound measurement of the inferior vena cava for assessment of intravascular volume status in the outpatient hemodialysis clinic. Clin. J. Am. Soc Nephrol. 1, 749–753. doi: 10.2215/CJN.00310106

 Cahill, P. A., Redmond, E. M., and Sitzmann, J. V. (2001). Endothelial dysfunction in cirrhosis and portal hypertension. Pharmacol. Ther. 89, 273–293. doi: 10.1016/s0163-7258(01)00128-0

 Cai, L., Wang, G. J., Mukherjee, K., Xu, Z. L., Khalil, M., Cherian, M. G., et al. (1999). Endothelins and their receptors in cirrhotics and neoplastic livers of Canadian and Chinese populations. Anticancer Res. 19, 2243–2247.

 Cardenas, A., and Gine`s, P. (2005). Management of complications of cirrhosis in patients awaiting liver transplantation. J. Hepatol. 42, S124–S133. doi: 10.1016/j.jhep.2004.12.007

 Charpin, J. M., Stern, M., Lebrun, G., Aubin, P., Grenet, D., and Israël-Biet, D. (2001). Increased endothelin-1 associated with bacterial infection in lung transplant recipients. Transplantation 71 (12), 1840–1847. doi: 10.1097/00007890-200106270-00022

 Dagher, L., and Moore, K. (2001). The hepatorenal syndrome. Gut 49, 729–737. doi: 10.1136/gut.49.5.729

 Dellinger, R. P. (2003). Cardiovascular management of septic shock. Crit. Care 31, 946–955. doi: 10.1097/01.CCM.0000057403.73299.A6

 Fabrizi, F., Dixit, V., and Martin, P. (2006). Meta-analysis: terlipressin therapy for the hepatorenal syndrome. Aliment Pharmacol. Ther. 24, 935–944. doi: 10.1111/j.1365-2036.2006.03086.x

 Fernandez, J., Acevedo, J., Castro, M., Garcia, O., de Lope, C. R., Roca, D., et al. (2012). Prevalence and risk factors of infections by multiresistant bacteria in cirrhosis: a prospective study. Hepatology 55, 1551–1561. doi: 10.1002/hep.25532

 Freeman, B. D., Machado, F. S., Tanowitz, H. B., and Desruisseaux, M. S. (2014). Endothelin-1 and its role in the pathogenesis of infectious diseases. Life Sci. 118 (2), 110–119. doi: 10.1016/j.lfs.2014.04.021

 Garcia-Tsao, G., Parikh, C. R., and Viola, A. (2008). Acute kidney injury in cirrhosis. Hepatology 48, 2064–2077. doi: 10.1002/hep.22605

 Gine`s, P., Guevara, M., Arroyo, V., and Rodes, J. (2003). Hepatorenal syndrome. Lancet 362, 1819–1827. doi: 10.1016/S0140-6736(03)14903-3

 Gluud, L. L., Christensen, K., Christensen, E., and Krag, A. (2010). Systematic review of randomized trials on vasoconstrictor drugs for hepatorenal syndrome. Hepatology 51 (2), 576–584. doi: 10.1002/hep.23286

 Gonwa, T. A., Klintmalm, G. B., Levy, M., Jennings, L. S., Goldstein, R. M., and Husberg, B. S. (1995). Impact of pretransplant renal function on survival after liver transplantation. Transplantation 59, 361–365. doi: 10.1097/00007890-199502150-00010

 Hei, Z. Q., Huang, H. Q., Luo, C. F., Li, S. R., and Luo, G. J. (2006). Changes of nitric oxide and endothelin, thromboxane A2 and prostaglandin in cirrh-otic patients undergoing liver transplantation. World J. Gastroenterol. 12, 4049–4051. doi: 10.3748/wjg.v12.i25.4049

 Hocher, B., Brause, M., Mendes, U., Berger, D., Bulher, H., and Gross, P. (1999). Impact of endothelin system on water and sodium excretion in patients with liver cirrhosis. Nephrol. Dial Transplant. 14, 1133–1138. doi: 10.1093/ndt/14.5.1133

 Hon, W. M., Lee, K. H., and Khoo, H. E. (2002). Nitric oxide in liver diseases: friend, foe, or just passerby? Ann. N.Y. Acad. Sci. 962, 275–295. doi: 10.1111/j.1749-6632.2002.tb04074.x

 Isobe, H., Satoh, M., Sakai, H., and Nawata, H. (1993). Increased plasma endothelin-1 levels in patients with cirrhosis and esophageal varices. J. Clin. Gastroenterol. 17, 227–230. doi: 10.1097/00004836-199310000-00011

 Jeyarajah, D. R., Gonwa, T. A., McBride, M., Testa, G., Abbasoglu, O., Husberg, B. S., et al. (1997). Hepatorenal syndrome: combined liver kidney transplants versus isolated liver transplant. Transplantation 64, 1760–1765. doi: 10.1097/00007890-199712270-00024

 Kayali, Z., Herring, J., Baron, P., Franco, E., Ojogho, O., Smith, J., et al. (2009). Increased plasma nitric oxide, L-arginine, and arginase-1 in cirrhotic patients with progressive renal dysfunction. J. Gastroenterol. Hepatol. 24, 1030–1037. doi: 10.1111/j.1440-1746.2008.05757.x

 Levey, A. S., Bosch, J. P., Lewis, J. B., Greene, T., Rogers, N., and Roth, D. (1999). A more accurate method to estimate glomerular filtration rate from serum creatinine: a new prediction equation. Modification of diet in renal disease study groupm. Ann. Intern. Med. 130, 461–470. doi: 10.7326/0003-4819-130-6-199903160-00002

 Møller, S., Hansen, E. F., Becker, U., Brinch, K., Henriksen, J. H., and Bendtsen, F. (2000). Central and systemic haemodynamic effects of terlipressin in portal hypertensive patients. Liver 20 (1), 51–59. doi: 10.1034/j.1600-0676.2000.020001051.x

 Møller, S., Krag, A., and Bendtsen, F. (2014). Kidney injury in cirrhosis: pathophysiological and therapeutic aspects of hepatorenal syndromes. Liver Int. 34, 1153–1163. doi: 10.1111/liv.12549

 Martin-Llahi, M., Guevara, M., Torre, A., Fagundes, C., Restuccia, T., Gilabert, R., et al. (2011). Prognostic importance of the cause of renal failure in patients with cirrhosis. Gastroenterology 140, 488–496. doi: 10.1053/j.gastro.2010.07.043

 Martín-Llahí, M., Pépin, M. N., Guevara, M., Díaz, F., Torre, A., Monescillo, A., et al. (2008). Terlipressin and albumin vs albumin in patients with cirrhosis and hepatorenal syndrome: a randomized study. Gastroenterology 134, 1352–1359. doi: 10.1053/j.gastro.2008.02.024

 Moore, K., Wendon, J., Frazer, M., Karani, J., Williams, R., and Badr, K. (1992). Plasma endothelin immunoreactivity in liver disease and hepatorenal syndrome. N. Engl. J. Med. 327, 1774–1778. doi: 10.1056/NEJM199212173272502

 Moore, K. (2004). Endothelin and vascular function in liver disease. Gut 53 (2), 159–161. doi: 10.1136/gut.2003.024703

 Moreau, R., and Lebrec, D. (2006). The use of vasoconstrictors in patients with cirrhosis: type 1 HRS and beyond. Hepatology 43, 385–394. doi: 10.1002/hep.21094

 Moreau, R., Durand, F., Poynard, T., Duhamel, C., Cervoni, J. P., Ichaı¨, P., et al. (2002). Terlipressin in patients with cirrhosis and type 1 hepatorenal syndrome: a retrospective multicenter study. Gastroenterology 122, 923–930. doi: 10.1053/gast.2002.32364

 Nair, S., Verma, S., and Thuluvath, P. J. (2002). Pretransplant renal function predicts survival in patients undergoing orthotopic liver transplantation. Hepatology 35, 1179–1185. doi: 10.1080/00365521.2018.1526967

 Nazar, A., Pereira, G. H., Guevara, M., Martín-Llahi, M., Pepin, M. N., Marinelli, M., et al. (2010). Predictors of response to therapy with terlipressin and albumin in patients with cirrhosis and type 1 hepatorenal syndrome. Hepatology 51, 219–226. doi: 10.1002/hep.23283

 Neri, S., Pulvirenti, D., Malaguarnera, M., Cosimo, B. M., Bertino, G., Ignaccolo, L., et al. (2008). Terlipressin and albumin in patients with cirrhosis and type I hepatorenal syndrome. Dig. Dis. Sci. 53, 830–835. doi: 10.1007/s10620-007-9919-9

 Nozue, T., Kobayashi, A., Uemasu, F., Takagi, Y., Endoh, H., and Sako, A. (1995). Plasma endothelin-1 levels of children with cirrhosis. J. Pediatr. Gastroenterol. Nutr. 21, 220–223. doi: 10.1097/00005176-199508000-00015

 Ortega, R., Gine`s, P., Uriz, J., Cardenas, A., Calahorra, B., de las Heras, D., et al. (2002). Terlipressin therapy with and without albumin for patients with hepatorenal syndrome: results of a prospective, nonrandomized study. Hepatology 36, 941–948. doi: 10.1053/jhep.2002.35819

 Restuccia, T., Ortega, R., Guevara, M., Gine`s, P., Alessandria, C., Ozdogan, O., et al. (2004). Effects of treatment of hepatorenal syndrome before transplantation on posttransplantation outcome. A case-control study. J. Hepatol. 40, 140–146. doi: 10.1016/j.jhep.2003.09.019

 Rimola, A., García-Tsao, G., Navasa, M., Piddock, L. J., Planas, R., Bernard, B., et al. (2000). Diagnosis, treatment and prophylaxis of spontaneous bacterial peritonitis: a consensus document. Int. Ascites Club. J. Hepatol. 32, 142–153. doi: 10.1016/s0168-8278(00)80201-9

 Ring-Larsen, H. (1977). Renal blood flow in cirrhosis: relation to systemic and portal haemodynamics and liver function. Scand. J. Clin. Lab. Invest. 37, 635–642. doi: 10.3109/00365517709100657

 Sanyal, A. J., Boyer, T., Garcia-Tsao, G., Regenstein, F., Rossaro, L., Appenrodt, B., et al. (2008). A randomized, prospective, double-blind, placebo-controlled trial of terlipressin for type 1 hepatorenal syndrome. Gastroenterology 134, 1360–1368. doi: 10.1053/j.gastro.2008.02.014

 Sharma, P., Kumar, A., Shrama, B. C., and Sarin, S. K. (2008). An open label, pilot, randomized controlled trial of noradrenaline versus terlipressin in the treatment of type 1 hepatorenal syndrome and predictors of response. Am. J. Gastroenterol. 103, 1689–1697. doi: 10.1111/j.1572-0241.2008.01828.x

 Simonson, M. S., and Dunn, M. J. (1990). Endothelin-1 stimulates contraction of rat glomerular mesangial cells and potentiates beta-adrenergic-mediated cyclic adenosine monophosphate accumulation. J. Clin. Invest. 85 (3), 790–797. doi: 10.1172/JCI114505

 Uchihara, M., Izumi, N., Sato, C., and Marumo, F. (1992). Clinical signiﬁcance of elevated plasma endothelin concentration in patients with cirrhosis. Hepatology 16, 95–99. doi: 10.1002/hep.1840160117

 Yeager, M. E., Belchenko, D. D., Nguyen, C. M., Colvin, K. L., Ivy, D. D., and Stenmark, K. R. (2012). Endothelin-1, the unfolded protein response, and persistent inflammation: role of pulmonary artery smooth muscle cells. Am. J. Respir. Cell Mol. Biol. 46, 14–22. doi: 10.1165/rcmb.2010-0506OC



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Abdel-Razik, Mousa, Abdelsalam, Abdelwahab, Tawfik, Tawfik, Hasan, Elhelaly, El-Wakeel and Eldars. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	ORIGINAL RESEARCH
published: 04 February 2020
doi: 10.3389/fphys.2019.01588





[image: image]

Renal Glomerular Mitochondria Function in Salt-Sensitive Hypertension

Mark Domondon1, Iuliia Polina1, Anna B. Nikiforova1,2, Regina F. Sultanova1,3, Claudia Kruger4, Valeriia Y. Vasileva1,5, Mikhail V. Fomin1, Gyda C. Beeson6, Anna-Liisa Nieminen6, Nancy Smythe7, Eduardo N. Maldonado6, Krisztian Stadler4 and Daria V. Ilatovskaya1*

1Department of Medicine, Division of Nephrology, Medical University of South Carolina, Charleston, SC, United States

2Institute of Theoretical and Experimental Biophysics, Pushchino, Russia

3Saint-Petersburg State Chemical Pharmaceutical University, Saint Petersburg, Russia

4Oxidative Stress and Disease Laboratory, Pennington Biomedical Research Center, Baton Rouge, LA, United States

5Institute of Cytology Russian Academy of Science, Saint Petersburg, Russia

6Department of Drug Discovery & Biomedical Sciences, Medical University of South Carolina, Charleston, SC, United States

7Department of Pathology, Medical University of South Carolina, Charleston, SC, United States

Edited by:
John D. Imig, Medical College of Wisconsin, United States

Reviewed by:
Joshua S. Speed, University of Mississippi Medical Center, United States
Shengyu Mu, University of Arkansas for Medical Sciences, United States
Ningjun Li, Virginia Commonwealth University, United States

*Correspondence: Daria V. Ilatovskaya, ilatovskaya@musc.edu

Specialty section: This article was submitted to Renal and Epithelial Physiology, a section of the journal Frontiers in Physiology

Received: 13 September 2019
Accepted: 19 December 2019
Published: 04 February 2020

Citation: Domondon M, Polina I, Nikiforova AB, Sultanova RF, Kruger C, Vasileva VY, Fomin MV, Beeson GC, Nieminen A-L, Smythe N, Maldonado EN, Stadler K and Ilatovskaya DV (2020) Renal Glomerular Mitochondria Function in Salt-Sensitive Hypertension. Front. Physiol. 10:1588. doi: 10.3389/fphys.2019.01588

Salt-sensitive (SS) hypertension is accompanied with an early onset of proteinuria, which results from the loss of glomerular podocytes. Here, we hypothesized that glomerular damage in the SS hypertension occurs in part due to mitochondria dysfunction, and we used a unique model of freshly isolated glomeruli to test this hypothesis. In order to mimic SS hypertension, we used Dahl SS rats, an established animal model. Animals were fed a 0.4% NaCl (normal salt, NS) diet or challenged with a high salt (HS) 4% NaCl diet for 21 days to induce an increase in blood pressure (BP). Similar to previous studies, we found that HS diet caused renal hypertrophy, increased BP, glomerulosclerosis, and renal lesions such as fibrosis and protein casts. We did not observe changes in mitochondrial biogenesis in the renal cortex or isolated glomeruli fractions. However, Seahorse assay performed on freshly isolated glomeruli revealed that basal mitochondrial respiration, maximal respiration, and spare respiratory capacity were lower in the HS compared to the NS group. Using confocal imaging and staining for mitochondrial H2O2 using mitoPY1, we detected an intensified response to an acute H2O2 application in the podocytes of the glomeruli isolated from the HS diet fed group. TEM analysis showed that glomerular mitochondria from the HS diet fed group have structural abnormalities (swelling, enlargement, less defined cristae). Therefore, we report that glomerular mitochondria in SS hypertension are functionally and structurally defective, and this impairment could eventually lead to loss of podocytes and proteinuria. Thus, the glomerular–mitochondria axis can be targeted in novel treatment strategies for hypertensive glomerulosclerosis.

Keywords: kidney, glomeruli, hypertension, podocyte, mitochondria


INTRODUCTION

Salt-sensitive (SS) hypertension is characterized by elevated blood pressure (BP) resulting from increased dietary salt intake (Pilic et al., 2016; Rust and Ekmekcioglu, 2017). Available medications are insufficient to control BP in the SS subjects, and there is a need for the development of novel effective therapies (Elijovich et al., 2016; Laffer and Elijovich, 2018). To date, substantial research efforts have been devoted to uncovering the mechanisms underlying salt sensitivity, a condition known to be associated with various physiological, environmental, demographic, and genetic factors (Pilic et al., 2016). Intricate studies on kidney transplantations discovered that salt sensitivity “follows” the kidney: SS rats, which received a kidney transplant from a normotensive rat, became salt resistant (Bianchi et al., 1974; Patschan et al., 1997), implying that salt sensitivity originates in the kidney. Glomerular damage, loss of podocytes, and subsequent proteinuria are among the primary signs of kidney disease initiation in SS hypertension, and it is especially compelling to assess the mechanisms underlying their impairment (Denic et al., 2016; Assady et al., 2017; Seccia et al., 2017).

Recent evidence demonstrated that mitochondrial fission/fusion, biogenesis, redox capacity, and homeostasis are implicated in the pathogenesis of hypertensive renal damage, acute kidney injury (AKI), and diabetic nephropathy (DN) (Eirin et al., 2017a; Galvan et al., 2017). Multiple studies (highlighted in recent excellent reviews by Drs. Schnellmann, Sharma, Lerman, Danesh, and other groups) were devoted to identifying mitochondria-related targets for renal dysfunction in CKD. Current knowledge suggests that an imbalance in mitochondrial dynamics and energetics in glomeruli and their components (mesangial cells, endothelial cells, or podocytes), can cause a decrease in ATP production, induction of ROS (reactive oxygen species) generation and the disruption of normal renal function (Zhan et al., 2013; Casalena et al., 2014; Daehn et al., 2014; Ayanga et al., 2016; Long et al., 2016; Szeto et al., 2016; Zhao et al., 2016; Bhargava and Schnellmann, 2017; Duann and Lin, 2017; Eirin et al., 2017a; Galvan et al., 2017; Qi et al., 2017; Sharma, 2017; Sweetwyne et al., 2017; Arif et al., 2019; Kruger et al., 2019; Zhang et al., 2019). However, very little is known about glomeruli and mitochondria in chronic hypertension.

The development of hypertension correlates with changes in mitochondrial dynamics and ROS production in the brain, vasculature, and kidney (Manucha et al., 2015; Dikalov and Dikalova, 2016; Lahera et al., 2017; Loperena and Harrison, 2017; Daneva et al., 2019; Ding et al., 2019). As a major source of ROS, mitochondria can increase sympathetic activity, promoting sodium and volume retention and enhancing vasoconstriction (Dikalov and Dikalova, 2016), although the complete mechanism remains unclear (Loperena and Harrison, 2017). The majority of hypertension-related studies have been focused on mitochondrial function in the tubules. For instance, increased sodium delivery in the medullary thick ascending limb (mTAL) was reported to stimulate mitochondrial H2O2 production, possibly contributing to SS hypertension (Ohsaki et al., 2012). Urinary mitochondrial DNA (mtDNA) copy number was shown to be elevated in hypertensive patients (Eirin et al., 2016, 2017b). Antioxidant activity of superoxide dismutase 2 (SOD2) attenuated hypertensive effects by scavenging excess renal ROS (Dikalov and Dikalova, 2016). Interestingly, mice deficient in SOD2 develop salt-induced hypertension associated with activation of intrarenal ROS generating pathways (Elliott et al., 1990; Rodriguez-Iturbe et al., 2007). Plenty of evidence support that overproduction of ROS and bioenergetic alterations during hypertension heavily implicate mitochondrial dysfunction and the resulting oxidative stress as key contributors promoting the disease (Manucha et al., 2015; Loperena and Harrison, 2017; Marshall et al., 2018). However, extensive additional mechanistic studies are required to confirm a cause–effect relationship between mitochondrial dysfunction and renal damage (Eirin et al., 2015, 2018).

Cowley et al. (2015) revealed that in the Dahl SS rat there is a natural shift in the redox balance between nitric oxide and ROS, while selective reduction of ROS production in the renal medulla reduces SS hypertension. In another study, they found that the p67(phox) subunit of NADPH oxidase 2 plays a role in the excessive production of renal medullary ROS (Salehpour et al., 2015; Zheleznova et al., 2016). Mitochondrial proteomic analysis and respirometry also revealed deficiencies in oxygen utilization in mTAL and differential expression of mitochondria-encoded proteins in the Dahl SS rat compared to the SS.13(BN) control (Zheleznova et al., 2012). In 2014, He et al. (2014) demonstrated that mitochondrial abnormalities can be observed in the mTAL of SS rats before the development of histologically detectable injury. Later, Wang et al. (2017) provided evidence that renal mitochondria of Dahl SS rats displayed metabolic alterations and dysfunctions, aggravated by an increase in salt intake. Through transcriptomic analyses of renal medullary biological pathways, they established that mitochondrial TCA cycle and cell energetics are crucial for the molecular networks relevant to salt-sensitivity (Cowley et al., 2014; Evans et al., 2018).

Therefore, mitochondrial structure and bioenergetics are critical for the renal mechanisms of SS hypertension development. However, not much is known about renal cortical mitochondria, especially their function in glomeruli. The current study is focused on assessing functional and structural properties of mitochondria in renal glomeruli during SS hypertension. We employed a variety of techniques to address this question in Dahl SS rats, using a preparation of the freshly isolated glomeruli. We hypothesized that glomerular mitochondria function is a central contributor to renal disease development in SS hypertension.



MATERIALS AND METHODS


Study Design and Animal Use

Male Dahl salt-sensitive (Dahl SS) rats were obtained from Charles River Laboratories (strain code 320) at 7 weeks of age, and they were switched to a normal salt (NS, 0.4% NaCl) AIN-76A-based diet upon arrival (Dyets, Inc., #D113755, Bethlehem, PA, United States). At 8 ± 0.3 weeks of age (265 ± 15 g body weight), rats were either maintained on a NS diet or provided a high salt (HS, 4% NaCl) AIN-76A-based chow (Dyets, Inc., D#113756) to induce hypertension development (Figure 1A). Rats were housed at the Medical University of South Carolina (MUSC) Department of Laboratory Animal Resources under 12 h light/dark cycle. Access to food and water and environmental enrichment were provided ad libitum. All animal experiments were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals following the protocol review and approval by the MUSC Institutional Care and Use Committee. Rats were randomly assigned to research groups; sample size was estimated using power analysis. Euthanasia and tissue collections were performed between 10 am and 2 pm.
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FIGURE 1. Study protocol and development of the salt-sensitive (SS) hypertension in the Dahl SS rats. (A) Schematic representation of the experimental protocol used to induce SS hypertension in Dahl SS rats. (B) Graphs illustrating the observed increase in systolic blood pressure (systolic BP, left) and two kidney to body weight ratio (middle panel, 2 k/BW) in the NS diet fed group compared to a HS diet fed group (right). (C) Representative histological images showing cortical renal tissues (20×) and medullary tissues (10×) from NS and HS diet fed animals stained with Masson’s trichrome. Graph illustrates summarized glomerular damage score (glomeruli examples are provided below for each experimental group). All data were compared using a one-way ANOVA with Holm–Sidak post hoc test. In Graphs (B), each data point represents a single measurement from an experimental animal at the end of the protocol after the NS or HS challenges. For the glomerular damage score (C), each point is an average of 100 glomeruli blindly scored in the renal tissue of each animal. NS, normal salt; HS, high salt.




Blood Pressure Measurements, Kidney Flush, and Glomeruli Isolation

Blood pressure measurements via tail cuff plethysmography (IITC Life Science Inc., United States) were obtained from each rat at 11 weeks old, immediately before endpoint kidney flush. For tissue collections, rats were anesthetized with 2.5% isoflurane, abdominal aorta was catheterized for blood collection, and kidneys were flushed with PBS (3 ml/min/kidney until blanched) as described previously (Ilatovskaya et al., 2015b). Then, tissues were snap-frozen for Western blotting or qPCR, fixed for subsequent histological or electron microscopy analyses, or used for immediate ex vivo experiments. For glomeruli isolation, renal cortex was excised and minced using a single-edged razor blade; then, isolation was performed with differential sieving as described previously (Ilatovskaya et al., 2011, 2015b; Ilatovskaya and Staruschenko, 2013). Briefly, the minced tissue was sequentially pushed through a steel 150-μm sieve and then pipetted through a 106-μm sieve (04-881-5Z and 04-881-5X; Fisher Scientific) using the culture medium solution RPMI1640 (Invitrogen, Inc., United States) with 5% BSA. This tissue homogenate was then pipetted onto a 75-μm sieve (S4145; Sigma), rinsed from the sieve surface, and stored on ice. Glomeruli were used within 3 h post isolation.



Histological Staining and Glomeruli Scoring

Tissues fixed with 10% NBF were routinely embedded, cut and mounted on slides, deparaffinized, rehydrated, and stained with Masson’s trichrome. Glomeruli scoring was performed according to previously published protocols and scales (Raij et al., 1984; Palygin et al., 2017) using a Nikon Ti-2 microscope equipped with a 40× NA 0.7 objective and a DS-Fi2 color camera; glomeruli were blindly scored from zero (healthy) to four (diseased) (see Raij et al., 1984). At least 100 glomeruli were randomly scored in the cortical area of each experimental animal.



Plasma Creatinine and Electrolyte Measurements

Blood samples obtained from the abdominal aorta before kidney flushing, were centrifuged immediately after collection at 6000 rpm for 5 min to separate the plasma. The plasma was snap-frozen and stored at −80°C. Plasma creatinine levels were measured using the Quantichrom Creatinine Assay Kit (DICT-500). A standard curve was created from the stock 50 mg/dl creatinine standard. Concentrations of 6, 2, 1, 0.5, and 0 mg/dl were used to create the standard curve. Creatinine concentrations were determined by measuring absorbance per the manufacturer’s instructions. Plasma electrolyte levels were measured with Carelyte analyzer (Diamond Diagnostics, United States).



Electron Microscopy

Samples were excised from the animal and fixed overnight in freshly made 2.5% glutaraldehyde in phosphate buffer (Electron Microscopy Sciences). The samples were rinsed in buffer 2× for 15 min and postfixed in 2% osmium tetroxide for 1 h on a rocker plate. Each sample was then dehydrated through a series of ethyl alcohol dilutions starting at 50, 70, 90, and 95%. Three 100% rinses for 15 min were used to complete the dehydration, and the samples were put into propylene oxide to start the infiltration with Embed 812 (Electron Microscopy Sciences) at ratios of 1:3, 2:2, and 3:1 for 1 h each. In the final stage the samples were then left in pure plastic overnight on the rocker plate and subsequently put into the mold and left in the oven overnight to polymerize. Once hardened, the blocks were trimmed, semi-thick sectioned at 0.5 μm, dried on a glass slide, stained with 1% toluidine Blue, and looked at under the microscope to determine the appropriate area to thin section. The block was trimmed again to reflect that area, and the thin sections were taken and placed on a 200-mesh cu grid, dried and stained with uranyl acetate for 10 min, and rinsed and stained with lead citrate for 10 min. The sections were observed on a JEOL 1010 transmission electron microscope running at 80 kV and imaged.



Protein and mRNA Isolation, Western Blotting, and Mitochondrial DNA Quantification

After excision, kidneys were cut into 1–2 mm slices, and the cortical kidney pieces were pulse sonicated in RIPA buffer containing a protease inhibitor cocktail (Roche) on ice for up to 10 s and then spin cleared at 10,000 × g for 10 min. The resulting supernatant was subjected to PAGE, transferred onto a nitrocellulose membrane (Bio-Rad, Hercules, CA, United States) for probing with antibodies, and subsequently visualized by enhanced chemiluminescence (ECL; Thermo Scientific, Waltham, MA, United States). The following antibodies were used: Total OXPHOS Rodent WB Antibody cocktail (ab110413, abcam, 1:500), PGC1α Polyclonal Antibody (PA5-38022, Invitrogen, Inc., United States); secondary anti-Mouse IgG HRP Conjugate (W402B, Promega, 1:5,000), and Goat anti-Rabbit IgG (H + L) (#31460, Invitrogen, Inc., United States). For qPCR, total DNA was extracted from rat kidney cortical tissues using a DNeasy Blood and Tissue kit (69504; Qiagen). The quality of each sample was determined using gel electrophoresis of 50 ng of total DNA following PCR on a C1000 Themocycler (Bio-Rad, Hercules, CA, United States) with a SuperScript First-Strand synthesis system for RT-PCR (11904; Invitrogen, Inc., United States), while the quantity was determined by spectrophotometry (Nanodrop). Real-time PCR analysis was performed with 50 ng total DNA using SYBR green chemistry on a CFX96 (Bio-Rad, Hercules, CA, United States). Primer sequences were as follows: Nd1 F: ATGGCCTTCCTCACCCTAGT, R: GTTAGGGGGCGTATGGGTTC, Nd6 F: TTGGGGTTGCGG CTATTTAT, R: ATCCCCGCAAACAATGACCA, with positive controls B-actin F: GCTCTATCACTGGGCATTGG and R: CGCAACTCTTAACTCGGAAGA.



Confocal Microscopy and Image Analysis

Isolated glomeruli were allowed to adhere onto glass bottom Mat-Tek dishes coated with poly-L-lysine for 5 min (P4707; Sigma) and immediately imaged in a solution containing (in mM): 145 NaCl, 4.5 KCl, 2 CaCl2, 2 MgCl2, 10 HEPES, pH 7.35. Fluorescence intensities were monitored using a confocal laser scanning microscope system Leica TCS SP 5. Detection was performed using an oil immersed 63×/NA 1.4 Oil objective with the argon laser excitation at 488 or 361 nm and emission filters 520/25 nm for MitoPY1 (Tocris, #4428, 10 μM loading for 30 min at RT) and 480/25 nm for Hoechst 33342 (ThermoFisher, H3570, 8 μM loading for 10 min at RT), respectively. Fluorescence images were collected with 0.125 Hz frequency and processed with open source software Fiji (ImageJ 1.47v, National Institute of Health, United States). Podocytes were located on the surface of capillaries by their morphology, body size, nuclei size, and structure in the focal plane next to the glass chip, similarly to what was done in previously published manuscripts (Ilatovskaya and Staruschenko, 2013; Ilatovskaya et al., 2015a, b, 2018). Please see Figure 5A for a detailed schematic.



Complex V Activity Assay

Mitochondrial Complex V activity was analyzed in isolated glomeruli pellets, normalized to 10 μg protein, and expressed as oxidation rate of NADH at 340 nm. The reaction mixture in a 1 cm cuvette contained: 500 μl of Buffer HEPES-Mg, 10 μl of 30 mM NADH, 50 μl of 50 mM phosphoenolpyruvic acid, 5 μl of 10 mg/ml of pyruvate kinase, 10 μl of 5 mg/ml of lactate dehydrogenase, and 10 μl of antimycin A. Ten micrograms of protein was added, and the mixture was incubated at 30°C for 2 min. The baseline kinetics were then recorded for 2 min. The reaction was started by adding 100 μl of 25 mM ATP, and kinetics were measured for 2 min (ΔAbs 340). Then 10 μl oligomycin (0.2 mg/ml in 50% ethanol) was added, and absorbance was measured again for 2 min. Complex V specific activity was calculated by comparing the Δabs with and without oligomycin.



Oxygen Consumption Rate Measurements

Equal volumes of freshly isolated glomeruli were plated onto Agilent Seahorse XF96 Microplates (Agilent Technologies, CA, United States, #101085-004). The Seahorse XF96 Analyzer (Agilent Technologies, CA, United States) was used to measure the basal levels of oxygen consumption rate (OCR) and OCR in the presence of electron transport chain (ETC) inhibitors and uncouplers (oligomycin, 1 μM; carbonyl cyanide-p-trifluoromethoxyphenylhydrazone, 1 μM; rotenone, 2 μM; antimycin A, 1 μM) using the standard software algorithm. The day before analysis, the sensor cartridge was placed in the calibration buffer provided by Seahorse Agilent. The following day, the medium was replaced with low phosphate DMEM buffer and warmed up in a 37°C non-CO2 incubator. The injection ports of the sensor plate were filled with 25 μl of the compounds or vehicle diluted in buffer. The sensor plate was placed into the XF-96 instrument for calibration. After calibration, the calibration fluid plate was removed, and the cell plate was loaded for analysis. The measurement protocol was 2 min mix and 3 min measurement. There were three rate measurements post each injection (basal levels, oligomycin, FCCP, and antimycin/rotenone), and each injection had three measurement cycles. OCR was finally normalized to protein concentrations (a standard BCA assay was performed on tested wells and OCR results were normalized to protein content).



MitoSox Fluorescence Assay

Isolated glomeruli were incubated with 5 μM MitoSOX (M36008, Invitrogen, Inc., United States) for 25 min at room temperature with continuous mixing on a rotating shaker. Then, MitoSOX fluorescence (510-nm excitation/580-nm emission) was measured in multiple 96-well plates using a fluorescence plate reader (Novostar, BMG LabTechnologies, Offenburg, Germany). Fluorescence was normalized to 1 mg of protein.



Antioxidant Kit

Antioxidant Assay (Cayman Chemical, Item No. 709001) was used to measure the total antioxidant capacity of kidney cell lysates. Kidney tissue (∼10–15 mg/sample) from each studied group was sonicated in the assay buffer on ice, then cells were spinned down by centrifugation (10,000 × g for 15 min at 4°C). The supernatant was diluted 1:50 and used for further analysis according to the manufacturer’s instructions. Absorbance was measured in 96-well plates with a Biotek Instruments plate reader at 405 nm. The capacity of the antioxidant system was compared with a standard curve obtained with Trolox (water-soluble tocopherol analog) and quantified as milliMolar (mM) Trolox equivalents.



RNA Isolation

RNA from rat glomeruli was isolated using TRIzol Reagent (Life Technologies) according to the manufacturer’s instructions. In short, tubes containing glomeruli in TRIzol were thawed at room temperature. Fifty microliters of chloroform was added, and the contents were mixed by vortexing for 10 s before incubating at room temperature for 5 min. After centrifugation at 15,300 × g for 15 min at 4°C, the aqueous layer was carefully transferred to a new set of tubes and 1 μl glycogen (Thermo Fisher Scientific), 100 μl isopropanol (Fisher Scientific), and 10 μl 8 M LiCl (Sigma-Aldrich) were added to assist precipitation at −20°C overnight. The next morning centrifugation was performed at 21,000 × g for 40 min at 4°C, and the pellet was washed using 70% ethanol. After centrifugation at 15,300 × g for 30 min at 4°C all ethanol was removed, and the pellet was allowed to air dry. Then, the RNA pellet was dissolved in 20 μl nuclease-free water and incubated at 60°C for 15 min. RNA integrity was measured using the RNA 6000 Nano chip on the Agilent 2100 Bioanalyzer (Agilent Technologies, CA, United States). Acquired RNA integrity numbers (RIN) were >5.8 for all investigated samples.



Reverse Transcription

The High-Capacity cDNA Reverse Transcription Kit with RNase inhibitor (Applied Biosystems) was used to reverse transcribe 800 ng RNA from each sample into cDNA. In brief, the 20 μl reaction consists of 10 μl 2× RT Master Mix and 10 μl RNA sample. The Master Mix contains 2.0 μl 10× RT Buffer, 0.8 μl 25× dNTP Mix (100 mM), 2.0 μl 10× RT Random Primers, 1 μl MultiScribe Reverse Transcriptase, 1 μl RNase Inhibitor, and 3.2 μl Nuclease-free water. The thermal cycling conditions were as follows: 10 min at 25°C, 120 min at 37°C, 5 min at 85 and 4°C. After cycling, synthesized cDNA was transferred into a new tube and 60 μl nuclease-free water was added to a final concentration of 10 ng/μl for each sample.



Primers

Sequences of the target genes were downloaded from the Ensembl genome browser. Primer Express Software v3.0 (Applied Biosystems) was used in its default settings for primer pair design. Where possible, the amplicon was spanned across an exon–exon boundary to exclude potential contamination with genomic DNA. The locations and sequences of the primers are listed in Table 2. Synthesis of the primer sets was carried out by Integrated DNA Technologies (Coralville, IA, United States). Primers were reconstituted with low-TE (Thermo Fisher) to a concentration of 100 μM and diluted with nuclease-free water (Ambion) to a working solution with 10 μM concentration.



Quantitative Real-Time PCR

Quantitative Real-Time PCR was performed on the 7900HT Sequence Detection System (Applied Biosystem) with default settings including dissociation curves for each assay. Using the epMotion 5075 (Liquid Handling Robot from Eppendorf), the PCR reactions were set up in a 384-well plate (Applied Biosystems) with 2 ng cDNA per reaction. Total volume was 10 μl per reaction [consisting of 3 μl cDNA, 5 μl iTaq Universal SYBR Green Supermix containing ROX as passive reference dye (Bio Rad), 1.8 μl water, 0.1 μl forward primer, and 0.1 μl reverse primer]. The thermal cycling reaction was started with 2 min at 50°C and 10 min at 95°C for optimal DNA polymerase activation. The PCR reactions consisted of a denaturation step of 15 s at 95°C, annealing and extension for 1 min at 60°C, for a total of 40 cycles. Reactions were run in triplicates, including no-template controls (water) for each gene. The comparative CT method (2–ΔΔCT) was used for relative quantification of gene expression (User Bulletin #2, Applied Biosystems). For each primer set, the actual amplification efficiency (AE) was calculated and implemented in the formula to calculate fold-changes. The geometric means of measurements for peptidylprolyl isomerase B (Ppib) and Sod2 gene expression were used as the references for normalization to derive ΔCt values. For each primer pair, the AE was calculated by applying the formula: ΔRncycle (n)/ΔRncycle (n–1) over three consecutive cycles, starting at the determined Ct value in the geometric phase.



Statistical Analysis

All data are displayed as box plots showing all data points. The box represents SEM, the error bars show SD, and a horizontal line denotes the median value. One-way ANOVA with Holm–Sidak post hoc or one-way repeated-measures ANOVA with Holm–Bonferroni for post hoc means comparison was employed for statistical analysis; p-value <0.05 was considered statistically significant. Animal numbers in each group and the number of replicates, if applicable, as well as the statistical tests applied, are shown in the corresponding figure legends. Statistical analysis of comparisons between conditions in qPCR experiments was conducted using t-tests, assuming unequal variances and two-sided p-values. P-values <0.05 were considered significant. DataAssist software (Applied Biosystems) was used to identify possible outliers among triplicate measurements.



RESULTS


Hypertension and Renal Injury Development in Dahl SS Rats

Male Dahl SS rats (Charles River Laboratories) were placed on a 0.4% NaCl diet immediately after arrival. Animals were randomly assigned to NS and HS diet fed groups following the standard experimental protocol (Figure 1A). After 21 days on a HS diet, rats developed a typical hypertension. Systolic BP as measured with tail cuff technique was 132.4 ± 7.4 and 162.7 ± 5.9 mmHg in the NS and HS diet fed groups, respectively (Figure 1B). Two kidneys to body weight ratio was increased in the HS diet fed group (Figure 1B, right panel, 8.0 ± 0.1 vs. 9.0 ± 0.2 mg/g in the NS diet fed group). Additional physiological parameters measured at the end of the experimental protocol (plasma creatinine, electrolyte levels, heart weight, and body weight, reported in Table 1) were similar. To characterize the renal lesions in the experimental groups, we performed blinded glomerular damage score in the Masson’s trichrome stained tissues. As shown in Figure 1C, there was an increase in renal protein cast formation in the HS diet fed animals as well as pronounced glomerular damage reflected in the overall enlarged glomeruli, reduced size of Bowman space, blocked capillaries, mesangial matrix expansion, loss of podocytes, and fibrosis. The glomerular damage score was 1.8 ± 0.1 vs. 3.2 ± 0.1 in the NS and HS diet fed groups, respectively. Therefore, the well-developed renal injury and BP increase in our model were in accordance with previously published studies (Endres et al., 2017; Palygin et al., 2017; Pavlov et al., 2017; Ilatovskaya et al., 2018; Kumar et al., 2019).


TABLE 1. Various physiological parameters measured at the end of the experimental protocol in the high salt (HS) and normal salt (NS) diet fed groups.
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TABLE 2. Genes investigated in this study: primer location, sequences, and amplification efficiency.
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Dietary Salt Challenge Does Not Affect Mitochondrial Biogenesis and the Expression of ETC Complexes in Renal Cortex and Isolated Glomeruli

We first aimed to test if renal cortical mitochondria biogenesis was affected by a HS challenge. As reported in Figure 2A, the expression of PGC1α protein (Peroxisome Proliferator-Activated Receptor-Gamma Coactivator-1α), a transcriptional coactivator that regulates the genes involved in energy metabolism and a master regulator of mitochondrial biogenesis, was similar between groups. We further confirmed this finding by testing for another mitochondrial biogenesis factor (Gibbs et al., 2018; Cameron et al., 2019) – the mitochondria DNA content (mtDNA copy number) in the renal cortex by qPCR. As demonstrated in Figure 2B, this experiment did not reveal differences in the mitochondria-encoded Nd1 and Nd6 gene expression (normalized to genomic DNA encoded Actb). Next, we assessed the mitochondrial Complex V (the ATP synthase of the mitochondrial ETC) activity in isolated glomerular pellets (expressed as oxidation rate of NADH at 340 nm). As shown in Figure 2C, we did not report any significant changes in this parameter between the groups, which is supportive of the data reported above regarding similar biogenesis and mtDNA content in the HS and NS diet fed rats. We next tested the expression of the mitochondrial oxidative phosphorylation (OXPHOS) complexes in the renal cortex and glomeruli using a well-established cocktail of antibodies available from Abcam. We reported a slight decrease in Complex V (ATP synthase) and Complex IV (Cytochrome c oxidase) expression (Figure 2D), whereas other OXPHOS proteins [CIII (Q-cytochrome c oxidoreductase), CII (succinate-Q oxidoreductase), CI (NADH-coenzyme Q oxidoreductase)] were not affected. We further tested if OXPHOS expression changes in isolated glomeruli fraction (Figure 2E), and densitometry analysis showed that the expression of Complexes I, II, III, IV, and V was similar between groups. In addition, we supported these data with qPCR performed in the freshly isolated glomeruli (Figure 3): expression analysis of Ppargc1a (encoding for PGC1α), Cycs (encoding for Cytochrome C), Atp5f1a (encoding for mitochondrial ATP synthase, complex V), and Cox4i1 (encoding for Cytochrome C Oxidase Subunit 4I1) did not reveal any differences in glomeruli isolated from the NS and HS diet fed rats.
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FIGURE 2. Renal mitochondria biogenesis and electron transport chain (ETC) complexes expression and activity during salt-sensitive (SS) hypertension. (A) Representative Western blot showing expression of PGC1α in the renal cortex of the HS and NS diet fed animals. Graph on the right summarizes densitometry values from the Western blot shown on the left combined with another (independent) Western run on other samples (data not shown). All data were normalized to GAPDH expression level. N = 7 individual rats tested in each group. (B) Mitochondrial DNA content in the renal cortex of rats fed a HS or a NS diet. Shown are results of qPCR for mitochondria genome encoded genes Nd1 and Nd6 (values normalized to nuclei-encoded Actb). (C) ETC Complex V activity as measured in the glomeruli isolated from NS and HS diet fed rats. Data were normalized to protein level, n = 5 animals per group. (D,E) Western blot analysis illustrating the expression of ETC complexes V, IV, III, II, and I in the renal cortex (D) and isolated glomeruli (E) from HS and NS diet fed Dahl SS rats. Graph on the right summarizes densitometry values (normalized to total protein as measured with Ponceau stain). NS, normal salt; HS, high salt; ns, not statistically significant (p > 0.05). All data were compared using a one-way ANOVA with Holm–Sidak post hoc test. Each lane on the Western is a sample from a separate animal.
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FIGURE 3. Relative expression of the Atp5f1a, Cycs, Ppargc1a, and Cox4i1 genes assessed in the fraction of the glomeruli isolated from normal salt (NS) and high salt (HS) diet fed Dahl SS rats. Each point on the graph is a sample from a separate animal. P-values were obtained with t-tests, assuming unequal variances.




Glomerular Mitochondrial Respiration Is Suppressed in Glomeruli Isolated From Rats Fed a HS Diet

Freshly isolated decapsulated glomeruli were used in the OCR experiments on an Agilent Seahorse assay, which is a standard procedure for analytical detection of mitochondrial respiration. Cellular oxygen consumption (respiration) causes changes to the concentrations of oxygen dissolved in the media, measured by solid state sensor probes. Different states of respiration are assessed in a so-called “mitochondrial stress test,” where ETC proteins are targeted with specific inhibitors. In this standard assay, we added oligomycin [blocks the proton channel of ATP synthase (V), so phosphorylation of ADP is no longer possible], FCCP (uncoupler of OXPHOS, which allows the ETC to function at the maximal respiratory capacity), as well as antimycin and rotenone (complex III complex I inhibitors, which shut down the entire ETC). A schematic illustration of the experimental protocol is shown on an inset in Figure 4A. As seen from the summarized OCR transients in Figure 4A and dot plots derived from these curves (Figure 4B), glomeruli from the HS fed rats had significantly impaired respiration. Specifically, we observed higher basal respiration (oxygen consumption used to meet cellular ATP demand under baseline conditions, 176.0 ± 16.7 vs. 104.9 ± 8.9 OCR/mg protein) and ATP-linked respiration (the portion of basal respiration that was being used to drive ATP production, 85.3 ± 12.3 vs. 45.0 ± 8.9 OCR/mg protein) in the NS group vs. the HS groups. Both maximal respiration (FCCP stimulates the respiratory chain to operate at maximum capacity and causes rapid oxidation of substrates to meet the metabolic challenge: 248.7 ± 34.4 vs. 117.0 ± 12.7 OCR/mg protein) and spare respiratory capacity (difference between maximal and basal respiration, 88.7 ± 22.3 vs. 20.0 ± 4.8 OCR/mg protein) were higher in the NS group vs. the HS group, respectively. All data were normalized to protein content. Proton leak (remaining basal respiration not coupled to ATP production) was not found to be significantly different between the groups.
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FIGURE 4. Mitochondrial respiration in the freshly isolated glomeruli during SS hypertension. (A) Oxygen consumption rate (OCR, pmol/min/mg protein) values obtained in a Seahorse experiment from glomeruli freshly isolated from the renal cortex of rats fed a high salt (HS) or normal salt (NS) diet. Shown are curves summarized from at least five rats per group, three to five replicates per rat; error bars are SEM. Right inset panel illustrates the experimental design. (B) Summary for basal respiration, ATP production, proton leak, maximal respiration, and reserve respiratory capacity as measured in the seahorse experiment shown in Graph. OCR is expressed in pmol/min/mg protein (A). Each data point is an average of at least three replicates per individual rat. An inset shows a typical preparation of isolated glomeruli. All data were compared using a one-way ANOVA with Holm–Sidak post hoc test. NS, normal salt; HS, high salt.




Glomerular Mitochondria From HS Diet Fed Rats Reveal Structural and Functional Changes as Well as Mitochondria-Derived Oxidative Stress

In order to examine mitochondrial function in renal glomeruli in further detail, we performed confocal imaging of podocytes from freshly isolated glomeruli. These samples were loaded with a MitoPY1 dye to label mitochondria-produced hydrogen peroxide. Figure 5A demonstrates a schematic of glomeruli imaging and representative staining of the podocytes in the glomerular sample [the technique for labeling and imaging podocytes in freshly isolated glomeruli was well established in our earlier publications (Ilatovskaya et al., 2015a, b, 2018; Spires et al., 2018)]. These experiments revealed a more fragmented staining pattern for mitochondrial H2O2 in the glomeruli from the HS diet fed rats. We believe that the observed staining pattern indicates the enhanced H2O2 formation and is reflective of the ultrastructural changes in the mitochondria that are being observed with EM (formation of the mitophagosomes, which could result in staining artifacts, such as fragmentation). In addition, we assessed an acute effect of H2O2 on mitoPY1-stained glomeruli, and observed a significantly blunted response in the NS diet fed glomeruli, indicative of higher antioxidant capacity in this tissue. Next, isolated glomeruli TEM demonstrated a pronounced structural damage to the mitochondria in the podocytes from the HS diet fed animals (as shown by loss of cristae, swelling, and signs of mitophagy) compared to the NS glomeruli as seen in representative images in Figure 5B. Observations reported in Figures 5A,B led us to hypothesize that glomerular damage might result from mitochondria-derived ROS production. In order to test this, we measured mitochondrial superoxide anion production in isolated glomeruli using MitoSox fluorescent dye. Figure 5C shows that in the HS diet fed group, glomeruli had increased levels of MitoSox fluorescence intensity, indicative of differential mitochondrial ROS production between the NS and HS groups. Glomeruli isolated from rats fed a HS diet had elevated levels of superoxide production compared to NS, suggesting mitochondrial damage and/or their antioxidant system impairment, supporting the data described above. Interestingly, qPCR analysis (Figure 5D) revealed that in freshly isolated glomeruli the expression of Gpx4 (encoding for glutathione peroxidase 4, which belongs to a family of proteins that catalyze the reduction of hydrogen peroxide, organic hydroperoxides, and lipid hydroperoxides, and protect cells against oxidative damage) was significantly reduced. We also reported the downregulation of the overall antioxidant system in the HS renal cortex (Figure 5E, measured with a Trolox-based assay), which is in line with data reported in Figures 5A,C,D.
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FIGURE 5. Structural and functional properties of glomerular mitochondria in salt-sensitive (SS) hypertension. (A) A schematic illustration of the imaging configuration, as well as representative images of the podocytes in the isolated glomeruli stained with mitoPY1 to visualize H2O2 in mitochondria (green), and Hoechst (blue) to label nuclei. Images were obtained with a 63× oil objective, NA 1.4. Dotted lines show podocyte body outlines (obtained from TL images). Graph on the right summarizes the fluorescence transients obtained from mitoPY1-stained podocytes of freshly isolated glomeruli in response to acute addition of 10 μM H2O2. Background auto fluorescence of mitoPY1 is shown (transient obtained in the absence of H2O2). N, five rats per group, at least four glomeruli per animal, with five to nine ROIs (podocytes) analyzed per glomerulus. Statistical analysis performed using one-way repeated measures ANOVA with Holm–Bonferroni for post hoc means comparison. (B) Representative electron microscopy images of the mitochondria ultrastructure in the podocyte of the glomeruli isolated from NS and HS diet fed rats. Scale bar is shown on the graph; asterisk denotes autophagosome formation; arrowheads show cristae. FP, foot processes; GMB, glomerular basement membrane; PB, podocyte body. (C) Mitochondria of glomeruli of HS diet fed animals exhibit higher levels of super oxide, as shown by fluorescence of MitoSox, six rats in each group, three replicates were measured per each experimental animal. Data were compared using a one-way ANOVA with Holm–Sidak post hoc test. (D) Relative expression of Gpx4 in the fraction of freshly isolated glomeruli. (E) The antioxidant capacity of renal cortical tissue compared in NS vs. HS diet fed animals (expressed in mM Trolox). Data were compared using a one-way ANOVA with Holm–Sidak post hoc test, each point represents a separate animal.




DISCUSSION

The Dahl SS rat is a well-established and characterized rat model of SS hypertension, which displays renal lesions virtually identical to human hypertensive nephrosclerosis (Rapp, 1982; Rapp and Dene, 1985). We confirmed that rats obtained from Charles River recapitulated the phenotype typically observed after a HS diet challenge in this strain. We showed that these animals displayed an increase in systolic BP, kidney hypertrophy, and renal histological lesions (protein casts, glomerular scarring). This study focused on the role of renal cortical and particularly glomerular, mitochondria in the development of kidney injury, using a unique preparation of freshly isolated glomeruli.

It is widely accepted that in AKI and/or chronic kidney disease (CKD) such as DN, mitochondrial biogenesis is significantly affected, and thus could be one of the major reasons for renal tissue damage (Hall and Schuh, 2016; Bhargava and Schnellmann, 2017; Duann and Lin, 2017; Eirin et al., 2018). Surprisingly, little is known about mitochondrial function and biogenesis in SS hypertension. Here we demonstrate for the first time to our knowledge that while Dahl SS rats seem to have a largely preserved renal mitochondrial biogenesis, mitochondrial respiratory function declines in association with morphological changes in the mitochondrial glomeruli. We suggest this based on our data (Figure 2), which revealed very limited differences in mtDNA copy number, OXPHOS proteins, and PGC1α expression comparison between NS and HS diet fed groups. Consistent with this observation, we detected no differences in expression of Atp5f1a, Cycs, Ppargc1a, and Cox4i1 genes in isolated glomeruli. Therefore, our data imply that the major mitochondrial changes in glomeruli during SS hypertension may be functional.

Indeed, the extracellular flux analyzer assay performed on freshly isolated glomeruli revealed dramatic differences in mitochondrial OCR, suggesting an impairment of glomerular mitochondrial function and inability to produce sufficient ATP to satisfy energy needs. We showed that the glomerular mitochondria from the HS group kidneys lost a significant portion of their reserve respiratory capacity. This is an important diagnostic parameter for mitochondrial bioenergetics, which can be indicative of mitochondrial stress, and help us determine how close to their functional limit the mitochondria are operating (Brand and Nicholls, 2011). In contrast to our bioenergetic data however, we did not detect any differences in Complex V activity between the groups. A possible explanation could be that while bioenergetic parameters were measured in intact glomeruli, Complex V activity was assessed in freeze–thawed glomerular pellets. In earlier studies, kidneys from Dahl SS rats were reported to display apoptosis related to mitochondrial release of cytochrome C and subsequent activation of caspase-9 and caspase-3 (Ying and Sanders, 2001). Zheleznova et al. (2012) reported that mTAL cells and mitochondria in the outer medulla of SS rats fed a HS diet (8% for 7 days) exhibited lower rates of oxygen utilization compared to those from the SS.13BN rats; the authors concluded that mTAL mitochondria energetics is changed in SS rats, which leads to a reduction in O2 utilization efficiency. This is in accordance with our data demonstrating decreased basal, ATP-linked and maximal respiration, as well as spare respiratory capacity in isolated glomeruli from Dahl SS rats fed a HS diet vs. NS.

In our experiments, increased oxidative stress and reduced antioxidant capacity were observed in renal glomeruli from SS rats fed a HS diet, which can be a contributing factor in glomerulosclerosis development under a HS challenge. Excessive mitochondrial H2O2 production has been shown previously in kidney disease, for instance, in mice fed a high fat diet (Ruggiero et al., 2011) or in the urine of mice fed a Western diet (Decleves et al., 2011). Our results are in accordance with a hypothesis that excessive H2O2 production and mitochondrial ROS leakage may be a common mechanism underlying pathogenesis in many forms of kidney disease, including SS hypertensive nephrosclerosis. Mitochondrial structural changes observed with EM potentially implicate the podocyte as a target cell in the glomerulus, however, further studies are required to draw definite conclusions. Salehpour et al. (2015) revealed that kidneys of Dahl SS rats have reduced levels of mitochondrial ETC activity and enhanced oxidative stress; specifically, when fed a HS diet, this strain exhibited significantly lower tissue redox ratios compared to the NS fed rats (Salehpour et al., 2015). We observed Complex V and IV level reduction in the renal cortex (but no apparent changes in Complex V activity or OXPHOS expression in isolated glomeruli), which partially agrees with the data by Ying and Sanders (2001) that showed inappropriate mitochondria release of Cytochrome C in the kidney tissue of Dahl SS rat. Interestingly, Lee et al. (2014) found increased mitochondrial OXPHOS in the renal proximal tubule cells of SHR rats compared to Wistar rats and identified the pyruvate dehydrogenase complex as a determinant of such increased mitochondrial metabolism. We believe that these discrepancies may be attributed to mechanistic dissimilarities in the origin and progression of hypertension in SHR and Dahl SS rats. A recent manuscript by Wang et al. (2017) established that renal mitochondria from Dahl SS rats fed HS diet (8%, 2 weeks) exhibit a lower activity of fumarase, isocitrate dehydrogenase, and succinyl-CoA synthase compared with SS.13BN salt-resistant control rats, as well as reduced ATP production, membrane potential, and SOD activity. Our data indicated that similar mitochondrial impairment manifested in Dahl SS rats when a lesser salt challenge was introduced (4%, 3 weeks). An earlier study by He et al. (2014) using TEM analysis showed that mitochondrial and ER ultrastructural abnormalities occurred in the medullary TALs of SS rats prior to the development of histological injury, potentially contributing to the subsequent development of metabolic and functional renal dysfunction (He et al., 2014). However, that study was focused on renal tubules; therefore, our data are the first to demonstrate the ultrastructural changes in the mitochondria from the podocytes in the Dahl SS rat fed a HS diet, including swelling, loss of cristae, and, in some cases, mitophagy.

To sum up, our study is the first one to report reduced oxygen consumption, impairments in bioenergetics, downregulation of renal antioxidant system, and increased oxidative stress specifically in the renal cortical glomeruli from Dahl SS rats fed a HS diet (Figure 6). We demonstrated that bioenergetic changes are not necessarily correlated with mitochondrial biogenesis in the renal cortex of the Dahl SS rats developing hypertensive nephrosclerosis. However, additional studies should be devoted to the factors inducing mitochondrial damage in the glomeruli, the timeline of damage development, and the use of these phenomena as a potential diagnostic tool in clinics (especially targeting renal mitochondria biogenesis vs. mitochondrial function in SS hypertension).
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FIGURE 6. Suggested schematic illustration of the contribution of renal mitochondrial dysfunction to glomerular damage occurring in salt-sensitive (SS) hypertension.
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Alterations in the renal vasculature during fetal programming can cause disturbances in renal structure and function that persist into adulthood. Calcitriol can affect cellular differentiation and proliferation, and promote endothelial cell maintenance, each of which is a key event in nephrogenesis. Calcitriol is a negative endocrine regulator of the renin gene. Rats exposed to renin-angiotensin system (RAS) antagonists during lactation have been shown to develop renal disorders, which demonstrated that the RAS may play an important role in mammalian kidney development. We evaluated the effects of calcitriol administration on losartan [angiotensin II receptor antagonist (ANGII), AT1]-induced changes in renal differentiation in rats during lactation. Rats treated with losartan showed alterations in renal function and structure that persisted into adulthood. These disruptions included hydronephrosis, papillary atrophy, endothelial dysfunction, and aberrant endothelial structure. These changes were mitigated by treatment with calcitriol. The results of our study showed that animals exposed to AT1 blockade during lactation exhibited altered renal microvasculature differentiation in adulthood that was attenuated by treatment with calcitriol.

Keywords: calcitriol, cell differentiation, kidney development, renin-angiotensin system, renal microvasculature


INTRODUCTION

During renal development, a series of events occur that result in the formation of blood vessels (1). These processes include formation of the renal arterial tree and glomerular capillaries, and alignment of the vasa recta and peritubular capillaries (2). Three-dimensional organization and expansion of microvessels in the renal medulla are dependent on several signaling pathways that supply oxygen and nutrients to adjacent cells (2, 3). The renin-angiotensin system (RAS) plays an important role in expansion, migration, and formation of renal structure during nephrogenesis (4). Results from our studies and others have shown that pharmacological RAS inhibition or genetic deletion of downstream signaling components of RAS (1, 3, 5–8) result in impaired development of glomeruli and preglomerular vasculature. Angiotensin II (ANGII) also affects the post-glomerular circulation. A study performed by Madsen et al. showed that treatment with an AT1 receptor antagonist for 14 days during lactation reduced the volume, length, and surface area of capillaries in the kidney medulla, and resulted in disorganization of vasa recta bundles (3). In humans, nephrogenesis is complete by 34–36 weeks of gestation. In contrast, nephrogenesis continues after birth for about 2–3 weeks in mice and rats (1, 8). Therefore, neonatal rats are commonly used to study the mechanisms of renal development (5).

Several studies have reported that calcitriol (1α,25-dihydroxyvitamin D3; activated vitamin D) is involved in maintenance of endothelial function (9), cell proliferation, differentiation, apoptosis, and RAS modulation (5, 10, 11). We previously reported that treatment with calcitriol attenuated glomerular disturbances and promoted differentiation of tubular cells in the renal cortex in animals exposed to AT1 blockade during nephrogenesis (5). Blockade of AT1 with losartan during renal development resulted in overexpression of the renin gene and increased expression of ANGII (5), which resulted in disruption of nephrogenesis. Therefore, use of calcitriol in adulthood may mitigate losartan-induced effects on nephrogenesis through modulation of RAS. In addition, calcitriol may improve endothelial cell differentiation and function.

In the present study, we hypothesize that blockade of AT1 during renal development can result in disturbances in cell differentiation, resulting in reduced vascular density, and that treatment with calcitriol can mitigate these changes. Calcitriol has received increased attention because of widespread vitamin D deficiency and the recent discovery that calcitriol can modulate the RAS. Further evaluation of the effects of calcitriol is important because losartan is a typical pharmacological treatment for hypertension, even in pregnancy. Therefore, the aim of our study was to evaluate the effects of calcitriol on losartan-induced disturbances in the renal microvasculature. Capillary density was evaluated in kidney tissue by immunohistochemical staining for aminopeptidase P (JG12). Associations between capillary density and parenchymal changes in the outer and inner medulla were analyzed using markers of cell differentiation (vimentin and α-SMA).



MATERIALS AND METHODS


Animals and Experimental Design

All experiments were performed in accordance with the ethical principles for animal experimentation of the Brazilian College of Animal Experimentation, and the Animal Experimentation Committee of the University of São Paulo at Ribeirão Preto Medical School approved the study protocol (COBEA/CETEA/FMRP-USP, protocol no. 178/2014).

The animals were housed in a controlled temperature (22°C) environment and exposed to a 12 h light/12 h dark cycle. The animals were provided chow diet and water ad libitum. Female and male Wistar rats (Animal House of the Campus of Ribeirao Preto, University of São Paulo, Ribeirao Preto, SP, Brazil) were housed together overnight to permit mating. Each male was housed with three females, and the first gestational day was determined based on the presence of copulatory plugs (12). Pregnant females were separated and monitored during of the entire gestation period and during lactation (21 days each). Male Wistar pups were randomly selected for this study. The litter was reduced to six per mother to ensure equal feeding. During lactation, rats were divided into the following groups: (1) offspring of mothers treated with 2% sucrose solution during lactation and (2) offspring of mothers treated with losartan during lactation (100 mg/kg/day; All Chemistry, Brazil) (5, 7). Each group received the treatment solutions in place of drinking water. Losartan was detected in breast milk at a concentration nearly half of that in maternal plasma in 75% of the rats (8).

After weaning, losartan or sucrose treatments were discontinued, and the animals were separated from their mothers and allowed to acclimate for 4 days. The rats were then separated into the following four experimental groups: (1) SUC (sucrose 2%, n = 7), (2) SUC + Calcitriol (sucrose 2% + calcitriol, n = 7), (3) LOS (losartan, n = 8), and (4) LOS + Calcitriol (losartan + calcitriol, n = 8). Calcitriol (6 ng/day, Calcijex, Abbott Laboratories, USA) or vehicle (0.9% NaCl) was administered using mini-osmotic pumps (Model 2004, Alzet, USA) implanted subcutaneously under anesthesia with isoflurane (Cristalia, Brazil). Calcitriol or vehicle supplementation was started following the end of nephrogenesis when losartan-induced lesions were established and continued for 4 weeks. The dose and duration of calcitriol treatment were selected according to previous studies (5, 13, 14).



Systolic Blood Pressure

Systolic blood pressure (SBP) was determined indirectly at 60 days of age using the tail—cuff method (CODA Non-Invasive Blood Pressure System, Kent Scientific Corporation, 2010). The animals were allowed to acclimate for 3 days prior to measurement of SBP. Twelve SBP measurements were averaged for each animal (15).



Evaluation of Renal Function

At 59 days of age, the animals were placed in metabolic cages for 24 h to collect urine samples for measurement of sodium (9180-electrolyte analyzer, Roche, Austria) and osmolality (Fiske OS Osmometer, Advanced Instruments, USA). On the next day, the rats were weighed, then anesthetized using sodium thiopental (0.1 ml/100 g, Brazil). Blood samples were collected from the abdominal artery for analysis of creatinine (Labtest Diagnostica, Brazil) and sodium. One kidney was removed and fixed using methacarn solution for histological and immunohistochemical analyses.



Determination of Nitric Oxide in Renal Tissue

Renal tissue was homogenized in 0.1 N acetic acid (3:1), centrifuged at 10,000 × g for 5 min, and aliquoted. The samples were deproteinated by addition of 95% ethanol (4°C) (1:2), then centrifuged at 4,000 × g for 5 min. The supernatants were analyzed for nitric oxide (NO) content by an NO/ozone technique described previously (16) using a Sievers analyzer (Sievers 280 NOA, USA). Protein levels in renal tissue were also determined as described previously (17).



Histological Analysis

Tissues were embedded in paraffin and sliced into 4-μm-thick slices, then stained with Masson's Trichrome and visualized using a light microscope (AxioVision Rel. 4.3; Zeiss, Germany). The outer and inner medulla were identified by location and epithelial characteristics. The transition from the cortical region to the medullary region was observed. A representative image is presented in Figure 1.


[image: Figure 1]
FIGURE 1. Representative Masson's trichrome staining of histological sections of the (A) SUC, (B) SUC + Calcitriol, (C) LOS, and (D) LOS + Calcitriol groups. C, Renal cortex; OM, Outer medulla; IM, Inner medulla; P, Papilla. Magnification, 1X and 40X.




Immunohistochemical Analysis

Kidney sections were deparaffinized and hydrated for immunohistochemical analysis. Non-specific antigen binding was blocked by incubation for 20 min with normal goat serum. The sections were then incubated with anti-vimentin (1:500, Dako Corporation M0725, Denmark), anti-aminopeptidase P (JG12, 1:1000, eBioScience BMS1104, USA), or anti-eNOS (1:100, Santa Cruz Biotechnology sc-376751, USA) antibodies for 60 min at room temperature, and anti-α-smooth muscle actin (α-SMA, 1:1000, Dako Corporation M0851, Denmark) antibody overnight at 4°C. Avidin-biotin-peroxidase complex (Vector Laboratories, USA) and DAB [3,3′-diaminobenzidine (Sigma Chemical Company, USA)] were used for detection. The sections were then counterstained with methyl green, dehydrated, and mounted.

The outer and inner medulla were evaluated. The images were randomly quantified using a Greek box system. Quantification was performed by a blinded analyst. The number of JG12-positive capillaries was counted and localization of α-SMA, vimentin, and eNOS was semi-quantitatively graded as follows: 0 = absent or <5% staining; 1 = 5–25% staining; 2 = 25–50% staining; 3 = 50–75% staining, and 4 ≥75% staining (18). Thirty consecutive fields (0.1 mm2 each) were evaluated for the outer and inner medulla. Only the inner medulla is shown in the figures.



Western Blot Analysis

Kidneys were homogenized in lysis buffer (50 mM Tris–HCl, pH 7.4; 150 mM NaCl; 1% Triton X-100; 0.1% SDS; 1 μg/mL aprotinin; 1 μg/mL leupeptin; 1 mM phenylmethylsulfonyl fluoride; 1 mM sodium orthovanadate, pH 10; 1 mM sodium pyrophosphate; 25 mM sodium fluoride; and 0.001 M EDTA, pH 8), then centrifuged at 4°C for 15 min at 10,000 rpm. Proteins (60 μg) were separated by polyacrylamide gel electrophoresis, transferred to nitrocellulose membranes, incubated for 1 h in blocking buffer (TBS, 5% skim milk), washed with TBS-T (TBS, 0.1% Tween 20, pH 7.6), then incubated with anti-AT1 (1:500, Santa Cruz Biotechnology, USA) antibody overnight at 4°C. Membranes were incubated with anti-GAPDH monoclonal antibody (1:1000; Sigma Chemical Co, USA) overnight at 4°C as a loading control. The membranes were then washed and incubated with horseradish peroxidase-conjugated goat anti-mouse (1:5000; Dako, Denmark) antibody for 1 h at room temperature. The membrane-bound antibodies were detected using SuperSignal West Pico Chemiluminescent Substrate (Pierce Chemical, USA), and the blots were visualized using an imaging system (Kodak Gel Logic 2200, USA). Band intensity was quantified by densitometry using ImageJ NIH image software (http://www.nih.gov) and was reported in arbitrary units. Protein quantitation was performed as previously described (17).



Statistical Analysis

Nonparametric Kruskal—Wallis test followed by Dunn's post-test was used to analyze non-normally distributed data. Analysis of variance followed by the Newman—Keuls multiple comparisons test was used for analysis of normally distributed data. Statistical analyses were performed using GraphPad Prism version 7.0 for Windows (GraphPad Software, USA). The data were expressed as means ± standard error of the mean (S.E.M.). P < 0.05 were considered statistically significant.




RESULTS


Renal Function Evaluation

Calcitriol treatment improved kidney dysfunction caused by AT1 receptor blockade during renal development. Rats treated with losartan had higher SBP than those in the SUC and SUC + Calcitriol groups. The rats in the LOS + Calcitriol group had higher SBP than the control groups but did not differ from the LOS group (Table 1). Body weight did not differ among the LOS (359.3 ± 9.5), SUC (381.6 ± 9.8), and SUC + Calcitriol (377.5 ± 3.5) groups at 60 days of age. However, body weight was higher in the LOS + Calcitriol group (399.7 ± 12.6) than that in the control group. Changes in water intake, urinary volume, fractional sodium excretion ([image: image]), and GFR levels were less pronounced in the LOS + Calcitriol group than those in the LOS group (Table 1). Urinary osmolality (U) was lower in the LOS and LOS + Calcitriol groups compared to that in the control group. Calcitriol treatment did not affect this parameter (Table 1).


Table 1. Systolic blood pressure, twenty-four-hour water intake, urine volume, urinary osmolality (U), fractional excretion of sodium ([image: image]), and GFR of 60-day-old pups in SUC, SUC + Calcitriol, LOS and LOS + Calcitriol groups.

[image: Table 1]



Analysis of Renal Structure

The animals of the LOS group presented with renal alterations characterized by atrophic papilla, interstitial fibrosis, tubular atrophy, and tubular dilation. Calcitriol treatment reduced these structural changes induced by AT1 blockade during renal development (Figure 1).



Immunohistochemistry Studies

The expression of α-SMA, a mesenchymal cell (myofibroblasts) marker, was increased in the outer medulla of the LOS group (1.23 ± 0.25) compared to that in the SUC (0.3 ± 0.03) and SUC+Calcitriol (0.26 ± 0.01) groups, which demonstrated lack of cellular differentiation in response to losartan. This increase was mitigated in the outer medulla of rats in the LOS + Calcitriol group (0.3 ± 0.04). Losartan also induced increased expression of α-SMA in the inner medulla, but treatment with calcitriol did not attenuate this increase (Figure 2).


[image: Figure 2]
FIGURE 2. Immunolocalization of α-SMA, vimentin, JG12, and eNOS in inner medulla sections from the SUC, SUC + Calcitriol, LOS, and LOS + Calcitriol groups. Immunohistochemical data are expressed as the median and interquartile range (25–75th) and the mean ± S.E.M. Scale bar = 20 μm, n = 5–7 for each group. These markers indicated a lack of tubular and endothelial cell differentiation, and dysfunction. *P < 0.05 vs. SUC; **P < 0.01 vs. SUC; ##P < 0.01 vs. SUC + Calcitriol; ###P < 0.001 vs. SUC + Calcitriol; $P < 0.05 vs. LOS.


The expression of vimentin, a marker of cell differentiation, was increased in the outer medullas of the LOS group (2.78 ± 0.31) compared to that in the SUC (1.05 ± 0.06) and SUC+Calcitriol (1.04 ± 0.07) groups. Losartan-induced increases in vimentin expression were mitigated by treatment with calcitriol (LOS+Calcitriol group; 1.08 ± 0.09). The expression of vimentin in inner medulla was higher in the LOS group than that in the SUC and SUC + Calcitriol groups. However, calcitriol treatment did not attenuate this increase (Figure 2).

Immunohistochemical analysis showed that the number of cells positive for JG12, an endothelial capillary cell marker, was reduced in the LOS group (20.73 ± 2.28) compared with that in the SUC (26.12 ± 2.89) and SUC+Calcitriol (23.88 ± 3.71) groups. These differences were not significant in the outer medulla. In the inner medulla, the number of endothelial cells was significantly lower in the LOS group than that in the SUC and SUC + Calcitriol groups. In addition, the LOS + Calcitriol exhibited significantly different expression of JG12 than the SUC + Calcitriol and LOS groups. Calcitriol treatment increased JG12 expression in the inner medullas of rats in the SUC + Calcitriol group compared with that in the SUC group (Figure 2).

Endothelial nitric oxide synthase (eNOS) expression was decreased in the kidneys of the LOS group (3.12 ± 0.24) compared with that in the SUC (3.80 ± 0.06) and SUC + Calcitriol (3.86 ± 0.02) groups. Calcitriol treatment did alter the expression of eNOS in the outer medulla. In contrast, in the inner medulla, the LOS + Calcitriol group exhibited higher eNOS expression than the LOS group. In addition, the levels of NO in renal tissue of rats in the LOS + Calcitriol group (7.71 ± 1.69 μM/μg protein) were higher than those in the SUC (4.21 ± 0.38 μM/μg protein), SUC + Calcitriol (2.97 ± 0.23 μM/μg protein), and LOS (5.59 ± 0.65 μM/μg protein) groups. These results showed that AT1 receptor blockade resulted in disruption of endothelial cell structure and function, and that calcitriol affected neovasculogenesis (Figure 2).



Western Blot Studies

The expression of AT1 was higher in the LOS group than that in the control groups and the LOS + Calcitriol group (Figure 3).


[image: Figure 3]
FIGURE 3. Intrarenal expression of AT1 receptor in the SUC, SUC+Calcitriol, LOS, and LOS + Calcitriol groups at 60 days of age. Immunoblot data are expressed as the mean ± S.E.M. **P < 0.01 vs. SUC; $P < 0.05 vs. LOS.





DISCUSSION

The results of this study showed that treatment with calcitriol attenuated disturbances in the renal microvasculature in adulthood induced by AT1-ANGII receptor inhibition during renal development. Several events that occur during development may contribute to hypertension in adulthood. Fetal programming results from mechanisms that include regulation of blood volume and blood pressure (1). Inhibition of AT1 in rats during renal development has been shown to result in increased blood pressure (8), reduced renal function, and altered renal structure in adulthood. These changes were associated with aberrant renal medulla microcirculation that resulted from losartan-induced reduction in urinary osmolality. Exposure to losartan reduced the ability to concentrate urine and increased urinary volume. This effect resulted from inner medulla and papillary atrophy-induced reductions in water reabsorption by the medullary collecting duct (19). These changes were exacerbated by decreased vasculature in the inner medulla, tubulointerstitial lesions, hydronephrosis, lack of differentiation of tubular cells, and formation of vascular medullar bundles, which resulted in disruption of the osmotic gradient. Expansion of renal medullary microcirculation during the embryonic stage in response to a properly functioning RAS (20) contributes to maintenance and control of sodium and water excretion (1). Reduced vessel density in the medulla resulting from renal development disorders that affect ANGII expression has been shown to induce changes in urinary concentration that could not be mitigated by calcitriol treatment. The integrity of vascular structures in the renal inner medulla is essential for urinary concentration (4), and is programmed in development, that could be dependent of arginine vasopressin (AVP), responsible to dipsogenic and pressor responses and to counter-current multiplier and exchange. The immature kidney from RAS inhibition to AVP may decrease water reabsorption in collecting duct and limit urine concentration. Impaired ANGII-AT1 receptor signaling or treatment with an AT1 receptor antagonist during kidney development results in reduced capillary density and impaired ability to concentrate urine that persists into adulthood. In our study, the urinary osmolality in the LOS + Calcitriol group was not significantly different from that in the LOS group, potentially because renal structure recovered and hydronephrosis induced by renal medulla loss was not complete. The absence of AT1 receptor signaling or loss of AT1 receptors can result in damage to ~50% of the renal parenchyma (3). We also observed an increase in [image: image] in rats that received losartan during renal development, which indicated that renal sodium transport was altered. The changes in glomerular filtration rate observed in the present study were similar to those observed in other studies that used this model (5, 7, 20, 21).

Endothelial dysfunction has been shown to result in altered renal microvasculature with reduced peritubular capillary density (4). Serón et al. (22) and Bohle et al. (23) observed a negative correlation between the number of peritubular capillaries and renal function. We observed alterations in vascular bundles (Figure 1). Atrophic papilla and the presence of hydronephrosis and tubular dilation were characteristic of disruption of renal development by RAS blockade (4, 24). Calcitriol treatment attenuated these effects, likely through promotion of cell proliferation and differentiation. We previously showed that animals at 21 days postnatal exposed to losartan during lactation showed abnormalities in renal function, structure, hydronephrosis, and increased expression of mesenchymal markers (7, 20). Mecawi et al. (25) also observed hydronephrosis in animals exposed to captopril, an ACE (angiotensin-converting enzyme) inhibitor, characterized by distension and dilation of the renal pelvis. Based on these findings, hydronephrosis and alterations in medullar structure and function resulting from RAS inhibition were modulated, in part, by calcitriol. Morphometric changes have been previously evaluated only in the cortical region. The structures evaluated in previous studies included glomeruli, tubules, and cortical renal interstitium (5, 7, 20). As the RAS is important for renal development and AT1 receptor blockade induced rarefaction of renal vessels in the outer and inner medullas, the aim of our study was to evaluate changes in the medullary region and to correlate structural abnormalities with functional changes, and to evaluate the ability of calcitriol to mitigate these changes. In this study, we showed representative histological sections from kidneys of rats treated with sucrose or losartan and saline or calcitriol at lower magnification for visualization of papillary atrophy and hydronephrosis. All animals in the losartan group showed significant papillary atrophy, and treatment with calcitriol mitigated this atrophy. However, calcitriol treatment did not restore renal function in this model.

Alpha-smooth muscle actin is only present on arterioles and vessel walls in healthy animals (7, 26). In a ureteral obstruction model, calcitriol treatment reduced renal interstitial fibrosis and α-SMA expression, and preserved cell—cell interactions and epithelial phenotype, which resulted in suppression of fibrotic factors (27). The RAS is important in establishment of cell—cell interactions and interactions with the extracellular matrix (28). The lack of differentiation of medullary renal tubules induced by losartan was less pronounced in the group that received calcitriol, which showed that vitamin D was important in restoring cellular differentiation (5, 29, 30). Under normal conditions, vimentin, a component of the cytoskeleton, is present in glomerular epithelial cells and vessel walls (7). However, vimentin is only present in tubular cells in adulthood when differentiation, or cell proliferation, does not occur. Blockade of the AT1 receptor during renal development is associated with changes in α-SMA and vimentin expression in renal tissue, and results in lack of cell differentiation. Therefore, these proteins have been used as markers of impaired differentiation (5, 7, 20). Calcitriol treatment reduced vimentin expression in the outer medullas of the LOS group, and resulted in reduced mesenchymal cell expression. These results were consistent with those observed in other studies (5, 14, 31). These findings indicated that epithelial to mesenchymal transition (EMT) occurred in response to losartan, resulting in development of myofibroblasts. Tan et al. (27) showed that paricalcitol treatment reduced EMT, as evidenced by decreased mesenchymal markers in a model of obstructive nephropathy. Vitamin D acts by inhibiting the Snail transcription factor (involved in EMT programming) and restoring VDR (vitamin D receptor) expression.

We also showed that exposure to losartan resulted in development of renal vasculature disorders that were attenuated by calcitriol. We observed lack of differentiation of endothelial cells, as evidenced by reduced expression of JG12, a marker of blood vessel endothelial cells with greater specificity than the common endothelial markers CD34 and CD31, which are present in blood and lymphatic vessels (32). The reduced expression of eNOS in the renal medullas of animals exposed to losartan resulted in disturbances in endothelial function and structure that were attenuated by calcitriol treatment. These findings demonstrate that calcitriol could modulate cell differentiation and vascular function. Yoo et al. (4) reported decreased JG12 expression in rats exposed to an ACE inhibitor for 8 days after birth. Several clinical and experimental studies have shown that vitamin D can confer endothelial protection (5, 6, 9, 33, 34). A previous study showed that vitamin D deficiency could induce changes in peritubular capillaries, resulting in reduced capillary density (6). Several clinical and experimental studies have shown that vitamin D induces beneficial effects on endothelial cells (31). Use of vitamin D has also been shown to affect smooth muscle cell proliferation and positive impact on cardiovascular disease (31). These findings showed that vitamin D increased the number and function of endothelial cells. We observed increases in the expression of JG12 and eNOS in the inner medullas of animals treated with calcitriol in adulthood compared with animals treated with losartan alone. The effect of calcitriol on neovasculogenesis has not been characterized, but it has been shown to promote cell differentiation and proliferation, and to positively affect endothelial function and structure.

Rats in the LOS + Calcitriol group exhibited increased NO production. Nitric oxide is involved in endothelial vascular growth factor signaling. These angiogenic pathways are coordinated by ANGII during kidney development under normal physiological conditions and are activated by eNOS-induced Akt/PI3K signaling (35) and endothelial NO production. Phosphorylation of eNOS by Akt resulted in activation, and increased production of NO. (36). In vitro and in vivo studies have shown that increased eNOS activity resulted in endothelial cell proliferation and migration, and increased angiogenesis (37, 38). Increased NO production in the LOS + Calcitriol group compared to that in the LOS group have resulted in decreased vasoconstriction induced by reduced AT1 receptor activity in renal tissue from these animals. Decreased NO in the SUC + Calcitriol group may have been an artifact of small sample size. The expression of eNOS in the outer and inner medulla was equivalent between the SUC and SUC + Calcitriol groups. Previous studies have shown that vitamin D supplementation improved endothelial function in patients with chronic kidney disease (39). This effect was due to increased expression and activity of eNOS, which resulted in increased NO production (40, 41). Shear stress is reduced in chronic kidney disease due to reduced production of NO and growth factors such as VEGF and VEGFR2 (vascular endothelial growth factor and vascular endothelial growth factor receptor 2). Reduced shear stress results in induction of programmed cell death, resulting in a pro-inflammatory environment that contributes to reduced vascular density (42). Activated vitamin D can preserve the microvasculature and improve capillary blood flow and tissue perfusion (42), each of which were impaired following exposure to losartan during lactation. Recently, our group showed that vitamin D was important in maintenance of the renal microvasculature and played a key role in maintenance of homeostasis of growth factors such as VEGF and angiopoietins (angpt-1 and angpt-2), and the Tie-2 receptor (43).

The expression of the AT1 receptor was increased in the LOS group, likely due to a compensatory mechanism resulting from recovery of RAS activity. This is particularly interesting because exposure to losartan during lactation resulted in alterations that persisted into adulthood despite recovery of RAS signaling. This demonstrated that fetal programming was critical to development of hypertension. Calcitriol treatment mitigated LOS-induced increases in ANGII cortical expression (5). This resulted from increased AT2 receptor stimulation (21). Losartan treatment increased AT1 receptor expression which, after losartan withdrawal, reacted with increased cortical angiotensin II levels and that these effects were modulated by calcitriol. Blockade of AT1 disrupted the balance between proliferation and apoptosis, which resulted in altered renal structure. Calcitriol mitigated these microvasculature disturbances, which resulted in improved cell differentiation and function.

In conclusion, the present study showed that calcitriol treatment attenuated disturbances in endothelial function and inner medulla structure induced by losartan treatment during lactation. Calcitriol contributed to maintenance of the renal microvasculature in the outer and inner medullas of rats exposed to AT1 blockade during lactation, improved cellular differentiation, as evidenced by evaluation of α-SMA and vimentin. Calcitriol treatment also improved renal function and structure. Our study highlighted the importance of the renal medulla in development of proper kidney function.
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Backgroud

Contrast-induced acute kidney injury (CI-AKI) is the most common adverse reaction caused by contrast media, which has been reported to prolong hospitalization and increase mortality and morbidity. The hypertensive population has proved susceptible to CI-AKI. Unfortunately, no therapeutic has been shown to prevent and cure CI-AKI effectively. A few studies have shown the protection of amlodipine on renal function, but the relationship between amlodipine and CI-AKI in hypertensive group is unknown, we aimed to study the effects of amlodipine on CI-AKI and overall survival in a large Chinese hypertensive cohort.



Methods

A retrospective, matched, cohort study was conducted among adults hospitalized at the Third Xiangya Hospital of Central South University from October 2007 to May 2017. CI-AKI was the primary end point of the trial, time-related all-cause mortality (including in-hospital) and length of hospital stay were the secondary end points. Propensity Score Matching was used to reduce the effect of selection bias and potential confounding.



Results

868 patients with and 1,798 ones without amlodipine before contrast administration were included. The incidence of CI-AKI was 10.50%. The unadjusted, adjusted, and propensity‐score matched incidence of CI-AKI were lower in patients treated with amlodipine (OR, 0.650; P = 0 .003; OR, 0.577; P = 0.007; OR, 0.687; P = 0.015, respectively), and the same results were found in the subgroups of diabetes, chronic kidney disease (CKD), non-CKD, low-osmolar, and elderly. Moreover, amlodipine reduced hospital stay, whether matched or not (7.08 ± 7.28 vs 7.77 ± 7.82, P = 0.027, before matching; vs 7.81 ± 7.58, P = 0.040, after matching). 1,046 patients finished follow-up including 343 amlodipine users and 703 non-users. The overall mortality was significantly lower among amlodipine users (10.79%) than controls (16.07%), the significant difference was found in survival between them (P = 0.024, log-rank test), amlodipine was associated with longer overall survival [HR, 0.623; 95% CI (0.430–0.908), P = 0.014].



Conclusion

In conclusion, we first found amlodipine treatment before contrast exposure played a role in protecting hypertensive patients from CI-AKI and prolonging survival.





Keywords: contrast media, contrast-induced acute kidney injury, acute kidney injury, risk factor, amlodipine, hypertension



Introduction

Contrast-induced acute kidney injury (CI-AKI) is the most common clinical complication of the intravascular administration of contrast media (CM) which can prolong hospitalization and increase morbidity and mortality. (Tepel et al., 2006) What's more, CI-AKI has become the third prevalent cause of all hospital-acquired renal failure, accounting for 10%. (Nash et al., 2002) According to the Contrast Media Safety Committee, CI-AKI was defined as an increase in serum creatinine (Scr) of 0.5 mg/dl (44.2 μmol/L) or 25% relative increase in Scr from the baseline value to 72 hours after exposure to CM.

Unfortunately, there is no strategy to effectively prevent and cure CI-AKI. Therefore, we should attach significance to identifying high-risk CI-AKI groups for earlier preventive measures as soon as possible to reduce CI-AKI. Hypertension is also a major risk factor of CI-AKI and increases the risk of two times, (Bartholomew et al., 2004) and it is a leading cause of chronic kidney disease (CKD), kidney disease progression, and end-stage kidney disease. (Klag et al., 1996; Fox et al., 2004; Carey et al., 2018) According to the 2015 Report on the Status of Nutrition and Chronic Diseases in China, the incidence of hypertension is greatly high, approximately 25.2% of adults suffer from hypertension. (Zhang et al., 2017) Although the hypertensive population is a huge group with high-risk of CI-AKI, CI-AKI in hypertensive patients has not been studied.

The precise mechanisms underlying CI-AKI are not well understood. However, the toxicity effect of CM on the tubular epithelial cells due to apoptosis has been reported to be related to the pathogenesis of CI-AKI. And the apoptosis of renal vasoconstriction and tubular induced by CM have been considered relevant to changes in calcium physiology. (Neumayer et al., 1989; Russo et al., 1990; Yang et al., 2008; Yang et al., 2013) Intracellular calcium overload followed by reactive oxygen species overproduction and caspase-3 overexpression was found to play a key role in renal tubular cytotoxicity induced by CM. (Duan et al., 2000) Although the physiological and pathophysiological mechanisms of Ca2+ overload in ischemic kidney and CI-AKI have not been fully elucidated, there is evidence that the increase of Ca2+ in cytoplasm may be an important mediator of epithelial cell apoptosis and necrosis. (Wilson et al., 1984) Therefore, in theory, calcium channel blockers (CCB) can selectively block Ca2+ channels in cell membranes, prevent Ca2+ from entering cells, and have a protective effect on CI-AKI.

Amlodipine, one of the most common used CCB drugs, is a dihydropyridine CCB that inhibits the slow channel transmembrane influx of calcium ions into vascular smooth muscle and into cardiac muscle with fewer side effects and a longer half-life than most antihypertensives, enabling once-daily dosing (Haria and Wagstaff, 1995). Some studies have shown that amlodipine has a protective effect on the kidney. In basic experimental study, amlodipine can inhibit the HKC apoptosis and protect the renal tubule cell from injury induced by meglumine diatrizoate, in the amlodipine group, the cell viability increased significantly, LDH levels decreased, and the apoptosis was lower than that of the model group, Bax protein expression and caspase 3 activity decreased. (Zhou et al., 2007) Duan et al. found calcium load played a role in producing renal function impairment induced by diatrizoate meglumine, and amlodipine protected the renal tissue from nephrotoxicity induced by diatrizoate. (Duan et al., 2000) Combined aliskiren and amlodipine reduced albuminuria via reduction in renal inflammation in diabetic rats. In clinical research, amlodipine offers protection against CI-AKI in elderly patients with coronary heart disease, (Owen et al., 2014) and the combination therapy with amlodipine and atorvastatin may exert additional beneficial effects on renal and vascular damages as well as blood pressure (BP) profile in addition to BP lowering in hypertension with CKD. (Azushima et al., 2014) However, it is unclear whether amlodipine can protect CI-AKI in hypertensive population and the long-term outcome of amlodipine in hypertensive population with contrast administration.

The purpose of this study was to determine the effect of amlodipine before contrast exposure on the CI-AKI and overall survival in a large Chinese hypertensive cohort.



Materials and Methods


Ethics Statement

The Medical Ethical Committee in the Third Xiangya Hospital of Central South University approved this study (No. 2016-S160). All subjects were anonymized, thus the provision of informed consent was not required. This study complied with the ethical guidelines of the 1975 Declaration of Helsinki and Strengthening the Reporting of Observational Studies in Epidemiology guidelines.



Patient Population

A retrospective, matched, cohort study was conducted among adults hospitalized at the Third Xiangya Hospital of Central South University from October 2007 to May 2017. Patients were included if they were administered with CM procedure including coronary angiography, percutaneous coronary intervention, received intravenous CM such as for enhanced CT and intravascular surgery, and their admitting diagnosis is recognized as “hypertension”, identified by the electronic medical record system. Patients with the following conditions were excluded: 1) preprocedure estimated glomerular filtration rate (eGFR) under 15 ml/(min 1.73 m2); 2) treated with CCB drugs other than amlodipine or levamlodipine; 3) the dosage regimen is not 2.5 mg/qd for levamlodipine or not 5.0 mg/qd for amlodipine; 4) age ≤ 18. Their detailed demographic and clinical characteristics were obtained from the structured hospital information system of The Third Xiangya Hospital (Changsha, China) included demographics, baseline and postoperative Scr, preoperative hemoglobin, diastolic blood pressure, systolic blood pressure, complication, discharge diagnosis, Killip scores, and medications included diuretic, ACEI, ARB, βblockers, aspirin, and alprostadil. In the survival analysis, we excluded the patients with missing or replacing telephone numbers and who refused to be followed up.



Study End Points and Definitions

The primary end point of the trial was the incidence of CI-AKI, the secondary end point was time-related all-cause mortality (including in- hospital) and length of hospital stay. CI-AKI was defined as an increase in Scr of 0.5 mg/dl (44.2 μmol/L) or 25% relative increase in Scr from the baseline value to 72 hours after exposure to CM in the absence of alternative causes for acute kidney injury. The earliest Scr concentration within 14 days prior to contrast was defined as baseline, and the highest Scr concentration within 72 hours after contrast was used as follow-up Scr to evaluate the incidence of CI-AKI. CKD was defined as eGFR < 60 ml/(min 1.73 m2) calculated by the Modification of Diet in Renal Disease equation. (Matsushita et al., 2012; Palevsky et al., 2013) Anemia was defined as hemoglobin concentration <13 g/dl for men and <12 g/dl for women. (Nutritional Anaemias, 1968) The aged were equal to those over 60 years old.



Statistical Analysis

All of the analyses were performed using IBM SPSS Version 22.0 (SPSS, Inc., Chicago, IL) and R (version3.5.1). Continuous variables were presented as means and standard deviations (SDs). A t-test was used to compare the normally distributed continuous variables; otherwise, the Mann-Whiney U-test was performed. Categorical variables were performed by chi-squared test. Logistic regression analysis was performed to evaluate the efficacy of amlodipine treatment on CI-AKI, adjusting for various potential prognostic and confounding factors. A two-tailed value of P < 0.05 was established as the threshold of statistical significance.

In order to reduce the impact of selection bias and potential confounding in this study, we rigorously adjusted the differences in renal function and diabetes mellitus, which has been reported as independent risk factors for CI-AKI, by propensity score analysis between the two groups (amlodipine and no amlodipine) to assess the outcomes of CI-AKI. Propensity scores were calculated using logistic regression of age, sex, CKD, diabetes, baseline Scr, baseline GFR, since renal insufficiency and diabetes were reported as independent risk factors of CI-AKI in the previous studies. Propensity Score Matching is a technique that attempts to approximate a random experiment, eliminating many of the problems and reducing the bias due to confounding variables that come with observational data analysis by matching treated patients to controls that were similarly likely in the same group. The possibility of bias occurs because some characteristics instead of the effect of the treatment decides the apparent difference in outcome between these two groups that received the treatment versus those that did not. The randomization enables agonic estimation of curative effects in randomized experiments; according to the law of large numbers, randomization means that treatment-groups will be balanced on average on each covariate. While in observational studies, the treatments to research subjects are usually assigned at nonrandom. In order to imitate randomization, a unit sample which received the treatment that is equivalent on all observed covariates to a unit sample that did not receive the treatment is created by matching. (Ho et al., 2007) In this study, propensity matching was performed with a 1:1 genetic matching for case and control subjects in which the nearest neighbor was selected. (Diamond and Sekhon, 2013) The comparative risk of outcome was further adjusted for a conditional logistic-regression model, the adjusted variables included age, sex, body mass index (BMI), baseline eGFR, Scr, CKD, diabetes, Killip III, systolic blood pressure (SBP), diastolic blood pressure (DBP), hyperlipidemia, anemia, aspirin, diuretic, angiotensin-converting enzyme inhibitors (ACEI), angiotensin receptor blockers (ARB), β blockers, and alprostadil. To further study the reliability of the results, we also carried out subgroup analysis in CKD, diabetes, and the aged population. In addition, the effects of amlodipine dosage and duration were studied.

All patients were followed up until occurrence of death, end of the study period, or loss to follow-up. Time to all-cause mortality was analyzed using Cox proportional hazards models in our cohorts and hazard ratios with 95% CIs were estimated adjusting for baseline stratification factors. Survival time was calculated as time from contrast administration to death, loss to follow-up, or end of study period. Survival time was censored on December 26, 2018 or at the time a patient was lost to follow-up. The association of amlodipine and death were obtained by using Kaplan–Meier curves over the entire study period. Hazard ratios and odds ratios were reported relative to study participants without amlodipine.




Results


Patient Characteristics

Among a total of initial 5,379 hypertensive patients with contrast administration, there were 3 juveniles (<18 years), 2,088 treated with CCB drugs other than amlodipine or levamlodipine, 229 with preprocedure eGFR under 15 ml/(min 1.73 m2), and 392 without the dosage regimen of 2.5 mg/qd for levamlodipine or 5.0 mg/qd for amlodipine. After excluding the above-mentioned participants 2,666 patients were enrolled in the final analysis. The mean age of the total population was 63.53±9.45 years, and 1,647 (61.78%) of them were males. Of these, 868 patients received amlodipine (including levamlodipine) and 1,798 controls were selected. With the use of propensity score matching, 868 matched controls were identified. Figure 1 showed the number of patients included in analysis after applying for exclusion criteria. The baseline characteristics of the study population separated by amlodipine, controls, and matched controls are presented in Table 1. The Scr levels were significantly higher prior to matching and the CKD, diabetes, and male were significant prevalent in the amlodipine group in comparison to controls. After matching, these differences between the two groups were reduced. About 70% of patients used low-osmolar, 17% used iso-osmolar in this cohort.




Figure 1 | Flow chart depicting number of patients who were included in analysis after exclusion criteria.




Table 1 | Baseline characteristics before and after propensity-score matching.





Association Between Amlodipine and CI-AKI

The primary endpoint of CI-AKI occurred in 280 (10.50%) of the 2,667 group. The incidence of CI-AKI was significantly lower in amlodipine group (7.95%, 69 of 868, vs 11.74%, 211 of 1,798; P = 0.003). After matching, the same results were obtained between the amlodipine group and matched group (7.95%, 69 of 868, vs 11.87%, 103 of 868; P = 0.006). There was no significant difference between the two groups in the postoperative Scr levels between the two groups with or without matching. As is shown in the Table 2, amlodipine was associated with a significant shorten in hospital stay (7.08 ± 7.28 vs 7.77 ± 7.82; P = 0.027), and propensity score matching got the same result (7.08 ± 7.28 vs 7.81 ± 7.58; P = 0.040).


Table 2 | The incidence of CI-AKI and the length of hospital stay in the amlodipine and control group.



In the unadjusted model analysis, amlodipine reduced the risk of CI-AKI compared with controls [OR, 0.650; 95% confidence interval (CI), 0.489–0.864; P = 0.003], and this protection remained consistent after adjusting for baseline demographic characteristics, disease incidence, laboratory examination, and medication (OR, 0.687; 95% CI, 0.508–0.930; P = 0.015). After propensity score matching, amlodipine showed the same protection of CI-AKI whether using the unadjusted (OR, 0.577; 95% CI, 0.508–0.930; P = 0.007) or adjusted analysis (OR, 0.568; 95% CI, 0.402–0.802; P < 0.001, Figure 2). The multivariable logistic regression analysis also revealed that after amlodipine, age (OR, 1.204; P = 0.001), sex (OR, 0.748; P < 0.001), GFR (OR, 1.029; P < 0.001), Scr (OR, 1.010; P < 0.001), CKD (OR, 1.622; P = 0.046), DBP (OR, 0.990; P = 0.011), diuretic (OR, 2.077; P < 0.001), and ACEI (OR, 0.745; P = 0.035) were also independent predictors of CI-AKI development (Figure 3).




Figure 2 | The association between amlodipine and CI-AKI in the adjusted model. Model 1 adjusted for age, sex and BMI. Model 2 adjusted for age, sex, BMI, baseline eGFR and Scr. Model 3 adjusted for age, sex, BMI, baseline eGFR, Scr, CKD and diabetes. Model 4 adjusted for age, sex, BMI, baseline eGFR, Scr, CKD, diabetes, Killip III, SBP, DBP, hyperlipidema and anemia. Model 5 adjusted for age, sex, BMI, baseline eGFR, Scr, CKD, diabetes, Killip III, SBP, DBP, hyperlipidema, anemia, asipilin, diuretic, ACEI, ARB, β blockers and alprostadil.






Figure 3 | Multivariable analysis for predictors of CI-AKI before matching.





Subgroup Analysis and Duration–Response Analysis

The efficacy of amlodipine on the prevention of incidence of CI-AKI in the subgroups was shown in Table 3. Before matching, a significant reduction in CI-AKI was observed in the elderly (OR, 0.571; 95% CI, 0.410–0.794; P < 0.001), diabetes groups (OR, 0.598; 95% CI, 0.368–0.969; P = 0.035), non-CKD group (OR, 0.654; 95% CI, 0.473–0.905, P = 0.01), and low-osmolar group (OR, 0.652; 95% CI 0.475–0.896, P = 0.008) but not CKD group (OR, 0.634; 95% CI, 0.349–1.152; P = 0.132) and iso-osmolar group (OR, 0.590; 95%, 0.282–1.234; P = 0.157). However, after matching, this result was found in the elderly (OR, 0.486; 95% CI, 0.338–0.699; P < 0.001) and those with diabetes (OR, 0.549; 95% CI, 0.324–0.930; P = 0.024), CKD (OR, 0.480; 95% CI, 0.253–0.911; P=0.023), non-CKD (OR, 0.612; 95% CI, 0.426–0.880, P=0.008), and low-osmolar (OR, 0.554; 95% CI 0.391–0.785, P=0.001), but not in iso-osmolar group (OR, 0.648; 95%, 0.281–1.491; P=0.305). We also investigated the duration–response relationship between duration of amlodipine therapy and risk of CI-AKI (Figure 4). It was found that as the duration of amlodipine increased from 3 to 7 days to greater than 7 days, there was a decrease risk of the CI-AKI incidence (11.74%, 9.38%, 7.22%, 6.91%).


Table 3 | The association between amlodipine and CI-AKI in the subgroups.






Figure 4 | Risk of CI-AKI associated with increasing duration of amlodipine. *P < 0.05 vs. controls.





Survival Analysis

A total of 1,046 patients were followed up for survival analysis including 343 amlodipine users and 703 non-users, 702 patients failed to follow up because missing or replacing telephone numbers, and 342 patients or family members refused (Figure 5). The data regarding overall survival were analyzed at a cutoff date of December 26, 2018, with a median follow-up of 40.85 months. The overall mortality was significantly lower among amlodipine users (10.79%) than controls (16.07%, P=0.028), the significant difference was found in survival between them (P=0.024, log-rank test, Figure 6). Upon univariate analysis, amlodipine use before CM was associated with longer overall survival (HR, 0.654; 95% CI, 0.451–0.948; P=0.025, Table 4). This trend persisted after adjusting for age, sex, BMI, baseline eGFR, baseline Scr, CKD, and diabetes (HR, 0.623; 95% CI, 0.430–0.908; P=0.014, Table 4).




Figure 5 | Flow diagram of survival analysis in this study.






Figure 6 | Kaplan–Meier estimates for overall survival in hypertensive patients with contrast administration receiving amlodipine vs controls.




Table 4 | The association between amlodipine use and overall survival.






Discussion

For the first time, our present study directly addresses the prevention of amlodipine for CI-AKI in the hypertensive population which is a huge group with high risk of CI-AKI. The major finding of this study was that in patients with hypertension, amlodipine treatment prior to exposure to CM was able to reduce the risk of CI-AKI, before and after propensity matching and additional adjustment, and the same results were found in the diabetes, CKD, and the elderly subgroups. What's more, the treatment with amlodipine resulted in longer overall survival than controls. Moreover, the longer the use of amlodipine, the lower the incidence, but the difference was not significant.

Hypertensives is a huge group in high risk of CI-AKI. Ischemic and hypoxic of kidney has been reported as an important pathogenesis of CI-AKI, leading to inflammation, ischemia, and apoptosis. Hypertension remains a powerful prognostic marker for this condition. (Palit et al., 2015; James et al., 2015) Disorders of vasoactive substances, RAS activation, changes in inflammatory factors, and increased reactive oxygen species were involved in the mechanisms of renal damage caused by hypertension. (Pietri et al., 2015) Endothelial function and arterial stiffness changed with a decrease in nitric oxide (NO) in inflammation-induced hypertension as inflammation inducing available NO decrease in hypertension. (Boos and Lip, 2006) Oxidative stress also appears to be an important feature of NO reduction and is aggravated by an increase in circulating angiotensin II (Ang II) levels. (Hansell et al., 2013) Hypertension, combined with elevated levels of Ang II, and oxidative stress events, leading to renal damage.

Unfortunately, no specific therapeutic regimens exist to cure CI-AKI effectively. Thus, it is important to take precautions before CM administration. Amlodipine, one of the commonest CCB drugs for hypertension, has been reported to maintain renal function in patients with hypertension. (Nakamura et al., 2010; Honma et al., 2016) However, no study has reported the relationship between amlodipine and CI-AKI in hypertensives. The available data of these studies on the use of CCBs for the prevention of CI-AKI are contradictory and have not been clarified yet. Some studies have shown that CCB have a protective effect on the kidney and can prevent or reduce acute kidney injury caused by drugs in vivo and vitro. (Sepehr-Ara et al., 2010; Sepehr-Ara et al., 2011) A meta-analysis concluded that ACEI/ARB plus CCB (including amlodipine) is stronger than ACEI/ARB plus diuretics for maintaining renal function in hypertensive patients. (Cheng et al., 2016) The study by Russo et al. found that the renal plasma flow and GFR were increased in the group receiving nifedipine prior to injection of CM (n=30). (Russo et al., 1990) However, some other studies have reported the opposite. Oguzhan et al. objected to the benefit of a combination of an ARB and CCB in the treatment of CI-AKI in 90 CKD patients, the incidence of CI-AKI in patients undergoing coronary angiography received hydration along with amlodipine/valsartan (n = 45) increased when comparing to controls (n = 45), 17.8% vs 6.7%. (Oguzhan et al., 2013) In another study, among a total of 60 patients, isotonic sodium chloride, sodium bicarbonate, and isotonic sodium chloride with diltiazem application showed the same effect in prevention of CI-AKI. (Beyazal et al., 2014) But the sample size of the researches above is small, so in this study, we launched a much larger cohort: 2,667 hypertensive patients participated.

We first found amlodipine treatment before contrast exposure was able to reduce the risk of CI-AKI and prolong survival in the hypertensive population. Firstly, univariate analysis was carried out before matching. CKD and diabetes mellitus are known as the most important risk factors for CI-AKI, (Mccullough et al., 2016; Yin et al., 2017) and there were differences between the two groups at baseline eGFR, Scr, proportion of CKD, and diabetes, in order to reduce the effect of selection bias and potential confounding, we then matched controls on diabetes mellitus and renal function in 1:1 by propensity matching, in addition, age and sex were also matched. Because of the sample size, other antihypertensive drugs such as ACEI did not include in the matching analysis, we analyzed them in the conditional logistic regression. The protective effect of amlodipine was further confirmed by conditional logistic regression, adjusting for BMI, Killip III, SBP, DBP, complications, and combination medications. In this study, amlodipine was stable in reducing CI-AKI risk and shortening hospital stays, whether matched or adjusted. Finally, we conducted a subgroup analysis of the protective effects of amlodipine in high-risk groups such as diabetes, CKD, and the aged. Before matching, the morbidity was significant lower in the diabetes, non-CKD, low-osmolar, and aged amlodipine subgroups, and lower in subgroups of diabetes, CKD, non-CKD, low-osmolar, and the aged after matching.

The protective mechanism of amlodipine on CI-AKI is unclear, but some studies have studied the mechanism of renal protection by CCBs. It has been reported that renal tubular epithelial cells are associated with toxic effects of CM due to apoptosis, intrarenal hemodynamic disorder and medullary hypoxia, (Sadat, 2013) although the precise pathophysiological mechanism of CI-AKI also remains obscure. Current researches focus on contrast induced apoptosis caused by oxidative stress, increased Bcl-2/Bax, activation of caspase-3/9, and so on. (Romano et al., 2008; Gong et al., 2016; Kunak et al., 2016; Wang et al., 2017) Intracellular calcium overload which induced ROS overproduction and caspase-3 overexpression played an important role in the contrast-induced renal tubular cytotoxicity, and CCB plays a role in preventing calcium overload and inhibiting the opening of mitochondrial permeability transition pores (mPTP) by increasing calcium retention in protecting cardiomyocytes. (Ago et al., 2010; Mamou et al., 2015) Zhang et al. suggested that lacidipine treatment could protect human kidney cell against ischemia/reperfusion (I/R) injury by inhibiting the expression of Bax and Cytc proteins and by increasing Bcl-2 in an in vitro cell culture model to mimic I/R. (Zhang et al., 2013) And the caspase-3 pathway is involved in the protective mechanism. Caspase-3 activity peaked 30 min after ATP depletion and recovery, and it was attenuated by lacidipine. Yao et al. demonstrated that benidipine could ameliorate the AKI in rats due to the reduction of apoptosis in the tubular epithelial cells. (Yao et al., 2000).

What's more, substantial evidences showed that voltage-gated Ca2+ channel subtypes (L−, T−, N−, and P/Q−) exist in renal vessels and tubules, and blocking these channels play different effects on renal microcirculation. (Hayashi et al., 2007) L-Type calcium channel is widely distributed in renal vascular bed. L-Type CCB can significantly increase renal blood flow and glomerular filtration rate by blocking L-type calcium channel. Amlodipine, as a classical L-type calcium channel blocker, can also play a similar role. In summary, the underlying pathogenesis of amlodipine protection includes reduced apoptosis and inhibition of mPTP opening by preventing calcium overload, in addition, increase renal blood flow and glomerular filtration rate by blocking L-type calcium channel.

Cox proportional hazards models showed amlodipine before CM was a negative predictive risk factor for death after adjusting for age, sex, BMI, baseline eGFR, baseline Scr, CKD, and diabetes [HR 0.623, 95% CI (0.430–0.908), P=0.014]. CI-AKI has been shown associated with in-hospital need for dialysis (<1%), long-term kidney failure, and overall mortality (7–31%). (Azzalini et al., 2016) In this study, the mortality rate of hypertensive patients treated with contrast was 14.34%. A study involved 80 patients with CI-AKI after cardiac catheterization showed that CCB could reduce the mortality in CI-AKI patients. (Lai et al., 2013) Its role in ameliorating ischemic and toxic cell injury may play an important part in prolonging survival.

Multivariable analysis found that eGFR, Scr, and CKD were risk factors for CI-AKI. In previous studies, preexisting CKD has been reported to be the most important independent risk factor for CI-AKI. And the baseline eGFR, Scr, and potential kidney disease were included in many risk prediction models of CI-AKI. Our results were consistent with previous studies because baseline eGFR and Scr are two important indicators of renal function. Some studies have also shown that diabetes is a predictor of CI-AKI, and not all multivariable analyses have found it to be an independent risk factor because most diabetic patients suffered from CKD at the same time. In this study, diabetes was not a major risk factor for CI-AKI.

We also studied the effects of duration of amlodipine. When the duration is greater than 3 days, there was a lower risk of CI-AKI, although, this difference seems not significant. Thus, we advocate amlodipine at least three days in advance for a better preventive effect.

Some limitations of our analysis should be considered. First, this was a nonrandomized retrospective study, whose inherent weakness cannot be avoided despite robust propensity-score matching. Second, this study was conducted in a single center and may therefore be weaker in methodology than studies using multicenter sampled populations. Third, the effects of many drugs have not been ruled out, especially some renal protective drugs such as N-acetylcysteine. Fourth, in the survival analysis, some important information about patients were missing such as if some patients underwent further procedure with CM during the 144 months, AKI episodes, renal diseases, renal function, progression of hypertension, which result in the lax survival analysis. In the future prospective research, those information should be collected.



Conclusions

Our data first demonstrate that the use of amlodipine may play a role in protecting patients from CI-AKI, and reducing the hospital stay in hypertensive population and the same results were found in the diabetes, CKD, and aged subgroups. We also found that amlodipine resulted in a statistically significant increase in overall survival among Chinese hypertensive patients with contrast for the first time. In addition, greater than 3 days duration and normal dose of levamlodipine 2.5 mg/qd or amlodipine 5.0 mg/qd before contrast administration show a better prevention from CI-AKI. This could provide guidance for medication for patients with hypertension.
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Renal fibrosis is the common manifestation of the pathogenesis of end-stage renal disease that results from different types of renal insult, and is a hallmark of chronic kidney disease (CKD). The main pathologic characteristics of renal fibrosis are renal interstitial fibroblast hyperplasia and the aberrant and excessive deposition of extracellular matrix, pathologies that lead to the destruction of normal renal tubules and interstitial structures. However, the biological significance of fibrosis during the progression of CKD is not clear, and there are no approved clinical treatments for delaying or reversing renal fibrosis. Studies of the mechanism of renal fibrosis and of potential measures of prevention and treatment have focused on erythropoietin (EPO), a hormone best known as a regulator of red blood cell production. These recent studies have found that EPO may also provide efficient protection against renal fibrosis. Future therapeutic approaches using EPO offer new hope for patients with CKD. The aim of the present review is to briefly discuss the role of EPO in renal fibrosis, to identify its possible mechanisms in preventing renal fibrosis, and to provide novel ideas for the use of EPO in future treatments of renal fibrosis.
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INTRODUCTION

The prevalence of chronic kidney disease (CKD) has risen significantly during the last several decades, and it is now a major public health issue that poses enormous economic challenges worldwide (1). According to recent epidemiological surveys, more than 500 million people worldwide currently have some stage of CKD (2, 3). The two principal causes of CKD are diabetes and hypertension; several additional conditions often accompany CKD, such as HIV infection, obesity, and primary kidney injury (4). The progression of CKD is accompanied by multiple complications and comorbidities that ultimately lead to renal fibrosis and end-stage renal disease, a condition associated with poor outcome and increased risk of death (5, 6).

Renal fibrosis is a progressive pathophysiological change that is associated with damage and functional loss of the kidney (7). Pathogenesis begins following stimulation by a variety of pathogenic factors, such as trauma, infection, inflammation, blood circulation disorders, and excessive immune responses. These insults damage healthy kidney cells, leading to the deposition and accumulation of large amounts of collagen as disease progresses. During the later stages of pathogenesis, there is a gradual hardening of the renal parenchyma and formation of scar tissue, and then the complete loss of kidney function (8). Renal fibrosis is simply the process of fibrosis and hardening of the formerly healthy cells of the kidney. It is also characterized by the abnormal deposition of extracellular matrix (ECM). Although previous studies have examined the main molecular mediators of renal fibrosis, there are no approved therapies that directly target renal fibrosis (9, 10). Therefore, it is necessary to further study the pathogenesis of renal fibrosis to facilitate the development of new drugs that inhibit renal fibrosis and delay the progression to CKD.

In 1906, Carnot and Deflander first proposed the existence of a hormone primarily produced by the kidneys that regulates red blood cell production. This hormone, subsequently named erythropoietin (EPO), is now known to regulate the formation of red blood cells by stimulating bone marrow, and is widely used for the clinical treatment of anemia caused by various factors (11–13). Recent research in China and elsewhere has examined the non-hematopoietic aspects of EPO (14–16). There is now evidence that EPO is a multifunctional cytokine (17). Thus, in addition to regulating erythropoiesis (which increases tissue oxygen supply) EPO also has anti-apoptosis, anti-inflammatory, antioxidant, angiogenesis, cell proliferation, and anti-tumor effects (18).

The aims of this review were to briefly review the scientific evidence regarding the relationship of the therapeutic use of EPO with renal fibrosis.



EPO AND RELATED MOLECULES

EPO is an acidic glycoprotein containing sialic acid whose precursor has 193 amino acids. After post-translational processing, the active protein has 165 amino acids and is highly glycosylated (19, 20). The serum EPO level in healthy individuals ranges from 15 to 25 U/L (21), and the oxygenation state of tissues regulates its production. EPO is a glycoprotein hormone secreted by the kidneys whose biological effects occur after it binds to its receptor (EPO-R), which occurs on the plasma membranes of target cells (22). EPO primarily targets hematopoietic cells in the bone marrow, which has high concentrations of EPO, and this is its main site of action (23). The binding of EPO to EPO-R on erythrocytes activates a variety of signaling pathways (24), thus stimulating cell proliferation, differentiation, and maturation (13). EPO can improve anemia by inducing erythropoiesis, thus indirectly ameliorating organ damages. Studies have shown that in predialysis patients with non-severe anemia, the early initiation of erythropoietin significantly slows the progression of kidney disease and delays the initiation of renal replacement therapy (25). Initial studies found EPO-R in erythroid progenitor cells, so researchers considered its function was limited to these cells, and gave little consideration to the role of EPO in the kidney and other tissues (26). More recent studies have shown expression of EPO-R by renal cells (including renal tubular cells, mesangial cells, and collecting duct cells), gastric epithelial cells, and some neurogenic cells (27, 28). Other studies have shown that EPO has cellular protective effects, through its interaction with the EPO-R, in the kidneys, brain, heart, and blood vessels, in that it regulates mitosis, reduces oxidative stress, inhibits apoptosis, promotes vascular repair, and has several other effects (24, 29). The clinical application of erythropoiesis stimulating agents (ESAs) was a milestone in the treatment of renal anemia, because these drugs greatly improve the prognosis of patients with chronic renal failure and provide important renoprotective effects (30–32).

However, due to the poor specificity and sensitivity of existing anti-EPO-R antibodies, there is still controversy about the function of EPO beyond its effect on erythropoiesis. Elliott et al. found that EPO-R protein was below the detection limit in tissues and renal cells and no evidence of EPO-R expression and function in the kidneys (33). A subsequent meta-analysis of clinical trials by Elliott et al. showed that ESAs had no clear renoprotective effect, at least in the included subjects (34). Thus, it is currently controversial whether functional EPO-R occurs on the plasma membranes of renal cells. Moreover, multiple clinical studies showed that ESAs provided no improvement in renal function after transplantation or acute kidney injury (35, 36). However, due to the poor specificity of the EPO-R assay and the discordance of in vitro and in vivo data in animal models, this topic needs further study.



EPO AND RENAL FIBROSIS

Renal fibrosis is a key feature of CKD and is the common pathologic manifestation and pathogenic outcome of end-stage renal disease (37). Renal interstitial fibroblast proliferation and the aberrant and persistent deposition of ECM are the main pathological features of renal fibrosis. This process begins when an inflammatory stimulus accelerates the transformation of epithelial cells and interstitial fibroblasts into myofibroblasts, which together produce excess ECM. Then, because of the decreased activity of matrix proteolytic enzymes and increased activity of protease inhibitors, excessive deposition of ECM occurs, leading to the formation of permanent fibrotic scars, thereby accelerating the progression of tubulointerstitial fibrosis (38, 39).

It is now known that EPO is a major multifunctional glycoprotein hormone that has protective functions in various organs and tissues. For example, an animal study demonstrated that EPO attenuated cardiac dysfunction by inhibiting interstitial fibrosis in diabetic rats (40). Another animal study reported the beneficial effects of EPO in diverse liver injuries, such as carbon tetrachloride-induced hepatic fibrosis (41). EPO also has renoprotective effects (Figure 1) (42, 43), and early treatment of anemia with EPO in CKD patients slows the development in renal dysfunction (44). Extensive research during recent years demonstrated that EPO can improve recovery from acute kidney injury (45). Administration of recombinant human EPO (rhEPO) reduces the production of urinary proteins and biomarkers associated with kidney injury and even with CKD. We therefore believe that EPO may also play a critical role in the development of renal fibrosis, but the mechanism of this effect requires further examination.
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FIGURE 1. Signal transduction pathways of the erythropoietin receptor and mechanisms of relieving renal fibrosis. Binding of erythropoietin (EPO) causes conformational changes to the EPO receptor, phosphorylation of associated JAK-2, PI-3 kinase and I-kB molecules, and activation of signaling molecules and target genes: (1) inhibits the generation of stromal mesenchymal fibroblasts; (2) inhibits the EMT by upregulating miR-200b, and reducing of Ets-1 and TGF-β; (3) phosphorylates and inactivates proapoptotic molecules; (4) reduces inflammation by inhibiting the release of pro-inflammatory cytokines and anti-oxidative, and (5) enhances autophagy to some extent.



EPO and Myofibroblasts

Myofibroblasts are fibroblasts containing actin, myosin, and other muscle-related proteins that provide these cells with contractile properties. Various stimuli and injuries can induce the activation and proliferation of renal interstitial fibroblasts, leading to the formation of active myofibroblasts. These renal myofibroblasts function as effector cells of the renal interstitial ECM, causing damage to the function of the kidney, and eventually leading to renal failure (46–48). Moreover, the population of novel myofibroblasts present in fibrotic kidneys can derive from renal tubular interstitial resident fibroblasts, bone marrow derived fibrocytes, vascular pericytes, the epithelial-mesenchymal transition (EMT), and the endothelial-mesenchymal transition (EndoMT) (49, 50).

There is an increasing body of evidence suggesting that interstitial myofibroblasts constitutively produce ECM, and that this leads to the development of glomerulosclerosis and tubulointerstitial fibrosis due to activation of TGF-β1 (51). The accumulation of matrix proteins, such as fibronectin and type I and III collagen, is a hallmark of renal fibrosis. Thus, under normal conditions, resident renal fibroblasts produce EPO in response to hypoxic insults to maintain physiological homeostasis. However, under pathologic conditions the resident renal fibroblasts transdifferentiate into myofibroblasts, which promote renal fibrosis by producing large amounts of extracellular matrix proteins rather than EPO (52). A study of mice showed that treatment with rhEPO significantly inhibited the accumulation of fibrocyte by inhibition of α-SMA upregulation, and thereby attenuating renal interstitial fibrosis (53). Another study of transgenic mice found that enhanced signaling mediated by hypoxia-inducible factor (HIF) in myofibroblast-transformed renal EPO-producing cells reactivated the synthesis of EPO, without influencing renal fibrosis or inflammation (54). However, studies of type 2 diabetic mice found that a continuous erythropoietin receptor activator (CERA) enhanced tissue repair by inhibiting the generation of stromal mesenchymal fibroblasts, and thus had a non-hematopoietic and tissue-protective role (55).



EPO and the EMT

During the EMT, epithelial cells undergo a loss of cell-cell adhesion and apical-basal polarity. This is accompanied by increased expression of mesenchymal markers, rearrangement of the cytoskeleton, and increased cell dissociation, all of which contribute to development of the mesenchymal phenotype. The EMT is pathologically reactivated in, and contributes to, the progression of fibrosis (56). Tubulointerstitial fibroblasts, derived from tubular epithelial cells during the EMT, are among the most important effector cells facilitating the progression of renal fibrosis (57, 58). In the past few decades, many studies have examined the role of the EMT during organ fibrosis, wound healing, and cancer metastasis. These studies have demonstrated that TGF-β1 promotes renal fibrosis through the EMT by activation of Smad2/3 (59, 60). In support of this conclusion, animal studies have also shown that the renal EMT contributes to renal fibrosis. For example, Grande et al. concluded that the partial EMT drives renal fibrosis in mice (61). Therefore, it is important to identify interventions or drug therapies that could potentially reverse or inhibit the EMT in the kidney to improve clinical management of these patients.

Previous studies reported that EPO functions as an EMT inhibitor in the kidneys and was effective in ameliorating renal fibrosis (62). Imamura et al. reported that EPO inhibits tubulointerstitial fibrosis in remnant kidney by functioning as an inhibitor of the EMT (63). A recent study using HK-2 cells showed that administration of EPO markedly inhibited hypoxia-induced EMT by upregulating miR-200b expression via the repression of Ets-1. Another study of a unilateral ureteric obstruction (UUO) mouse model reported that rhEPO treatment reduced renal fibrosis by attenuating the EMT (64). Although the role of the EMT in renal fibrosis is not entirely clear, it is nonetheless important to identify therapeutic targets that may allow the prevention or reversal of the EMT and thereby slow the progression of CKD.



EPO and Apoptosis

Apoptosis is the spontaneous and orderly death of cells in multicellular organisms that is regulated by specific genes to maintain the stability of the internal environment. In contrast to the passive process of necrosis, apoptosis is an active process in which there are specific changes in the expression of multiple genes. It is not a phenomenon of self-injury that occurs during pathological conditions, but a process that eliminates cells so that the organism is better adapted to its microenvironment. There are several signal transduction pathways associated with apoptosis; the major pathways are mitochondrial mediated apoptosis, endoplasmic reticulum mediated apoptosis, and death receptor-mediated apoptosis (65).

Renal fibrosis is accompanied by a significant reduction of parenchymal cells, including podocytes, mesangial cells, and tubular epithelial cells, and increased apoptosis also plays an important role. During renal interstitial fibrosis, there is evidence that apoptosis of renal tubular epithelial cells is closely related to renal tubular atrophy, and the increased apoptosis index during this process is an indication of the formation of extracellular matrix (66). Therefore, a targeted inhibition of apoptosis may be an effective strategy to delay or inhibit renal fibrosis.

EPO has many biochemical effects, in addition to its promotion of red blood cell production, and these include anti-inflammatory and anti-apoptotic effects. For example, EPO is the main regulator of erythroid progenitor cell proliferation and differentiation, and these are mediated via its anti-apoptotic effect (67). Many recent animal experiments have shown that EPO may delay the development of CKD and protect the kidneys by reducing the extent of interstitial fibrosis. For example, one study showed that the extent of renal fibrosis correlated positively with the number of apoptotic cells (68). Another study demonstrated that EPO provided a renoprotective and antiapoptotic effects by activation of ERK/p53 signaling (26). A study of renal interstitial fibrosis in a rat model reported that EPO had renoprotective effects due to its due to its down-regulation of dynamin-related protein-1 (Drp-1) (69), a protein with a major role in the mitochondrial mediated apoptosis pathway. A study by Nakazawa et al. showed that EPO inhibited the apoptosis of renal tubular cells, thereby reducing the extent of renal interstitial fibrosis (70). In the context of ischemia-reperfusion (IR) injury, reduced levels of pro-apoptotic genes in the Bcl-2 family can ameliorate the destruction of mitochondrial integrity and tubular cell apoptosis, and consequently inhibit renal injury (71, 72). Sharples et al. studied a rat kidney model of severe IR injury and demonstrated that EPO inhibited the apoptosis of proximal tubular epithelial cells and promoted significant cell proliferation at high doses, despite serum starvation (73).



Anti-inflammatory Effects of EPO

Inflammation is a defensive response of living tissue that involves the vascular system and occurs following injury from factors such as infections, physical, chemical, or antigenic changes, or traumatic damage.

CKD is characterized by persistent renal inflammation that progresses to tubular interstitial fibrosis, renal failure, and end-stage renal disease (74). Elevated levels of inflammatory cytokines are associated with mortality, especially in patients with CKD. Various renal insults can activate tubulointerstitial cells and promote inflammatory cell infiltration, leading to the release of multiple vasoactive molecules and soluble cytokines that promote the progression of fibrosis. These molecules include TGF-β1, TNF-α, connective tissue growth factor, and platelet-derived growth factor. Secretion of these cytokines by tubulointerstitial and inflammatory cells alters the dynamic balance between synthesis and degradation of ECM proteins, eventually leading to the accumulation of ECM components and the development of fibrosis. Renal innate cells (mesangial cells, podocytes, and endothelial cells) also secrete a variety of fibrogenic cytokines such as TGF-β1 and TNF-α.

EPO also has an important non-haematopoietic effects in that it can reduce inflammation caused by injury, toxins, or hypoxia. Mateus et al. reported the anti-inflammatory effect of EPO was due to its inhibition of TNF-α and IL-1β production and stimulation of IL-10 production in an animal model of TNBS-induced colitis (75). Chang et al. found that subcutaneous injection of EPO into rats with UUO significantly reduced the expression of TNF-α and mononuclear cell chemotactic protein-1 (MCP-1), decreased inflammatory cell infiltration, inhibited interstitial fibrosis, and protected kidney function (76). Heme oxygenase-1 (HO-1) is an important antioxidant protein, Katavetin et al. demonstrated that EPO induces expression of HO-1, thereby reducing oxidative stress and delaying CKD progression (77).



EPO and Autophagy

Autophagy is a conserved mechanism of cell self-degradation, in which lysosomes degrade damaged organelles and macromolecules so they can be reused. In general, autophagy is necessary to maintain cell homeostasis, and it has roles in slowing the progress of aging, promoting differentiation and development, increasing immunity and the clearance of microorganisms, and preventing the progression of tumors and other diseases (78, 79). However, excessive autophagy can have pathological effects. For example, Livingston et al., using pharmacological and genetic methods, demonstrated that sustained activation of autophagy in the proximal tubules promoted renal interstitial fibrosis in rats with UUO (80). In agreement, a study of an experimental model of neonatal necrotizing enterocolitis found that EPO reduced excessive autophagy, and contained cell damage (81). EPO also protects against rotenone-induced neurotoxicity in SH-SY5Y cells by enhancing autophagy-related signaling pathways (82). The renoprotective effects of ESAs in animal models may be due to their antiapoptotic effects. A study of kidney IR injury reported that ESAs had renoprotective effects by inducing autophagy (83). The antiapoptotic effects of EPO are dependent on JAK2 signaling and the phosphorylation of Akt by phosphatidylinositol 3-kinase. Increased Akt signaling is associated with suppression of cell apoptosis and promotion of renal fibrosis in IR injury-induced acute kidney injury (84). However, suppression of Akt phosphorylation accelerates tubular repair and inhibits renal fibrosis (85).




CONCLUSION

The classical role of EPO is the regulation of red blood cell production, but many studies have reported that EPO also has many non-erythroid effects. These findings underline the importance of investigating the global actions of rhEPO and its derivatives in pre-clinical and clinical settings. Thus, EPO may be useful for protection of the kidney because of its effects on multiple pathways, in addition to its effect on red blood cell production. More specifically, EPO can prevent the development of renal failure during the end-stages of various renal diseases, and can actively control the fibrosis of renal interstitial tissue. However, the mechanism of EPO in the prevention and treatment of renal interstitial fibrosis is not fully understood. For this reason, additional studies are required to determine the optimal dose and timing of EPO administration and how to best avoid possible adverse reactions, such as thrombosis. The recent research and development of new types of EPO for treatment of anemia and other conditions may increase the applications of EPO for additional conditions. The results of this new research may also provide new insights into the mechanism by which rhEPO prevents interstitial fibrosis and slows the progression of CKD. Lastly, we believe that the many developments and unremitting efforts from multiple medical disciplines will eventually establish a basis for the use of EPO as a treatment for renal fibrosis and will help guide future research in this area.
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Background

Acute kidney injury (AKI) is often secondary to sepsis. Previous studies suggest that damaged mitochondria and the inhibition of autophagy results in AKI during sepsis, but dexmedetomidine (DEX) alleviates lipopolysaccharide (LPS)-induced AKI. However, it is uncertain whether the renoprotection of DEX is related to autophagy or the clearance of damaged mitochondria in sepsis-induced AKI.



Methods

In this study, AKI was induced in rats by injecting 10 mg/kg of LPS intraperitoneally (i.p.). The rats were also pretreated with DEX (30 μg/kg, i.p.) 30 min before the injection of LPS. The structure and function of kidneys harvested from the rats were evaluated, and the protein levels of autophagy-related proteins, oxidative stress levels, and apoptosis levels were measured. Further, atipamezole (Atip) and 3-Methyladenine (3-MA), which are inhibitors of DEX and autophagy, respectively, were administered before the injection of DEX to examine the protective mechanism of DEX.



Results

Pretreatment with DEX ameliorated kidney structure and function. DEX decreased the levels of blood urea nitrogen (BUN) and creatinine (Cre), urine kidney injury molecule-1 (KIM-1), neutrophil gelatinase-associated lipocalin (NGAL), reactive oxygen species (ROS), and apoptosis proteins (such as cleaved caspase-9 and cleaved caspase-3). However, DEX upregulated the levels of autophagy and mitophagy proteins, such as Beclin-1, LC3 II and PINK1. These results suggest that DEX ameliorated LPS-induced AKI by reducing oxidative stress and apoptosis and enhancing autophagy. To promote autophagy, DEX inhibited the phosphorylation levels of PI3K, AKT, and mTOR. Furthermore, the administration of Atip and 3-MA inhibitors blocked the renoprotection effects of DEX.



Conclusions

Here, we demonstrate a novel mechanism in which DEX protects against LPS-induced AKI. DEX enhances autophagy, which results in the removal of damaged mitochondria and reduces oxidative stress and apoptosis in LPS-induced AKI through the α2-AR and inhibition of the PI3K/AKT/mTOR pathway.
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Introduction

Sepsis, a systemic inflammatory response syndrome (SIRS), is caused by infection, can induce multiple organs dysfunction and even death (Bellomo et al., 2017). According to the 2018 World Health Organization report, more than 30 million people worldwide are diagnosed with sepsis each year (Kumar et al., 2019). The mortality rate of patients with sepsis is more than 10%, but increases to 40% in severe cases, such as septic shock (Assinger et al., 2019). The kidney is one of the most vulnerable organs during sepsis, and acute kidney injury (AKI) occurs in 40–50% of septic patients with a mortality rate of up to 60% (Plotnikov et al., 2019). The underlying pathogenesis of sepsis acute kidney injury (SAKI) is not well understood but includes oxidative stress (Chen et al., 2019), inflammation (Feng et al., 2019), and apoptosis (Kang et al., 2018). Recently, it was reported that autophagy played a key role in SAKI, and the inhibition of autophagy resulted in the development of AKI during sepsis (Ho et al., 2016). However, the specific role of autophagy in SAKI remains unclear.

Autophagy is a mechanism which recycles damaged organelles and cellular components in response to various stress conditions such as nutrient deprivation (Filomeni et al., 2015), metabolic balance (Maiuri et al., 2007), apoptosis (Maiuri et al., 2007) and inflammation (Kimura et al., 2017), and is beneficial for cell survival. Clinical and preclinical studies confirm that sepsis triggers autophagy in multiple organs, including the kidney (Wan et al., 2016; Chung et al., 2017; Kimura et al., 2017; Sun et al., 2019), and an increasing amount of evidence suggests that stimulating autophagy via pharmacological approaches protects the kidney during sepsis (Mei et al., 2016). Mitophagy, the selective removal of mitochondria by autophagy, also plays an important role in SAKI (Kaushal and Shah, 2016). Mitophagy is necessary to maintain cellular homeostasis and ensure healthy mitochondria. Mitophagy is regulated by two pathways, including the PTEN-induced putative protein kinase 1 (PINK1)/Parkin-dependent and PINK1/Parkin-independent (e.g., BNIP3 and FUNDC1) pathways (Ishimoto and Inagi, 2016). The PINK1/Parkin pathway is the main regulator of mitophagy and has been studied in multiple disease models (Kaushal and Shah, 2016; Sorrentino et al., 2017). Mitophagy can limit cell death from mitochondrial oxidant stress and promote the release of pro-apoptotic proteins (Sun et al., 2018). It has been demonstrated that mitophagy plays a critical role in mitochondrial quality control, tubular cell survival, and renal function during ischemic AKI (Tang et al., 2018). Therefore, autophagy and mitophagy may play key roles in SAKI by reducing oxidant stress and apoptosis.

Dexmedetomidine (DEX) is a highly selective alpha-2 adrenergic receptor (α2-AR) agonist (Kawazoe et al., 2017). Our previous studies have shown that DEX exhibits anti-inflammatory and anti-oxidative effects in LPS-induced AKI (Chen et al., 2019; Feng et al., 2019; Yao et al., 2019). It has also demonstrated that DEX has anti-inflammatory and anti-apoptotic effects in LPS-induced AKI (Kang et al., 2018). In the macrophage cell line RAW 264.7, DEX alleviated LPS-induced apoptosis and inflammation through PINK1-mediated mitophagy, which eliminated damaged mitochondria (Wang et al., 2019). Furthermore, it has been shown that DEX alleviated LPS-induced acute lung injury through the PI3K/AKT/mTOR pathway (Meng et al., 2018). Inhibition of the kinase mammalian target of rapamycin (mTOR), a major modulator of autophagy, promotes the initiation of autophagy (Munson and Ganley, 2015). mTOR is a downstream target of the phosphatidylinositol 3 kinase (PI3K) and protein kinase B (AKT) pathway (Heras-Sandoval et al., 2014). AKT activates the mTOR complex 1 (mTORC1) to inhibit autophagy. In this study, we hypothesized that DEX regulates autophagy to alleviate SAKI via the PI3K/AKT/mTOR pathway.

Our studies aimed to determine the role of autophagy (including mitophagy) in SAKI, identify the relationship between DEX renoprotection and autophagy during sepsis, and determine how DEX regulates autophagy in SAKI using the autophagy inhibitor 3-Methyladenine (3-MA). Our studies provide a further understanding of the pharmacological mechanism of DEX and increase its clinical application value.



Materials and Methods


Animals and Treatment

Adult male Sprague Dawley (SD) rats (weight 180–220 g) were procured from the Second Affiliated Hospital of Harbin Medical University (Harbin, China). Rats were housed under conditions of controlled temperature (21–25°C) and humidity (45–55%), with a 12 h light/dark cycle for 7 days to adjust to the environment. Rats were housed in groups (3 per cage) and received tap water and a standard rat chow diet ad libitum. All experimental procedures in this study adhered the requirements of the Animal Experimental Committee of Northeast Agricultural University and complied with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.

Thirty-six rats were randomly divided into six groups (n = 6) as follow:

	The CON group did not receive any treatments.


	The CON+DEX group was injected intraperitoneally (i.p.) with DEX (30 μg/kg, American Pfizer) without any additional treatments.


	The LPS group received LPS (10 mg/kg, i.p., Escherichia coli O111:B4, L2630, Sigma-Aldrich, USA) 4 h before sacrifice.


	The DEX+LPS group was injected with DEX 30 min before the injection of LPS.


	The Atip+DEX+LPS group was injected with atipamezole (Atip) (an α2-AR antagonist) (300 mg/kg, i.p., American Pfizer) 30 min before injection of DEX; 30 min after the injection of DEX, injection of LPS.


	The 3-MA+DEX+LPS group was injected with 3-MA (30 mg/kg, i.p., S1075, Selleck, Shanghai, China) 30 min before injection of DEX; 30 min after the injection of DEX, injection of LPS.




Four hours after the last treatment, all rats were quickly anesthetized with isoflurane (Yipin Pharmaceutical Co., Ltd., Hebei, China) to collect blood, urine, and kidney samples and no rats died until sacrificed.



Assessment of Kidney Function

Blood samples were collected quickly by heart puncture. After coagulating 30 min, the blood samples were centrifuged at 3,000 rpm for 10 min at room temperature to collect serum. Using an automated analyzer (Roche Diagnostics, Mannheim, Germany) detected Serum blood urea nitrogen (BUN) and creatinine (Cre) levels. Using enzyme-linked immunosorbent assay analyzed kidney injury molecule-1 (KIM-1) (RKM100, R&D Systems, USA) and neutrophil gelatinase-associated lipocalin (NGAL) (DY3508, R&D Systems, USA) levels of urine samples.



ELISA Assay for Serum Inflammation Cytokine

Using a commercial ELISA kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) examined serum tumor necrosis factor-α (TNF-α) (H052), interleukin (IL)-1β (H002), IL-6 (H007), and IL-18 (H0015) according to the manufacturer’s instructions.



Histological and Ultrastructural Observations

Kidney fixed in 10% neutral-buffered formalin solution were dehydrated, seeded, dipped in wax, embedded, sectioned and stained with hematoxylin and eosin stain and then observed by light microscopy (BX-FM; Olympus Corp, Tokyo, Japan). Renal tissue with the following histopathological changes were judged injured: loss of brush border, vacuolization, cast formation, tubular dilation and disruption, cell lysis, and cellular necrosis. Tissue damage was checked in a blinded manner and scored by the percentage of damaged tubules: 0, no damage; 1, 0–25%; 2, 25–50%; 3, 50–75%; 4, more than 75% (Tang et al., 2018).

The kidneys were fixed overnight with 3% glutaraldehyde, rinsed three times with 0.1 M phosphate buffer saline (PBS) for 15 min each time. The pellet was fixed with 1% osmic acid 90 min and then rinsed three times with 0.1 M PBS for 15 min each. Thereafter, the samples were dehydrated in different gradients of ethanol (50, 70, 90, and 100%) for 10 min. Then placed in fresh pure Epon resin and polymerized at 60°C for 2 h. Finally, the ultrathin sections (60 nm) were doubled stained with uranyl acetate and lead citrate. The observation was done on a transmission electron microscope (Tecnai, Hitachi, Tokyo, Japan) at 100 kV Electron Microscopy Film 4489 (Kodak, ESTAR thick base, San Francisco, CA)



Measurement of Oxidative Stress Markers

According to the manufacturer’s instructions, using the corresponding assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) measured the levels of reactive oxygen species (ROS) (E004-1-1), glutathione (GSH) (A006-1-1), and malondialdehyde (MDA) (A003-2-2) and tested the activity of superoxide dismutase (SOD) (A001-3-2) and catalase (CAT) (A007-1-1).



Western Blot Analysis

Equal amounts of protein samples were loaded onto sodium dodecyl sulfate-polyacrylamide gel, electrophoresed, and then transferred to polyvinylidene difluoride membranes. Membranes were blocked in 5% bull serum albumin or skim milk for 2 h at room temperature, incubated with the primary antibody in the anti-dilution buffer (Leagene Biotechnology, Beijing, China) overnight at 4°C. Primary antibodies and dilutions were as follows: Bax (1:500, sc-23959), Parkin (1:500, sc-32282), PINK1 (1:500, sc-517353), caspase-3 (1:500, sc-373730), caspase-9 (1:500, sc-56076), p62 (1:500, sc-48402) and p-AKT (1:500, sc-514032) from Santa Cruz Biotechnology, USA. Cytochrome C (Cyt C) (1:1000, WL02410); PI3 Kinase p85 (1:500, WL02240), GAPDH (1:2,000, WL01547), p-mTOR (1:500, WL03694), AKT (1:1,000, WL0003b) and Bcl-2 (1:500, WL01556) from Wanlei Bio, China. PI3 Kinase p85 (phospho-Tyr467/199) (1:750, #11508) from Signalway Antibody, USA. MAP1LC3B (1:1,000, A11280) from ABclonal, China. mTOR(1:1,000, A5866) from bimake, USA. Beclin-1(1:1,000, #3495) from Cell Signaling Technology, USA. After washed with Tris-buffered saline containing Tween (TBST), the membranes were incubated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG antibody (1:20,000, ZB-2301, ZSGB-Bio, Beijing, China) or anti-mouse IgG antibody (1:20,000, ZB-2305, ZSGB-Bio, Beijing, China) for 2 h at room temperature then washed with TBST. Protein bands were visualized using ECL plus Western Blot Detection Reagents (GE Healthcare).



Analysis of Apoptosis

Using TUNEL Apoptosis Assay kit (11684795910, Roche, Basel, Switzerland) measured apoptosis, according to the manufacturer’s instructions. Then samples were examined under a fluorescence microscope after anti fluorescence quenching.



Real-time Polymerase Chain Reaction (RT-PCR) Analyses

According to the manufacturer’s instructions, Using Eastep Super Total RNA Extraction Kit (Promega Biotech Co, Ltd, Beijing, China) extracted total RNA from kidney. Using NanoDrop2000 (Thermo Fisher Inc., Waltham, MA, USA) tested the purity and concentration of total RNA.

Then according to the manufacturer’s instructions, using GoScript™ Reverse Transcription System (Promega Biotech Co, Ltd, Beijing, China) reversely transcribed total RNA into cDNA. Table 1 shows the PCR primer sequences. Real-time PCR was implemented in the Roche 480 System (Roche, Switzerland) using SYBR Green PCR Core Reagents (Roche, Switzerland). GAPDH was used as the internal reference for relative quantitative analysis of gene mRNA expression level. Data were analyzed according to the 2−∆∆Ct method.


Table 1 | Primer sequence in this study.





Immunohistochemistry (IHC) and Immunofluorescence (IF) Staining

Expression of Beclin-1, LC3, p62 and Cyt C in kidney tissues was detected by IHC staining. Paraffin-embedded kidney tissue fraction (5 μm thickness) and xylene dewaxed, then dehydrated using graded concentrations of alcohol, and incubation with 3% H2O2 inhibited endogenous peroxidase. After blocked in 10% goat serum for 10 min at room temperature, incubated with the primary antibody in blocking solution overnight at 4°C. The primary antibodies for IHC were p62 (1:50, sc-48402), Beclin-1 (1:200, WL02508, Wanlei Bio), MAPLC3B (1:50, A11280), and Cyt C (1:200, WL02410). After slides were washed in PBS and applied HRP-labeled anti-rabbit IgG (1:100; Beyotime, China) for 30 min at 37°C, then washed with PBS again. Staining was visualized by reaction with 3,3'-diaminobenzidine (DAB) (Solarbio, Beijing, China) and counterstaining with hematoxylin. Sections were made transparent with xylene. Finally, using the DP73 type microscope (Olympus, Japan) observed sections. We also performed IF co-staining using PINK1 (1:50, sc-517353) and VDAC1 (1:50, sc-390996, Santa Cruz Biotechnology, USA) antibodies to delineate the mitophagy in the kidney. Then images were acquired with a Nikon Eclipse Ni inverted microscope (TE2000, Nikon, Tokyo, Japan).



Statistical Analysis

Data were expressed as mean ± SEM (standard error means). The data were analyzed by SPSS 18.0 (Chicago, IL, USA). A one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test was used to multi-group comparison. Using GraphPad Prism 7 software (GraphPad Software Inc., San Diego, CA, United States) made graphs. Statistically significant were considered to be significant when p < 0.05, and extremely significant when p < 0.01.




Results


Effects of DEX on Renal Function and Structural Changes

BUN and Cre are important indicators of the severity of renal impairment. Furthermore, NGAL and KIM-1 have been identified as specific biomarkers of kidney injury (Han et al., 2002; Bolignano et al., 2008), and their increased expression is associated with early renal tubular injury in AKI (Chen et al., 2019). The levels of BUN (Figure 1Aa), Cre (Figure 1Ab), KIM-1 (Figure 1Ac), and NGAL (Figure 1Ad) were significantly increased after LPS injection, and DEX pretreatment significantly decreased the levels of these markers, which indicated that DEX alleviates LPS-induced kidney injury. However, the protective effects of DEX were reversed by treatment with Atip and 3-MA.




Figure 1 | Protective effect of DEX in LPS-induced AKI. (A) DEX improved renal dysfunction in LPS-induced AKI: the levels of serum BUN (a), serum Cre (b), urine KIM-1 (c), and urine NGAL (d) in rats. (B) Histopathological examination of the kidney: (a) Representative images from different groups. Green arrow indicates edema of renal tubular epithelial cells; blue arrow indicates tubular necrosis; yellow arrow indicates cast formation; red arrow indicates hemorrhage. Magnification: 400×, Bar: 20 μm. (b) Semiquantitative histopathological score of injury. Data are expressed as mean ± SEM (n = 6). **p < 0.01 versus CON group. #p < 0.05, ##p < 0.01 versus LPS group. &p < 0.05, &&p < 0.01 versus DEX + LPS group.



Analysis of the pathological sections of rat kidneys revealed intact glomerular and tubular structures in the CON group (Figure 1B). In contrast, there were substantial pathological changes in the LPS group, which included edema of renal tubular epithelial cells (green arrow), tubular necrosis (blue arrow), telangiectasia and severe congestion/hemorrhage (red arrow), and cast formation (yellow arrow) (Figure 1B). However, the LPS-induced kidney damage was significantly improved by pretreatment with DEX. In addition, the protective effect of DEX was reversed by Atip and 3-MA, and similar damage was observed in these two groups as in the LPS group.

Renal ultrastructure changes are shown in Figure 2. In the CON group, cells had an intact nuclear morphology, and cell mitochondria exhibited normal morphology with clearly discernible cristae. In the LPS group, we observed mitochondria defects, such as swelling, disorganization, and reduction or vanishing of the cristae (red arrow). We also observed typical apoptotic features, including chromatin margination, condensation, and fragmentation (orange arrow), in the LPS group. These results suggest damaged mitochondria induced apoptosis in LPS-induced AKI. DEX pretreatment alleviated cell mitochondria injury and apoptosis that were induced by LPS, and we also observed mitophagy (green arrow) and autolysosomes (blue arrow). However, the administration of Atip and 3-MA reversed the effects of DEX. These results suggest that DEX alleviates LPS-induced kidney injury via the α2-AR and the enhancement of autophagy.




Figure 2 | The ultrastructure examination of the kidney. Representative ultrastructure samples from different groups. Red arrow indicates mitochondria appeared swelling, vacuolization and loss of cristae; orange arrow indicates chromatin margination, condensation, and fragmentation; yellow arrow indicates endoplasmic reticulum swelling; blue arrow indicates autolysosome; green arrow indicates mitophagy.





Effects of DEX on Renal Inflammation and Oxidative Stress

To further elucidate the relationship between DEX renoprotection and autophagy, we measured the levels of inflammatory cytokines and oxidative stress. LPS significantly elevated the levels of interleukin (IL)-6 (Figure 3Aa), tumor necrosis factor-alpha (TNF-α) (Figure 3Ab), IL-18 (Figure 3Ac), and IL-1β (Figure 3Ad), whereas DEX significantly decreased the levels of these four markers. Compared with the LPS+DEX group, the levels of these inflammatory cytokines were significantly increased in the Atip +DEX+LPS and 3-MA+DEX+LPS groups. These results suggest that DEX reduces the levels of inflammatory cytokines via the α2-AR and the enhancement of autophagy.




Figure 3 | DEX reduced inflammation and oxidative stress in LPS-induced AKI. (A) The content of inflammatory cytokines in serum, including IL-6 (a), TNF-α (b), IL-18 (c), IL-1β (d). (B) The content of ROS (a); the concentration of MDA (b); the activity of CAT (c); the content of GSH (d); the activity of SOD (e). Data are expressed as mean ± SEM (n = 6). *p < 0.05, **p < 0.01 versus CON group. #p < 0.5, ##p < 0.01 versus LPS group. &p < 0.05, &&p < 0.01 versus DEX + LPS group.



We measured the levels of ROS, CAT, MDA, SOD, and GSH in kidney tissues. In the LPS group, the levels of ROS (Figure 3Ba) and MDA (Figure 3Bb) were significantly elevated, and the levels of CAT (Figure 3Bc), GSH (Figure 3Bd), and SOD (Figure 3Be) were markedly decreased. DEX not only significantly reduced ROS and MDA levels, but also increased SOD and CAT activity and increased GSH levels. However, 3-MA and Atip significantly reversed these DEX-induced changes, suggesting that DEX protects against oxidative stress via the α2-AR and the enhancement of autophagy.



Effects of DEX on Renal Apoptosis

Using the terminal uridine nick-end labeling (TUNEL) assay, we measured apoptosis in kidney tissue sections. There were a few apoptotic cells in the CON group, but apoptosis was elevated in the LPS group. However, the levels of apoptosis were decreased in the DEX group compared with the LPS group, and the levels of apoptosis were significantly increased in the Atip+DEX+LPS and 3-MA+DEX+LPS groups compared with the LPS+DEX group (Figures 4A, B).




Figure 4 | Effect of DEX on renal apoptosis. (A) Representative images of TUNEL assay in renal tissue. Bar: 50 μm. (B) TUNEL-positive cells rate in kidney tissues. Data are expressed as mean ± SEM (n = 6). **p < 0.01 versus CON group. ##p < 0.01 versus LPS group. &&p < 0.01 versus DEX + LPS group.



We also determined the expression of apoptosis-related proteins and the ratio of Bax/Bcl-2 (Figure 5Ab). The levels of apoptosis-related proteins, such as Bax (Figure 5Aa), Cyt C (Figures 5Aa, c, B), cleaved caspase-9 (Figure 5Aa, d), and cleaved caspase-3 (Figure 5Aa, e), were significantly elevated in the LPS group. However, DEX reduced the levels of these apoptosis-related proteins. Additionally, the administration of Atip and 3-MA reversed the effect of DEX. These results indicate that LPS induces mitochondrial apoptosis in AKI, and DEX reduces cell apoptosis via the α2-AR and the enhancement of autophagy.




Figure 5 | Effects of DEX on apoptosis related proteins. (A) Representative blots (a) of Bax, Bcl-2, Cyt C, cleaved caspase-9, and cleaved caspase-3, and the densitometry of Bax/Bcl-2 (b), Cyt C (c), cleaved caspase-9 (d), and cleaved caspase-3 (e) signals. (B) Representative images of Cyt C IHC (a), and quantitative analysis of Cyt C (b) in kidney. Data are expressed as mean ± SEM (n = 6). **p < 0.01 versus CON group. #p < 0.05, ##p < 0.01 versus LPS group. &p < 0.05, &&p < 0.01 versus DEX + LPS group.





Effect of DEX on Renal Autophagy and the PINK1/Parkin Mitophagy

Beclin-1 is a key molecule that controls autophagic activity. LC3 is a marker of autophagosome formation, and the ratio of LC3 II/LC3 I correlates to the number of autophagosomes. The levels of Beclin-1 (Figures 6A–C, E) and LC3 II (Figures 6A–C, E) were decreased in the LPS group but increased after pretreatment with DEX. The polyubiquitin-binding protein p62/SQSTM1 (Figures 6A–C, E), which degraded during autophagy, showed the reverse trend. Treatment with Atip and 3-MA reversed the effect of DEX. Similar changes in the mRNA and protein of Beclin-1 and LC3 were observed (Figures 6Da, b), but p62 mRNA did not change in every group (Figure 6Dc). These results indicate that LPS inhibits autophagy, and DEX enhances autophagy via the α2-AR.




Figure 6 | Effects of DEX treatment on autophagy. (A) Representative images of Beclin-1 IHC, LC3 IHC, and p62 IHC. (B) Representative blots of Beclin-1, LC3, and p62. (C) Representative blots densitometry of Beclin-1 (a), LC3 (b), and p62 (c). (D) The expression of Beclin-1 (a), LC3 (b), and p62 (c)mRNA in renal tissues. (E) The quantitative analysis of Beclin-1 IHC (a), LC3 IHC (b), and p62 IHC (c) in kidney. Data are expressed as mean ± SEM (n = 6). *p < 0.05, **p < 0.01 versus CON group. #p < 0.05, ##p < 0.01 versus LPS group. &p < 0.05, &&p < 0.01 versus DEX + LPS group.



Having observed mitophagy (Figure 2) from renal ultrastructure changes in the LPS+DEX group, we next measured the levels of mitophagy-related proteins. The amount of PINK1 was very low in the CON group. PINK1 largely accumulated on mitochondria in the LPS group, but the pretreatment with DEX decreased the amount of PINK1 (Figures 7A, C). The changes in Parkin (Figure 7A) were consistent with PINK1. The change in PINK mRNA (Figure 7B) was a reverse trend compared with the change of protein, which suggested LPS downregulated the transcription of PINK1, whereas DEX upregulated its transcription. Further, the use of Atip and 3-MA reversed the effects of DEX.




Figure 7 | Effects of DEX treatment on mitophagy. (A) Representative blots (a) and densitometry of PINK1 (b) and Parkin (c) signals. (B) The expression of PINK1 mRNA in renal tissue. (C) Representative images of PINK1 localization in renal tissues. Bar: 50 μm. Positive PINK1 cells were stained red, positive VDAC1 cells were stained green, with the sections counterstained with DAPI to visualize nuclei. Data are expressed as mean ± SEM (n = 6). **p < 0.01 versus CON group. #p < 0.05, ##p < 0.01 versus LPS group. &&p < 0.01 versus DEX + LPS group.





DEX Regulates Autophagy via Inhibiting the PI3K/AKT/mTOR Pathway

The mechanism underlying the protective effect of DEX through the modulation of autophagy was further investigated by assessing the levels of PI3K, AKT, and mTOR in kidney tissues (Figure 8A). In the LPS group, the phosphorylation levels of PI3K, AKT, and mTOR were increased compared with the CON group. However, pretreatment with DEX reduced these protein phosphorylation levels compared with the LPS group, and Atip reversed the effects of DEX. These results indicate that DEX inhibited the PI3K/AKT/mTOR pathway via the α2-AR.




Figure 8 | Effects of DEX treatment on the PI3K/AKT/mTOR pathway. (A) Representative blots (a), and densitometry of p-PI3K/PI3K (b), p-AKT/AKT (b), and p-mTOR/mTOR (c) signals. Data are expressed as mean ± SEM (n = 6). **p < 0.01 versus CON group. ##p < 0.01 versus LPS group. &&p < 0.01 versus DEX + LPS group.






Discussion

In our previous study, we demonstrated that DEX plays a protective role against SAKI via attenuating oxidative stress and downregulating inflammatory factors. Here, we further examined the mechanisms underlying the protective effect of DEX on SAKI by focusing on the potential involvement of DEX in the modulation of autophagy.

LPS, a known toxic component of Gram-negative bacteria, is widely used to induce SAKI in animal models (Jou-Valencia et al., 2018), and studies have confirmed that the intraperitoneal administration of LPS for 4 h induces AKI (Chen et al., 2019; Feng et al., 2019). After LPS treatment, the indicators of kidney injury (BUN, Cre, KIM-1, and NGAL) are significantly increased, suggesting renal dysfunction and kidney injury. Additionally, the integrity of glomerular and tubular structures is disrupted, and edema of renal tubular epithelial cells, tubular necrosis, and cast formation are observed. In renal tissue sections, telangiectasia, severe congestion, and hemorrhage also occur. These structural changes indicate that LPS destroys renal tissue structure and induces AKI.

Our results show that oxidative stress, inflammation, and apoptosis occur in the kidney after the administration of LPS. Meanwhile, the inhibition of autophagy occurs in the kidney. We observed the reduction of Beclin-1 and LC3 II and the accumulation of p62 in the kidney after treatment with LPS. However, another study showed that renal autophagy was rapidly induced by LPS, and this was followed by the progression from autophagosome to autolysosome, and finally by autophagic degradation (Mei et al., 2016).These results are different from ours, but differences in autophagy exist in many studies, and these differences are currently being studied by many research groups. These differences are likely associated with the use of various experimental models and the time-points monitored. Recently, Yuxiao Sun confirmed that in a mouse heart, autophagy increased in a dose-dependent manner at low doses of LPS (0.25–2.5 mg/kg), but this was followed by a gradual decline at higher doses of 5–15 mg/kg (Sun et al., 2018). This suggests that autophagy was upregulated in less severe or mild sepsis but inhibited during severe sepsis. Our results also show that the inhibition of autophagy occurred in LPS-induced AKI, and our model in which 10 mg/kg of LPS was administered for 4 h can also represent severe sepsis in rats.

Oxidative stress and apoptosis are known as the main pathological mechanisms of AKI. From the analysis of GSH, SOD, CAT, MAD, and ROS, it is clear that redox imbalance occurs in the kidney during sepsis. A large number of ROS triggers changes in mitochondrial structure and impairs mitochondrial function. As a result of the damage, mitochondria, the main source of ROS, produce more ROS (Lowes et al., 2013), which causes the body to enter a vicious cycle which aggravates kidney damage. At the same time, the damaged mitochondria also release mitochondrial-derived danger-associated molecular patterns (DAMPs), including Cyt C, which induces apoptosis (Sun et al., 2018).After the administration of LPS, mitochondria in kidney tubular cells were damaged and exhibited swelling, fragmentation, vacuoles in the mitochondrial matrix, and loss of cristae. Upon mitochondrial damage, Bax translocates from the cytosol to the mitochondria, increasing mitochondrial permeability and opening the mitochondrial permeability transition pore (MPTP). Concomitantly, Cyt C is released from mitochondria to the cytosol (Wei et al., 2001),which stimulates Apaf-1 (apoptotic protease-activating factor 1) to activate caspase-9. Once activated, caspase-9 activates downstream effector caspases, such as caspase-3, to promote apoptosis (Adams and Cory, 2007). The kidney is second only to the heart in its abundance of mitochondria and consumption of oxygen (Parikh et al., 2015; Kaushal and Shah, 2016). Mitochondria provide high energy for the processes of the excretion of waste products and electrolyte reabsorption. Therefore, for protection against LPS-induced AKI, abnormal mitochondria must be removed to maintain the quality control of mitochondria.

Autophagy can non-selectively or selectively eliminate damaged proteins and organelles by forming a double-membrane autophagosome, which fuses with lysosomes (Wu et al., 2019). Mitophagy is the selective autophagy of mitochondria. Under basal conditions, PINK1 targets mitochondria and is imported and degraded by healthy mitochondria (Whitworth and Pallanck, 2017), and PINK expression is also very low and not easily detected. Under stress conditions, PINK1 senses mitochondrial damage and activates Parkin by phosphorylating Parkin and ubiquitin. Activated Parkin then builds ubiquitin chains on damaged mitochondria to tag them for degradation in lysosomes (Bingol and Sheng, 2016).In this study, PINK1 largely accumulated on mitochondria in LPS-induced AKI, indicating LPS-induced abnormal mitochondria were recognized by PINK1. We also observed the reduction of LC3II and Beclin-1 and the accumulation of p62. It is well established that Beclin-1, p62, and LC3 are the key proteins of autophagy. Beclin-1 interacts with the class III phosphatidylinositol 3-kinase (PtdIns3K) to initiate autophagy and participates in later steps involving the fusion of autophagosomes to lysosomes (Zhong et al., 2009). LC3 binds to autophagosome membranes to form a complete autophagosome that fuses with lysosomes for degradation (Wu et al., 2019). P62 interacts with LC3 II to target aggregates for autophagy-specific degradation (Parzych and Klionsky, 2014). Therefore, our results suggested that at the late stages of mitophagy, complete autophagosomes could not form and fuse with lysosomes for degradation, which is consistent with the inhibition of autophagy. Finally, damaged mitochondria were recognized by PINK1, but not degraded through autophagy, which allowed them to accumulate in the cell. These factors aggravated kidney damage. Therefore, the occurrence and development of LPS-induced AKI are associated with the inhibition of autophagy, and enhancing autophagy to remove abnormal mitochondria may be an important mechanism to ameliorate LPS-induced AKI.

We have confirmed that DEX protects against LPS-induced AKI via anti-inflammatory and anti-oxidative mechanisms (Chen et al., 2019; Feng et al., 2019; Yao et al., 2019). Also, we found that DEX regulated renal autophagy, a phenomenon that was accompanied by the amelioration of oxidative stress and cell apoptosis. Pretreatment with DEX significantly increased the transcription and translation of LC3 and Beclin-1. However, DEX reduced the level of PINK protein but increased its transcription. These results showed that in the presence of DEX, damaged mitochondria were recognized by PINK1, phagocytosed to form completed autophagosomes, and degraded in lysosomes, suggesting that autophagy had been restored (Parzych and Klionsky, 2014; Bingol and Sheng, 2016). To confirm that in LPS-induced AKI, the renoprotection of DEX is associated with enhanced autophagy, we used 3-MA to inhibit the effects of DEX on autophagy. 3-MA, a PtdIns3K inhibitor, is the most widely used autophagy inhibitor. After treatment with 3-MA, the increased production of ROS and activation of caspase-3 were observed, which indicated the renoprotection of DEX was reversed, and kidney damage was aggravated in LPS-induced AKI. The accumulation of PINK1 and p62 and the reduction of Beclin-1 and LC3 II were similar to the LPS group. These changes indicate that DEX enhances autophagy to reduce oxidative stress and apoptosis. Our data confirm that the inhibition of autophagy is one of the important pathogenesis mechanisms of LPS-induced AKI and that DEX enhances autophagy to alleviate kidney injury.

We also investigated the molecular mechanisms by which DEX modulates renal autophagy in LPS-induced AKI. When activated, the kinase mTOR inhibits autophagy initiation (Munson and Ganley, 2015). The phosphorylation of mTOR was increased in LPS-induced AKI, and the upregulation of p-PI3K and p-AKT were also observed. Some studies have confirmed that during the severe stages of sepsis, beneficial autophagic activities are inhibited by mTOR activation (Sun et al., 2018). Therefore, the activation of the PI3K/AKT/mTOR pathway inhibits autophagy in LPS-induced AKI, whereas pretreatment with DEX reduced the phosphorylation of PI3K, AKT, and mTOR. The application of Atip, an α2-AR antagonist, inhibits the effect of DEX on the phosphorylation of PI3K, AKT, and mTOR. These data suggest that DEX can inhibit the PI3K/AKT/mTOR pathway to activate autophagy through α2-AR stimulation. However, our study did not determine how α2-AR stimulation by DEX inhibits PI3K and downstream signaling and processes, and there are few reported studies on this mechanism. We will address this issue in future research.

In summary, this study provided substantial evidence for a novel mechanism in which DEX protects against LPS-induced AKI (summarized in Figure 9). LPS inhibited the formation of autophagosomes by activating mTOR, which subsequently inhibited autophagy. This resulted in increased oxidative stress and apoptosis, leading to kidney damage. The inhibition of autophagy is one of the vital pathogenesis of LPS-induced AKI. DEX inhibited the PI3K/AKT/mTOR pathway via the α2-AR and restored autophagy. The enhancement of autophagy removed damaged mitochondria and reduced oxidative stress and apoptosis in LPS-induced AKI.




Figure 9 | The potential protective mechanisms of DEX in reducing oxidative stress and apoptosis in LPS-induced AKI. LPS could hold back the formation of autophagosome via activating the PI3K/AKT/mTOR pathway, inducing the accumulation of damaged mitochondria. Then ROS and Cyt C released from damaged mitochondria could induce oxidative stress and apoptosis. DEX could inhibit the PI3K/AKT/mTOR pathway to enhance autophagy by α2-AR, reducing oxidative stress and apoptosis. 3-MA could inhibit the effect of DEX on autophagy.
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Increasing evidence has highlighted the role of tubule-interstitial injury (TII) as a vital step in the pathogenesis of acute kidney injury (AKI). Incomplete repair of TII during AKI could lead to the development of chronic kidney disease. Changes in albumin endocytosis in proximal tubule epithelial cells (PTECs) is linked to the development of TII. In this context, interleukin (IL)-4 has been shown to be an important factor in modulating recovery of TII. We have studied the possible role of IL-4 in TII induced by albumin overload. A subclinical AKI model characterized by albumin overload in the proximal tubule was used, without changing glomerular function. Four groups were generated: (1) CONT, wild-type mice treated with saline; (2) BSA, wild-type mice treated with 10 g/kg/day bovine serum albumin (BSA); (3) KO, IL4Rα–/– mice treated with saline; and (4) KO + BSA, IL4Rα–/– mice treated with BSA. As reported previously, mice in the BSA group developed TII without changes in glomerular function. The following parameters were increased in the KO + BSA group compared with the BSA group: (1) tubular injury score; (2) urinary γ-glutamyltransferase; (3) CD4+ T cells, dendritic cells, macrophages, and neutrophils are associated with increases in renal IL-6, IL-17, and transforming growth factor β. A decrease in M2-subtype macrophages associated with a decrease in collagen deposition was observed. Using LLC-PK1 cells, a model of PTECs, we observed that (1) these cells express IL-4 receptor α chain associated with activation of the JAK3/STAT6 pathway; (2) IL-4 alone did not change albumin endocytosis but did reverse the inhibitory effect of higher albumin concentration. This effect was abolished by JAK3 inhibitor. A further increase in urinary protein and creatinine levels was observed in the KO + BSA group compared with the BSA group, but not compared with the CONT group. These observations indicate that IL-4 has a protective role in the development of TII induced by albumin overload that is correlated with modulation of the pro-inflammatory response. We propose that megalin-mediated albumin endocytosis in PTECs could work as a sensor, transducer, and target during the genesis of TII.

Keywords: IL-4, tubule-interstitial injury, albumin overload, renal disease, proteinuria, albumin endocytosis, pro-inflammatory response, acute kidney injury


INTRODUCTION

There is a strict correlation between AKI and CKD, a public health problem with a high level of morbidity and mortality (Liyanage et al., 2015; Negi et al., 2018). Increasing evidence has highlighted the role of TII as a vital step in the pathogenesis of AKI (Nakhoul and Batuman, 2011; Venkatachalam et al., 2015; Chevalier, 2016; Strausser et al., 2018). The incomplete repair of tubular injury during the course of AKI could lead to the development of CKD (Venkatachalam et al., 2015; Strausser et al., 2018). Several studies have demonstrated an important role of albumin overload in the PT in the development of TII (Gorriz and Martinez-Castelao, 2012; Erkan, 2013; Portella et al., 2013; Abreu et al., 2014; Landgraf et al., 2014; Teixeira et al., 2019). This mechanism requires changes in the albumin endocytosis machinery (Nakhoul and Batuman, 2011; Gorriz and Martinez-Castelao, 2012; Landgraf et al., 2014; Teixeira et al., 2019).

It is well known that albumin reabsorption in PT epithelial cells (PTECs) occurs by receptor-mediated endocytosis with megalin as the main receptor involved in this process (Gorriz and Martinez-Castelao, 2012; Erkan, 2013; Eshbach and Weisz, 2017). Some studies have shown that megalin works as sensor and integrator between changes in albumin concentration and PTEC injury (Caruso-Neves et al., 2006; Erkan, 2013; Peruchetti et al., 2014; Nielsen et al., 2016). This process is mediated by different cellular mechanisms triggered by changes in megalin expression (Caruso-Neves et al., 2006; Peruchetti et al., 2014). In a previous work, our group showed that megalin knockdown in LLC-PK1 cells mimicked the effect of pathologic albumin concentration on different signaling pathways, which could be correlated with cell apoptosis and a pro-inflammatory response (Caruso-Neves et al., 2006; Peruchetti et al., 2014). In addition, changes in megalin expression have been correlated with TII in Fanconi syndrome as well as autoimmune renal diseases (Piwon et al., 2000; Christensen et al., 2003; Batuman, 2007; Nakhoul and Batuman, 2011; Vicinanza et al., 2011; Gaide Chevronnay et al., 2014; Eshbach and Weisz, 2017; Wang et al., 2017; Cez et al., 2018).

The complete repair of tubular injury depends on the complex network involved in the early and resolution phase of the inflammatory response (Huen and Cantley, 2017; Lee et al., 2017). In this context, CD4+ T cells and macrophages have been shown to be important players in the initial and resolution phase of the inflammatory response during the development of TII (Huen and Cantley, 2017; Lee et al., 2017). Interestingly, it was shown that PTECs also participate in the activation of a pro-inflammatory response, secreting cytokines and chemokines after a specific signal such as exposure to albumin overload (Zoja et al., 1998; Donadelli et al., 2003; Takaya et al., 2003; Tang et al., 2003; Reich et al., 2005; Pearson et al., 2008; Gorriz and Martinez-Castelao, 2012; Erkan, 2013; Landgraf et al., 2014; Teixeira et al., 2019). PTECs could work as APCs, inducing an inflammatory phenotype with increasing CD4+ T cell responses (Breda et al., 2019).

Interleukin (IL)-4 has been shown to be an important factor in modulating the recovery of tubular injury in renal disease (Cao et al., 2011; Yan et al., 2015; Liang et al., 2017; Zhang et al., 2017). Using an AKI animal model, Zhang et al. (2017) showed that IL-4 induces polarization of the M2 macrophage phenotype, which was correlated with the recovery of tubular injury. In agreement, it was shown that STAT6-deficient mice develop more severe injury in an ischemia-reperfusion AKI animal model (Yokota et al., 2003). On the other hand, using a unilateral ureteral obstruction model, Liang et al. (2017) showed that the IL-4 receptor α chain/STAT6 pathway activates bone marrow-derived fibroblasts, leading to the development of fibrosis and aggravation of renal disease. These apparent contradictory results indicate that the final effect of IL-4 is more complex than has been described.

Based on this scenario, we decided to study the effect of IL-4 receptor α (IL-4Rα) chain on TII induced by albumin overload. To address this issue, a subclinical AKI (AKIsub) animal model in BALB/c (wild-type) or IL-4Rα chain deficient (IL4Rα–/–) mice was used. In addition, LLC-PK1 cells were used as a model of PTECs to study the cellular response. It was observed that the IL-4Rα chain protects the development of TII induced by albumin overload. This process involves modulation of the albumin endocytosis machinery and a pro-inflammatory response.



MATERIALS AND METHODS


Reagents

Bovine serum albumin (BSA) fraction V (delipidated - #A9647), BSA conjugated to fluorescein isothiocyanate (BSA-FITC), CP-690550-10, collagenase and protease inhibitor cocktail (no. I3786) were purchased from Sigma-Aldrich (St. Louis, MO, United States). MK-2206 was purchased from Selleckchem (Houston, TX, United States). Sensiprot kit (ref. 36) was purchased from Labtest (Lagoa Santa, MG, Brazil). Creatinine kit (ref. 335) was purchased from Gold Analisa (Belo Horizonte, MG, Brazil). γ-GT kit (ref. K080) was purchased from Bioclin (Belo Horizonte, MG, Brazil). Recombinant porcine IL-4 was purchased from R&D Systems (Minneapolis, MN, United States). Polyclonal phospho-STAT6 (Tyr-641), polyclonal STAT6, polyclonal phospho-STAT3 (Ser-727), polyclonal STAT3, polyclonal phospho-ERK1/2 (Thr-202/Tyr-204), polyclonal phospho-PKB (Ser-473), polyclonal PKB, polyclonal ERK1/2, polyclonal inducible nitric oxide synthase (iNOS), polyclonal β-actin, and HRP-conjugated anti-rabbit IgG antibodies were purchased from Cell Signaling Technology (Danvers, MA, United States). Polyclonal Lrp2/megalin and polyclonal nephrin antibodies were purchased from Abcam (Cambridge, MA, United States). Polyclonal IL-4Rα and podocin antibodies were purchased from Santa Cruz Biotechnology (Dallas, TX, United States). Monoclonal mouse IgG1 anti-mouse arginase-1 (clone 19, BD Transduction Laboratories), monoclonal rat IgG2a anti-mouse IA-IE (clone 2G9; Pharmingen), PE-conjugated rat IgG2b anti-mouse Ly-6G and Ly-6C (clone RB6-8C5; Pharmingen), PE-conjugated rat IgG2b anti-mouse CD11b (clone M1/70; Pharmingen), and PE-conjugated hamster IgG1 anti-mouse CD11c (clone HL3; Pharminge) were purchased from BD Bioscience (São Paulo, Brazil). Biotinylated anti-rabbit or anti-mouse IgG was purchased from Agilent Technologies (Santa Clara, CA, United States). Dulbecco’s modified Eagle’s medium (DMEM), phosphate-buffered saline (PBS), fetal bovine serum (FBS), 3,30-diaminobenzidine, UltraPure N, N’-methylene bisacrylamide, FITC-conjugated rat IgG2b anti-mouse CD4 (clone GK1.5; eBioscience), and PerCP-Cyanine5.5-conjugated IgG2a anti-mouse CD8a (clone 53-6.7; eBioscience) were purchased from Thermo Fisher Scientific (Waltham, MA, United States). LLC-PK1 cells were purchased from the ATCC (Rockville, MD, United States). All other reagents were of the highest purity available.



Animals

Male BALB/c mice (weighing 20–25 g), 8–11 weeks old, were used in all experiments. Wild-type (WT) BALB/c mice were obtained from the Institute of Science and Technology in Biomodels (ICTB) of the Oswaldo Cruz Foundation (FIOCRUZ), Rio de Janeiro, Brazil. IL-4Rα chain deficient mice (IL4Rα-/-, BALB/c-Il4ratm1Sz/J; backcrossed to BALB/c at least seven generations) were obtained from The Jackson Laboratories. All mice were housed, bred, and maintained in the animal care facility at the Federal University of Rio de Janeiro. The animals were accommodated in an air-conditioned environment (22–24°C) in a regular 12-h light/dark cycle with water and standard chow ad libitum. The presence or absence of any adverse clinical signs associated to this mouse strain was monitored as described previously (Teixeira et al., 2019). All procedures involving the handling of animals were conducted in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Ethics Committee of the Federal University of Rio de Janeiro (protocol number IBCCF098).



Subclinical AKI Animal Model

The AKIsub animal model was developed as described previously (Portella et al., 2013; Abreu et al., 2014; Landgraf et al., 2014; Peruchetti et al., 2019; Teixeira et al., 2019). Briefly, WT or IL4Rα-/- mice were used to generate four experimental groups: (1) CONT, WT mice treated with saline (used as vehicle); (2) BSA, WT mice treated with 10 g/kg/day BSA via intraperitoneal injection (ip) for 7 consecutive days; (3) KO, IL4Rα-/- mice treated with saline; and (4) KO + BSA, IL4Rα-/- mice treated with BSA. The animals were kept in the metabolic cage during all experiment and 24-h urine was collected at day 7. At the end of day 7, the animals were euthanized using a mixture of ketamine (240 mg/kg) and xylazine (15 mg/kg). The kidneys were removed and used for: (1) histomorphometry; (2) detection of specific proteins through immunohistochemistry and immunoblotting; (3) level of cytokines; and (4) immune cell infiltration.



Cell Culture

LLC-PK1 cells, a porcine PTEC line, were grown at 37°C in 5% CO2 in low-glucose DMEM supplemented with 10% FBS and 1% penicillin/streptomycin (Caruso-Neves et al., 2005, 2006; Lara et al., 2010; Lindoso et al., 2011; Peruchetti et al., 2011, 2014, 2018, 2019; Landgraf et al., 2014; Arnaud-Batista et al., 2016; Teixeira et al., 2019). After reach the confluence (85–90%), the serum-starved cells were treated with different compounds as indicated in the figure legends. Then, it was determined the rate of albumin endocytosis and detection of specific proteins through immunoblotting.



Renal Function Analysis

The renal function parameters were obtained as previously published (Portella et al., 2013; Abreu et al., 2014; Landgraf et al., 2014; Silva-Filho et al., 2016; Silva-Aguiar et al., 2018; Teixeira et al., 2019). Urine samples were used to assess the levels of γ-glutamyltransferase (γ-GT) activity, proteins and creatinine using commercial kits, according to the manufacturer’s instructions. The creatinine clearance (CCr) and the ratio of urinary protein to creatinine (UPCr) were calculated using those parameters.



Histologic and Immunohistochemistry Studies

The histology and immunohistochemistry studies were performed as previously (Portella et al., 2013; Abreu et al., 2014; Landgraf et al., 2014; Silva-Filho et al., 2016; Silva-Aguiar et al., 2018; Teixeira et al., 2019). 5-μm-thick kidney sections stained with periodic acid-Schiff (PAS) were used for analysis of both glomerular and tubular structures. These sections were also used to determine megalin expression through immunohistochemistry. 8-μm-thick kidney sections were used to determine the cortical collagen deposition after Picrosirius red staining.

30 images were acquired randomly using a Nikon 80i eclipse microscope (Nikon, Japan) followed by quantification analysis using Image-Pro Plus software (Media Cybernetics, Rockville, MD, United States). To evaluate the possible changes in glomerular structure, both glomerular cellularity (number of glomerular cells) and mesangial expansion (intensity of mesangial matrix at glomerular tuft) were determined. To assess possible changes in tubular structure, a tubular injury score was used (Grgic et al., 2012). The red fibers intensity was measured in PicroSirius red-stained slices to determine the levels of collagen deposition (expressed as percentage of the interstitial area). The intensity of megalin-positive staining (expressed as arbitrary units) was measured as a ratio between the intensity of the positive area for megalin and total tissue area. All quantifications were performed in a blinded manner.



Immunoblotting

Immunoblotting was performed as described previously (Caruso-Neves et al., 2006; Lara et al., 2008; Peruchetti et al., 2011, 2014, 2018; Landgraf et al., 2014; Arnaud-Batista et al., 2016; Silva-Filho et al., 2016; Ribeiro et al., 2018; Silva-Aguiar et al., 2018; Teixeira et al., 2019). Briefly, protein samples were obtained from LLC-PK1 cell lysate or renal cortex homogenate. Cell lysate and homogenate were clarified by centrifugation at 15,000 × g for 10 min at 4°C in an ice-cold solution described previously in the works above. The Folin phenol method was used to assess the total protein concentration (Lowry et al., 1951).

Proteins (30–60 μg) were resolved on 5% or 9% SDS-PAGE and transferred to PVDF membranes (Millipore). After blockade of non-specific binding, the membranes were incubated with specific primary antibodies and their respective HRP-conjugated IgG secondary antibodies, according to the manufacturer’s instructions. ECL Prime was used to detect the proteins of interest (Peruchetti et al., 2018; Ribeiro et al., 2018; Silva-Aguiar et al., 2018; Teixeira et al., 2019). All the images were obtained using the Image Quant LAS4000 Image processing system (GE Healthcare Life Sciences, Pittsburgh, PA, United States) and processed by adjusting the brightness and contrast using NIH ImageJ software (version 1.6.0). It is important to mention that this image processing method was applied to every pixel in the original image without changing the information illustrated.


Assessment of Albumin Endocytosis

The rate of albumin endocytosis was assessed through the measurement of BSA-FITC uptake as described previously (Caruso-Neves et al., 2005; Peruchetti et al., 2018; Silva-Aguiar et al., 2018; Teixeira et al., 2019). Briefly, the cells were incubated with Ringer solution (12.4 mM HEPES–Tris (pH 7.4), 140 mM NaCl, 2.7 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 5 mM glucose) containing 30 μg/mL BSA-FITC at 37°C for 30 min. After the reaction, the unbound BSA-FITC was washed extensively with ice-cold Ringer solution. Then, the cells were lysed using 0.1% Triton X-100 and the cell-associated fluorescence was determined using a microplate spectrofluorimeter (SpectraMax M2; Molecular Devices, Sunnyvale, CA, United States). BSA-FITC-specific uptake was calculated as the difference between the fluorescence intensity in the absence and in the presence of 30 mg/mL unlabeled BSA. The data obtained were further normalized by the total protein concentration and, then, expressed as arbitrary units.



Assessment of Renal Albumin-FITC Uptake

The renal cortex albumin-FITC uptake was measured as published previously (Silva-Aguiar et al., 2018; Teixeira et al., 2019). Briefly, mice received single intravenous injection of 5 μg/g BSA-FITC. After 15 min, renal cortexes slides were homogenized in ice-cold Ringer solution (20 mM HEPES–Tris (pH 7.4), 5 mM D(+)-glucose, 2.7 mM KCl, 140 mM NaCl, 1 mM MgCl2, 1.8 mM CaCl2, 1 mM PMSF and protease inhibitor cocktail 1×). After clarification, samples were used to determine the intensity of organ-associated fluorescence (excitation = 480 nm, emission = 520 nm) using SpectraMax M2 (Molecular Devices, Sunnyvale, CA, United States). The specific albumin-FITC uptake was further normalized by total protein concentration. Data were expressed as percentage of the controls.



Renal Cytokines

The levels of cortical cytokines were evaluated as described (Portella et al., 2013; Landgraf et al., 2014). The concentrations of IFN-γ, IL-4, IL-6, IL-10, IL-17, RANTES, TGF-β, and TNF-α were determined by cytometric bead array (BD Biosciences, San Jose, CA, United States). Data are represented by ratio between ng of cytokine/chemokine and mg of total proteins (ng/mg).



Immune Cell Infiltration

Immune cell infiltration in the renal tissue was assessed as described previously (Portella et al., 2013). Briefly, kidney thick sections were added in DMEM supplemented with 10 mM HEPES, 10 mM non-essential amino acids, 2 mM L-glutamine, 1 mM sodium pyruvate, 0.05 mM 2-mercaptoethanol, 100 U/mL penicillin, and 100 U/mL streptomycin. Then, the kidney slices were digested in a solution containing 0.1% collagenase (37°C for 60 min) with gentle shaking. After filtration, removal of erythrocytes and clarification, the cells were resuspended and washed with cold PBS. Then, the cells were incubated with Fc block (affinity purified anti-mouse CD16/CD32; eBioscience, San Diego, CA, United States) and with specific antibodies. The acquisition was obtained in FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA, United States) followed by the analysis of surface markers in Summitt software as shown previously (Silva-Filho et al., 2013, 2017; Ribeiro et al., 2018). All data were collected and displayed on a log scale of increasing fluorescence intensity and presented as dot plots. The percentages of T cells (CD4+ and CD8+), macrophages (CD11b+), dendritic cells (CD11c+ IA-IE+) and neutrophils (Ly6G+) were determined in a specific gate.



Statistical Analysis

All data are expressed as means ± standard deviation (SD). For statistical analysis, it was used the GraphPad Prism 7 (version 7.00, GraphPad Software, San Diego, CA, United States)1. For comparison between two experimental groups (as shown in some experiments using LLC-PK1 cells), it was used the unpaired t-tests. For three or more experimental groups (as shown in some experiments using LLC-PK1 cells and the AKIsub animal model), it was used the one-way analysis of variance (ANOVA) test followed by the Newman-Keuls post test. P < 0.05 is used to determine statistical significance.



RESULTS


Tubule-Interstitial Injury Induced by Proximal Tubule Albumin Overload Is Worsened by IL-4Rα Deficiency

To address the role of IL-4R in the development of TII, we used BALB/c (WT) or IL4Rα–/– mice to generate four different experimental groups as described earlier. Initially, possible change in glomerular function was assessed (Figure 1). It was observed that the plasma creatinine level and creatinine clearance, markers of the glomerular flow rate, were not changed in any experimental groups (Figures 1A,B). In agreement, glomerular cellularity and mesangial expansion as well as podocin and nephrin expression were also not changed (Figures 1C–G).
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FIGURE 1. IL-4Rα deficiency with or without subclinical AKI does not change glomerular function. Male BALB/c (wild-type) or IL-4Rα deficient (IL-4Rα–/–) mice were used to develop a subclinical AKI animal model through the intraperitoneal injection of 10 g/kg/day BSA over 7 consecutive days (for details see section “Materials and Methods”). Four experimental groups were generated: (1) CONT, wild-type (WT) mice treated with saline (used as vehicle); (2) BSA, WT mice treated with BSA; (3) KO, IL4Rα–/– mice treated with saline; and (4) KO + BSA, IL4Rα–/– mice treated with BSA. (A,B) Assessment of glomerular function. (A) Plasma creatinine (n = 8). (B) Creatinine clearance (CCr, n = 8). (C–E) Evaluation of glomerular structure. (C) Representative images of glomeruli (scale bar represents 100 μm). (D) Glomerular cellularity (n = 6). (E) Measurement of mesangial expansion (n = 6). (F,G) Nephrin and podocin expression. (F) Representative images of four independent experiments. β-Actin was used as the load control. Ptn, protein. (G) Densitometry analyzes related to (F) (n = 4). The OD related to nephrin or podocin bands was normalized to the OD related to the β-actin band. The results are expressed as means ±SD. n.s., not significant.


The score index for tubular injury in the BSA-treated groups was increased and this effect was more pronounced in the KO + BSA group compared with the BSA group (Figures 2A,B). In agreement, γ-GT activity, a specific marker for PT cell injury, was higher in the KO + BSA group than in the BSA group (Figure 2C). No significant change in the score index for tubular injury or γ-GT activity, marker of PT injury, was observed in the KO group compared with the CONT group. Interestingly, collagen deposition was increased in the BSA-treated groups (BSA and KO + BSA). However, contrary to the results for other parameters, collagen deposition in the KO + BSA group was lower than that in the BSA group (Figures 2D,E).
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FIGURE 2. IL-4Rα deficiency worsens tubule-interstitial injury in subclinical AKI. Mice were treated as described in Figure 1. (A) Representative images of the cortical tubular region. Kidney slices were stained with periodic acid-Schiff (PAS) (scale bar represents 50 μm). (B) Tubular injury score (n = 6). (C) Urinary γ-GT activity (n = 9). (D) Representative images of collagen fiber deposits (red color) in the renal cortex. Kidney slices were stained with Sirius red (scale bar represents 50 μm). (E) Quantitative analysis related to (D) (n = 6). The results are expressed as means ±SD. *P < 0.05 versus the CONT group; #P < 0.05 versus the BSA group.




Protein Handling in IL-4Rα Deficiency

Some groups, including our group, have proposed that there is a correlation among changes in albumin concentration in PT, megalin expression, and TII development (Caruso-Neves et al., 2006; Gorriz and Martinez-Castelao, 2012; Erkan, 2013; Peruchetti et al., 2014; Teixeira et al., 2019). Here, it was observed that proteinuria was higher in the BSA and KO + BSA groups than in the CONT group, but was not changed in the KO group (Figures 3A,B). UPCr was measured to rule out the possible influence of urinary flow on proteinuria (Figure 3C). UPCr was increased in the BSA and KO + BSA groups compared with the CONT group. However, it was significantly higher in the KO + BSA group than in the BSA group, similarly to the trends observed for the score index for tubular injury and γ-GT activity. In the next step, albumin endocytosis in renal cortex was accessed (Figure 3D). It was decreased in BSA and KO + BSA groups when compared with CONT group (Figure 3D). Similarly, the expression of megalin, a protein endocytosis receptor, was also decreased in the BSA and KO + BSA groups (Figures 3E–H). Interestingly, the decrease in albumin endocytosis and megalin expression were more pronounced in the KO + BSA than in BSA group. Together these results indicate that IL-4/IL-4Rα pathway attenuate changes in PT albumin endocytosis machinery in TII induced by PT albumin overload.
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FIGURE 3. IL-4Rα deficiency worsens proteinuria due to a decrease in megalin expression in subclinical AKI. Mice were treated as described in Figure 1. Measurement of proteinuria [(A,B), n = 15] and the ratio of urinary proteins to creatinine [(C), n = 15]. (D) In vivo albumin-FITC uptake (n = 6). (E) Representative megalin staining in the cortical area (bars represent 100 μm). (F) Quantitative analysis related to (E). (G) Megalin expression in renal cortex was determined by immunoblotting (n = 3). (H) Quantitative analysis related to (G). The results are expressed as means ±SD. *P < 0.05 versus the CONT group; #P < 0.05 versus the BSA group.




IL-4 Modulates Albumin Endocytosis in Proximal Tubule Cells

We then investigated the possible effect of IL-4 on PT albumin endocytosis. LLC-PK1 cells, a model of PT cells, were used to address this question. Initially, it was shown that LLC-PK1 cells express the IL-4Rα chain, which was not changed when the cells were incubated overnight with 20 ng/mL IL-4 (Figure 4A). Furthermore, overnight incubation of LLC-PK1 cells with IL-4 led to increased STAT6 phosphorylation, associated with the IL-4Rα chain (Figures 4B,C). However, there was no change in the phosphorylation of PKB, STAT3, and ERK1/2.
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FIGURE 4. IL-4 avoids the inhibitory effect of higher albumin concentration on albumin endocytosis through activation of the JAK3/STAT6 pathway. LLC-PK1 cells were grown in 24-well plates until 95% confluence was reached. Then, the cells were incubated with different compounds as indicated. (A) The effect of 20 ng/mL IL-4 on IL-4Rα chain expression (n = 6). β-actin was used as the load control. In upper panel is showed the representative images. In bottom panel is showed the densitometry analyzes. (B,C) The effect of IL-4 on the phosphorylation of STAT6 (Tyr641), STAT3 (Tyr705), PKB (Ser473), and ERK (Thr202/Tyr204). (B) Representative images of three independent experiments. (C) Densitometry analysis related to (B) (n = 3). Ptn, protein. All phosphorylated fractions of specific proteins were normalized by the total fraction of the respective proteins. (D) The effect of IL-4 on the inhibitory effect of 20 mg/mL albumin on albumin endocytosis (n = 9). Albumin endocytosis was measured by cell-associated fluorescence using albumin-FITC as a tracer. (E) The effect of 10–7 M CP-690550-10 (JAK3 inhibitor) or 10–7 M MK-2206 (PKB inhibitor) on the effect of IL-4 on albumin endocytosis (n = 6). The results are expressed as means ±SD. *P < 0.05 versus control; #P < 0.05 versus albumin; n.s., not significant.


Next, we wanted to determine if the cellular response triggered by IL-4 in LLC-PK1 cells modulated albumin endocytosis. Initially, incubation of LLC-PK1 cells with 20 ng/mL IL-4 overnight did not change albumin endocytosis (Figure 4D). When the cells were incubated overnight with a higher albumin concentration (20 mg/mL), mimicking the effect of albumin overload in PTs, albumin endocytosis was inhibited in 38% (Figure 4D). Interestingly, this effect was completely reversed by co-incubation of the LLC-PK1 cells with 20 ng/mL IL-4. These results are in accordance with the observation that proteinuria and UPCr were not changed in the KO group, but they were increased in the KO + BSA group. Furthermore, the molecular mechanism underlying the effect of IL-4 on albumin endocytosis involves STAT6 activation since 10–7 M CP-690550-10, a JAK3 inhibitor, completely abolished it. On the other hand, MK-2206, a PKB inhibitor, did not change the IL-4 effect (Figure 4E). So far, the results indicate that KO mice further increase TII induced by albumin overload, which could be associated with a decrease in the albumin endocytosis machinery.



Deficiency of IL-4Rα Enhances the Pro-inflammatory Response During Tubule-Interstitial Injury Induced by Albumin Overload

Figure 5 shows the cytokines and chemokines in the renal cortex homogenate for different experimental groups. The level of TNF-α, IL-6, IL-17, TGF-β, and RANTES was increased in the BSA-treated groups (BSA and KO + BSA; Figures 5A–E). A further increase in the IL-6, IL-17, TGF-β levels was observed in the KO + BSA group compared with the BSA group. In addition, the level of TGF-β was also increased in the KO group compared with the control group (Figure 5D). The levels of INF-γ and IL-10 were only increased in the KO groups (KO and KO + BSA; Figures 5F,G). On the other hand, the level of IL-4 was not changed in any experimental group (Figure 5H).
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FIGURE 5. IL-4Rα deficiency enhances renal pro-inflammatory cytokines in subclinical AKI. Mice were treated as described in Figure 1. Measurement of cortical TNF-α [(A), n = 12], IL-6 [(B), n = 10], IL-17 [(C), n = 9], TGF-β [(D), n = 13], RANTES [(E), n = 8], IFN-γ [(F), n = 9], IL-10 [(G), n = 18], and IL-4 levels [(H), n = 13] were determined by ELISA. The cytokine levels were normalized by the amount of total protein in the same samples. TNF-α, tumor necrosis factor alpha; IL, interleukin; TGF-β, transforming growth factor β; RANTES, regulated on activation, normal T cell expressed and secreted; INF-γ, interferon-γ. The results are expressed as means ±SD. *P < 0.05 versus the CONT group; #P < 0.05 versus the BSA group.


An increase in the frequency of CD4 + and CD8 + T cells as well as CD11c + IAE-IE + dendritic cells was observed in the BSA, KO, and KO + BSA groups compared with the CONT group (Figures 6A–C). However, the accumulation of all these cells, with the exception of CD8 + T cells, was higher in the KO + BSA group than in the BSA or KO groups separately. In addition, the level of Ly6G + neutrophils was increased only in the KO + BSA group (Figure 6D).
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FIGURE 6. IL-4Rα deficiency potentiates immune cell infiltration in subclinical AKI. Mice were treated as described in Figure 1. The kidneys were perfused with saline and digested with collagenase. The percentage of CD4 + T cells [(A), n = 14], CD8 + T cells [(B), n = 8], CD11c + IA-IE + dendritic cells [(C), n = 10], and Ly6G + neutrophils [(D), n = 12] were determined by flow cytometry. The results are expressed as means ±SD. *P < 0.05 versus the CONT group; #P < 0.05 versus the BSA group.


One important issue in the development of TII induced by PT albumin overload is the role of macrophages (Gorriz and Martinez-Castelao, 2012; Erkan, 2013; Portella et al., 2013; Abreu et al., 2014; Landgraf et al., 2014; Teixeira et al., 2019). Here, the CD11b + macrophage level was increased in the BSA, KO, and KO + BSA groups (Figure 7A). Further increase was observed in the KO + BSA group compared with the KO and BSA groups. To verify if the increase in total macrophages observed in the KO + BSA group correlated with possible changes in macrophage polarization, we assessed the expression of iNOS, a marker of M1-subtype macrophages, and arginase-1, a marker of M2-subtype macrophages. We observed no changes in iNOS expression in any experimental group (Figure 7B). On the other hand, arginase-1 expression was increased in the BSA group (Figure 7C). Interestingly, arginase-1 expression was higher in the KO + BSA group than in the CONT group but lower than in the BSA group, showing a decrease in polarization of macrophages to the M2 phenotype in IL4Rα–/– mice.
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FIGURE 7. IL-4Rα deficiency abolished the increase in M2-subtype macrophages in subclinical AKI. Mice were treated as described in Figure 1. The kidneys were perfused with saline and digested with collagenase. (A) The level of infiltrated CD11b+ macrophages was determined by flow cytometry (n = 8). The macrophage phenotype was determined by iNOS expression [(B), n = 5] and arginase-1 expression [(C), n = 4] through immunoblotting of the renal cortex. iNOS, a marker of M1-subtype cells; arginase-1, a marker of M2-subtype cells. The results are expressed as means ±SD. *P < 0.05 versus the CONT group; #P < 0.05 versus the BSA group; n.s., not significant.




DISCUSSION

Repair of tubular injury is a critical step for complete recovery from AKI (Venkatachalam et al., 2015; Strausser et al., 2018). The possible role of IL-4 in this process has been uncovered, although understanding the underlying mechanism is still a challenge. In the present study, we used a subclinical AKI animal model to study the role of IL-4 on TII induced by albumin overload. It was observed that IL-4 plays a protective role in tubular injury, and this effect is associated with PT albumin handling and regulation of the inflammatory response. These results open new avenues to understand the role of IL-4 on the course of AKI and, consequently, progression of renal disease.

In the present work, a subclinical AKI model characterized by overload of albumin in PTs without changing glomerular function was used (Ronco et al., 2012; Portella et al., 2013; Abreu et al., 2014; Landgraf et al., 2014; Teixeira et al., 2019; Vanmassenhove et al., 2019). This process results in tubular injury associated with modifications in the albumin reabsorption machinery, a pro-inflammatory response, and collagen deposition (Gorriz and Martinez-Castelao, 2012; Erkan, 2013; Portella et al., 2013; Abreu et al., 2014; Landgraf et al., 2014; Teixeira et al., 2019). Herein we observed that there is no change in apparent glomerular function measured by CCr and plasma creatinine. Ishola et al. (2006), using 129S2/Sv and C57BL/6J strains, showed that BSA overload animal model induced glomerular leakage of albumin without any changes in glomerular ultra-structure after 11 days measured by electron microscopy. The authors proposed that albumin overload in PT cells is a result of increased glomerular albumin permeability rather than by changes in glomerular ultrastructure. Nevertheless, the measurement of these parameters is not enough to assure that there is no change in glomerular function and structure in any way. In this context, it is a good animal model to study the possible effects of IL-4 on TII, independently of apparent glomerular changes. Accordingly, we observed that glomerular function was not changed in IL4Rα–/– mice. However, it is important to mention that the results obtained in the present study cannot exclude possible signals generated by glomerular cells during this experimental condition. In this context, it has been proposed that injuries in glomerular structure could be transmitted to tubular segments contributing to the tubule-interstitial injury (Theilig, 2010). Although further experiments are necessary to clarify this issue.

One crucial question in the pathogenesis of TII induced by albumin overload is how PTECs sense changes in the albumin concentration in PTs. It has been proposed that megalin is a sensor for this process, triggering cellular signaling coupled to misfunction of PTECs (Caruso-Neves et al., 2006; Erkan, 2013; Peruchetti et al., 2014; Nielsen et al., 2016). Our group showed that knockdown of megalin in LLC-PK1 cells mimicked the cellular response induced by higher albumin concentration (Peruchetti et al., 2014). This process was related to apoptosis of PTECs (Caruso-Neves et al., 2006; Teixeira et al., 2019). In agreement, we have shown here that in the AKIsub model, there was a decrease in megalin expression that was associated with a pro-inflammatory phenotype and development of TII. The induction of megalin expression in this animal model reduced proteinuria and tubule damage (Cabezas et al., 2011). In agreement, Koizumi et al. (2019) showed that PT specific knockout mice for megalin were more susceptible to tubule-interstitial damage in a model of podocyte injury.

Accordingly, with the view that megalin expression is associated with the development of TII, it has been shown that megalin is involved in the genesis of different renal diseases (Piwon et al., 2000; Christensen et al., 2003; Batuman, 2007; Nakhoul and Batuman, 2011; Vicinanza et al., 2011; Gaide Chevronnay et al., 2014; Eshbach and Weisz, 2017; Wang et al., 2017; Cez et al., 2018; Larsen et al., 2018; Peruchetti et al., 2018; Silva-Aguiar et al., 2018). Larsen et al. (2018) showed that megalin is the antigen target of human kidney anti-brush border antibody that causes a primary renal tubulointerstitial disease (ABBA disease). Furthermore, megalin has been proposed to be involved in Fanconi’s syndrome and Dent’s syndrome, correlated with the increase in the pro-inflammatory response and TII (Piwon et al., 2000; Christensen et al., 2003; Batuman, 2007; Nakhoul and Batuman, 2011; Vicinanza et al., 2011; Gaide Chevronnay et al., 2014; Eshbach and Weisz, 2017; Wang et al., 2017; Cez et al., 2018).

But the mechanism involved in the decrease of megalin expression is not clear yet. An important link could be TGF-β secretion. Diwakar et al. (2007) using OK cells showed that albumin induces TGF-β secretion. Recently, Cabezas et al. (2019) using LLC-PK1 cells showed that TGF-β decreases megalin expression. Accordingly, we observed an increase in the TGF-β level in the BSA groups. On the other hand, the decrease in megalin expression was only observed when TII was induced despite an increase in the TGF-β level in IL4Rα–/– mice. In addition, IL-4 modulates the albumin uptake in LLC-PK1 cells only when the cells are exposed to a higher albumin concentration. These results indicate megalin-mediated albumin endocytosis is a component of a complex mechanism involved in the pathogenesis of TII induced by albumin overload.

Therefore, the modulation of albumin endocytosis by IL-4 is an attractive hypothesis in understanding the mechanism underlying the modulation of TII induced by albumin overload. Only few studies have shown the possible correlation between epithelial cell protein endocytosis and IL-4. Van Den Berg et al. (2002) showed that IL-4 increases intracellular trafficking of proteins in glomerular visceral epithelial cells. Olsan et al. (2015), using human autosomal-dominant polycystic kidney disease tissues, showed that STAT6 pathway activation induces an increase in renal pIgR, which is involved in renal cell IgA transport. Our data indicate that IL-4 has a protective effect against the decrease in megalin expression and PT albumin endocytosis induced by higher albumin concentration. This mechanism involves activation of the JAK3/STAT6 pathway and seems to be involved in a protective role of IL-4 on TII.

How PTEC mediates TII induced by albumin overload is not clear. Some studies have shown that PTECs could secrete cytokines and chemokines, which could mediate activation of the pro-inflammatory response (Zoja et al., 1998; Donadelli et al., 2003; Takaya et al., 2003; Tang et al., 2003; Reich et al., 2005; Pearson et al., 2008; Gorriz and Martinez-Castelao, 2012; Erkan, 2013; Portella et al., 2013; Landgraf et al., 2014; Teixeira et al., 2019). These observations bring a new concept to PTECs: they could be a sensor, transductor, effector, and the final target of different cytokines and chemokines involved in the development of TII. We showed that IL-4 binds to the receptor, triggers a cellular response, and modulates PT endocytosis during the development of TII. We propose that besides immune cells, PTECs could work as a transducer in the effect of IL-4 on albumin endocytosis, pro-inflammatory response, and the development of TII. Accordantly, Breda et al. (2019) proposed that PTECs could work as APCs, inducing an inflammatory phenotype in CD4 + T cells.

Data from the literature indicate that macrophage infiltration during the pathogenesis of AKI is a critical process in the development and repair of TII (Huen and Cantley, 2017; Lee et al., 2017). M1 macrophage phenotypes are predominant at the early phase and switch to M2 phenotypes at a later phase of AKI (Huen and Cantley, 2017; Lee et al., 2017). Using a subclinical AKI model, our group showed that tubular injury induced by albumin overload encompasses a pro-inflammatory response followed by polarization of the M2 macrophage phenotype, an increase in renal TGF-β level, and collagen deposition (Landgraf et al., 2014; Teixeira et al., 2019). Here, we observed an increase in total macrophage infiltration but a decrease in M2 phenotypes associated with a decrease in collagen deposition in TII-induced IL4Ra–/– mice. In agreement, it has been proposed that IL-4 participates in the resolution phase, leading the polarization of M2 phenotype macrophages and promoting the recovery from AKI (Cao et al., 2011; Yan et al., 2015; Liang et al., 2017; Zhang et al., 2017). Furthermore, Lee et al. (2011) showed that macrophage ablation after established AKI worsened the tubular injury due to reduced M2 phenotype.

In parallel with the decrease in M2 macrophages, an increase in IL-6 and IL-17 cytokines was observed, as well as infiltrated CD4 + T cells, neutrophils, and dendritic cells in subclinical AKI developed in IL4Rα–/– mice. Interestingly, a further increase in TGF-β level was observed in IL4Rα–/– mice. Chung et al. (2018) using macrophage TGF-βRII–/– mice showed that TGF-β works as a chemoattractant mediating renal fibrosis and, consequently, the progression of renal disease. On the other hand, we showed that despite the increase in TGF-β level, there was a decrease in M2 phenotype macrophages associated with a reduction in collagen deposition and worsening TII. These results indicate that the resolution phase involves a more complex network than has been postulated. Probably, the final effect of the TGF-β level involves several coordinated actions. In agreement, it has been shown that IL-4 induces renal fibrosis depending on polarization to M2 phenotype macrophages and the activation of marrow-derived fibroblasts (Liang et al., 2017; Zhang et al., 2017). Further experiments are necessary to clarify this issue.

Our results indicate that IL-4 plays an important role in the balance between the initial and resolution phases of the inflammatory response. In a subclinical AKI model developed in IL4Rα–/– mice, there is an increase in the Th1 response associated with preponderance in M1 phenotype macrophages over the M2 phenotype, extending the early phase and delaying the resolution phase. Although, these conclusions are limited since we used one time point (day 7 of subclinical AKI) what does not allow us to determine longitudinal events of initial and resolution phases.

Based on the results obtained in the present work together with those published previously by other authors, we postulate a mechanism underlying the effect of IL-4 on the TII induced by albumin overload (Figure 8). IL-4 plays an important role in development of TII due to its action: (1) on the megalin expression, albumin endocytosis and, consequently on the albuminuria. This mechanism involves activation of JAK3/STAT6; (2) in modulating pro-inflammatory response. In this case, IL-4 attenuates the increase in cortical pro-inflammatory cytokines IL-6, IL-17 as well as the increase in TGF-β, a pro-fibrotic cytokine. Other possibility could be the direct effect of pro-inflammatory cytokines on the PT megalin expression and, consequently, on the albumin endocytosis. This process could form a dangerous loop aggravating TII. In conclusion, IL-4 attenuates the effect of albumin overload in both megalin expression and pro-inflammatory response what could explain why IL4Rα–/– mice has a more severe TII.


[image: image]

FIGURE 8. Proposed model for the role of IL-4 on the tubule-interstitial injury induced by albumin overload in the proximal tubule. Blue arrow, wild-type mice. Red arrows, IL4Rα–/– mice.
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The kidney is a highly metabolic organ and uses high levels of ATP to maintain electrolyte and acid-base homeostasis and reabsorb nutrients. Energy depletion is a critical factor in development and progression of various kidney diseases including acute kidney injury (AKI), chronic kidney disease (CKD), and diabetic and glomerular nephropathy. Mitochondrial fatty acid β-oxidation (FAO) serves as the preferred source of ATP in the kidney and its dysfunction results in ATP depletion and lipotoxicity to elicit tubular injury and inflammation and subsequent fibrosis progression. This review explores the current state of knowledge on the role of mitochondrial FAO dysfunction in the pathophysiology of kidney diseases including AKI and CKD and prospective views on developing therapeutic interventions based on mitochondrial energy metabolism.
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INTRODUCTION

The kidney demands a high energy supply to generate energy-required transport of glucose, ions, and nutrients from blood filtrate (1). Mitochondria is an essential organelle generating ATP through oxidative metabolism, as well as regulation of redox homeostasis and cell death signaling. Loss or depletion of ATP by renal tubular mitochondrial disturbance causes acute and chronic kidney diseases (2–5). Renal tubules, particularly proximal tubules that have abundant mitochondria, are metabolically active due to reabsorption of most glomerular filtrate. Because medullary region with pars recta adjunct proximal tubule has only 5–10% of total renal blood flow with tissue oxygen tension 10–20 mm Hg, the medullary proximal tubules are highly vulnerable to hypoxic condition such as ischemia/reperfusion injury (6, 7). Mitochondrial fatty acid β-oxidation (FAO) in proximal tubule is a major source of ATP generation, and its impairment is linked to ATP depletion-induced acute kidney injury (AKI) (1), lipotoxicity (8, 9), and its long-term sequelae leading to CKD (10). Several reports demonstrate that AKI is an independent risk factor for CKD (11–15), and thus promoting mitochondrial FAO is a first-rate option for preventing AKI and CKD. Recent reports indicate that podocytes are also highly sensitive to acute and chronic stimuli, because podocytes have a limited ability for adaptation to mitochondrial energy crisis (16). Here, we summarize the recent findings associated with mitochondrial dysregulation, particularly defective fatty acid (FA) metabolism and lipotoxicity in kidney diseases, which includes tubular and glomerular injury. We also discuss therapeutic strategies targeting mitochondrial energy metabolism in kidney diseases.



MITOCHONDRIAL ENERGETICS

The mitochondria are highly dynamic intracellular organelles that generate most of the ATP in tissues, including the kidney (17). The kidney has abundant mitochondria to produce high levels of ATP through oxidative phosphorylation, to accomplish the substantial passive or active reabsorption of components of the glomerular filtrate, including various ions, glucose, and nutrients. Oxidative phosphorylation yields 36 ATP per glucose, which is highly efficient compared to that of glycolysis generating only 2 ATP (18). The most efficient ATP-generating system in cell energy metabolism is FAO, which can generate 106–129 ATP, depending on the number of carbons in the FA chain. The proximal tubule transports ~67% of glomerular filtrate and thus requires high levels of ATP for its function (19). The proximal tubule prefers FAO for ATP production and has low metabolic flexibility to glycolysis (6, 20). Moreover, it should be noted that the outer medullary proximal tubule has lower oxygen tension under normal conditions and thus less capacity to cope with hypoxic condition (6), which makes them highly sensitive to acute and chronic stimuli. On the other hand, distal tubule is less susceptible to acute stimuli such as ischemic injury and nephrotoxins, because it has better capacity for glycolytic adaptation during hypoxic/ischemic condition, despite its high energy requirement (6, 21, 22). The glomerular podocyte, which has less mitochondria than proximal tubule and depends on mitochondrial respiration for ~75% of energy, also has high vulnerability to stimuli such as glycemic condition (16), but the mechanism of its susceptibility remains to be fully defined. In diseased kidneys with impaired FAO, glycolysis and glutaminolysis can serve as a significant energy source. For example, in polycystic kidney disease (PKD), metabolic reprogramming by increased glutaminolysis, as well as glycolysis, occurs to cope with impaired FAO (23). However, in the ischemic kidney, it has been reported that poly (ADP-ribose) Polymerase 1 and Tp53 induced glycolysis and apoptosis regulator are selectively activated in the injured proximal tubules and inhibit glycolysis during ischemic injury (24, 25). This will prevent compensation of ATP production by glycolysis and makes the proximal tubules extremely vulnerable. Intriguingly, recent reports suggest upregulation of glycolysis as a compensatory mechanism to adapt to reduced FAO during persistent acute tubular injury, which may be related with tubular repair mechanism, resulting in chronic inflammation and fibrosis progression (26–28). These studies indicate that adaptation of energy metabolism for loss of mitochondrial ATP could be compensated by other metabolic processes such as glycolysis or glutaminolysis, suggesting that regulatory mechanism of metabolic pathways can be a key to develop a valuable target for treatment of kidney diseases.



MITOCHONDRIAL FATTY ACID METABOLISM

Defective FA uptake, synthesis, and oxidation are tightly linked to development and progression of kidney diseases. In proximal tubular cells, FA can be taken up by membrane FA transport proteins, such as CD36 and FA-binding protein (FABP), as well as by reabsorption from glomerular filtrate by endocytosis of receptor-mediated FA-bound albumin (20, 29, 30). The kidney with AKI accumulates FAs in cytoplasm, which is a result of dysregulated FAO, leading to ATP depletion (1). Fatty acid is activated to acyl-CoA to make it permeable to the outer mitochondrial membrane (OMM) by acyl-CoA synthetases in the cytosol. Carnitine palmitoyltransferase-1 (Cpt-1), located on the OMM, catalyzes transesterification of the acyl-CoA to acylcarnitine (20, 21, 31). Acylcarnitine is shuttled across the inner mitochondrial membrane (IMM) through carnitine–acylcarnitine translocase. Acylcarnitine is reconverted to acyl-CoA by Cpt-2, an IMM protein. In the mitochondrial matrix, through β-oxidation, a serial cyclic process is trimmed the acyl-CoA to form molecules of acetyl-CoA (21). Finally, acetyl-CoA is fed into the tricarboxylic acid cycle, to generate NADH and FADH2 that serve as electron donors to the electron transport chain for ATP production (20, 29, 31) (Figure 1). It is well-known that downregulated or deficient CPT-1 or CPT-2 is critical to impaired FAO in diverse kidney diseases, such as ischemic and cisplatin AKI and diabetic nephropathy (32–34).
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FIGURE 1. Mitochondrial fatty acid oxidation in kidney tubule. FA enters into cytosol of renal proximal tubule cell (PTC) via FABP or CD36. In the cytosol, FA are converted from acetyl-CoA to acyl-CoA by acetyl-CoA synthetase and then transferred to mitochondrial matrix by carnitine shuttle, Cpt-1, CACT, and Cpt-2, step by step. Acyl-CoA undergoes β-oxidation to produce acetyl-CoA for TCA. NADH and FADH2 generated by TCA are used as electron donors for RC. FA, fatty acid; FAO, fatty acid β-oxidation; Cpt, carnitine O-palmitoyltransferase; CACT, carnitine-acylcarnitine translocase; TCA, tricarboxylic acid cycle; RC, respiratory chain.


It is well-recognized that peroxisome proliferator-activated receptor γ coactivator-1α (PGC-1α)–peroxisome proliferator-activated receptor α (PPARα) axis governs transcription and regulation of FAO genes in diverse tissues, including the kidney, and its regulation has been suggested as a therapeutic target of AKI and CKD (10, 20, 35–37). We (38) and others (39–42) suggested that defective mitochondrial FAO is critical to ischemic and cisplatin-induced AKI (Figure 2). Downregulation of activity and expression of PPARα and/or PGC-1α resulted in inhibited transcriptional regulation of FAO genes, such as Cpt-1 and medium chain–specific acyl-CoA dehydrogenase, leading to decreased mitochondrial FAO (38, 40, 45). Enhanced PPARα activation by fenofibrate protects histological and functional impairment in cisplatin AKI (46). However, the upstream signaling pathway that inhibits PPARα-regulated FAO in AKI is under investigation.
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FIGURE 2. Defective mitochondrial fatty acid oxidation and lipid accumulation in injured kidney tubular cell. Upon tubular injury, PPARα translocates to mitochondria and binds with cyclophilin D (CypD), resulting in mitochondrial sequestration and decreased transcriptional activity of PPARα for FAO genes (38). Inhibition of FAO genes depletes ATP by impaired FAO and that in turn induces PTC necrosis, maladaptive repair, and kidney dysfunction (1, 9, 20, 29, 36, 38, 39, 43, 44). FA, fatty acid; FAO, fatty acid β-oxidation; Cpt, carnitine O-palmitoyltransferase; CACT, carnitine-acylcarnitine translocase; TCA, tricarboxylic acid cycle; RC, respiratory chain.


In our recent report (38), we hypothesized that mitochondrial interaction of proximal tubule cyclophilin D (CypD) and PPARα modulates FAO in cisplatin AKI. We demonstrated using genetic and pharmacological intervention, protein–protein interaction studies, and bioinformatics that mitochondrial CypD-PPARα binding, which modulates FAO, occurs in proximal tubule during cisplatin AKI. Mitochondrial translocation of PPARα, its binding to CypD, and sequestration led to inhibition of its nuclear translocation and transcription of PPARα-regulated FAO genes during cisplatin AKI, leading to reduced FAO, lipid accumulation, and lipotoxicity. Pharmacological or genetic inhibition of CypD promoted nuclear translocation of PPARα and enhanced the transcription of FAO genes and prevented cisplatin AKI (Figure 2).

In CKD, the PGC1α-PPARα axis and FAO key enzymes such as Cpt-1 are persistently decreased. In hypertensive and folic acid–induced CKD, tubular lipid accumulation related to defective FAO, along with tubular and functional impairment, is reported (10, 47). In proximal tubule exposed to FA, PPARα activation can eliminate ceramides, which are toxic metabolites contributing to lipotoxicity (20, 43, 48). On the other hand, in addition to its role in FAO, PGC-1α can act as a master regulator of mitochondrial biogenesis and NAD biosynthesis. This topic is reviewed in detail elsewhere (1, 8, 36, 37, 49).



GLOMERULAR/PODOCYTE INJURY

Glomerular podocytes are specialized epithelial cells, integrating structural and functional maintenance of glomerular filtration barrier. Podocytes consume high energy for their function, which makes the cells highly susceptible to ATP depletion and to acute and chronic injury (16, 50, 51). Podocyte injury and loss contribute to initiation and progression of proteinuric glomerular diseases, including diabetic nephropathy, glomerular sclerosis, and membranous nephropathy (51–53). In hyperglycemic condition, mitochondrial FAO is enhanced in podocytes, but when both FAO and glycolysis were inhibited, it has a limited capacity to adapt to the changed condition and sensitize podocytes to apoptosis (16, 54). In addition, because mitochondrial respiration accounts for 75% of energy, podocytes have less glycolytic flexibility when mitochondrial function is impaired, resulting in energy deficit (16, 55). However, because glomerulus consists of other cells, including mesangial cell and endothelial cells, all of which could interact with podocytes, in diseased conditions, data from in vitro studies using only podocytes should be interpret cautiously (16). On the other hand, it seems that PPARα activation impedes the progression of diabetic nephropathy. PPARα is increased in the kidneys of streptozotocin-induced diabetic mouse model, but when PPARα was genetically deleted, the mice showed adverse effects, including glomerulosclerosis (56). Similar findings from types 1 and 2 diabetic animal models demonstrated that activation of PPARα by fibrates improved hyperglycemic and/or dislipidemic condition–induced glomerular injury and function along with lipid lowering effect (56–60). Although human data (61) revealed that fibrates improve diabetic nephropathy such as albuminuria, data from rodent studies demonstrate more effectiveness than those of clinical studies, suggesting that rodents are more sensitive to PPARα signaling. These data suggest that caution is needed to interpreting the effectiveness of fibrate treatment from animals to humans (61, 62).



GENETIC DISORDERS

Many genetic disorders are involved in initiation and progression of kidney diseases. Polycystic kidney disease due to mutations in PKD1 and PKD2, which produces polycystin 1 and 2, respectively, are the most common monogenic human kidney diseases, showing 100–1,000 fluid-filled renal cysts (63). A number of signaling pathways, including cAMP, calcium, cell cycle, mTORC1, and WNT signaling, are involved in PKD pathogenesis (63, 64). Recent reports demonstrated defective FAO, as well as glucose metabolism, can contribute to the pathogenesis of both human and animal autosomal dominant PKD (ADPKD) (64, 65). Polycystin proteins seem to be involved in mitochondrial function, because epithelial Pkd1 inactivation from proximal or distal tubule resulted in lower FAO with unchanged glycolysis (66, 67). It is reported that loss of Pkd1 drives cyst growth with declined FAO via direct repression of PPARα (23, 66). Upregulation of PPARα by fenofibrate enhanced FAO and showed beneficial effect in slowing PKD progression by suppressed renal cyst growth, fibrosis, and improved function in a slowly progressing orthologous model of ADPKD (68). On the other hand, the role of FAO in autosomal recessive PKD, a recessive form of PKD that is a rare genetic disorder characterized by enlarged kidney and biliary dysgenesis (63, 69), remains largely unknown.



LIPOTOXICITY

Although the causal relationship is unclear, a number of reports suggest that lipid accumulation in certain tissue and cell could be harmful and is referred to as lipotoxicity (43, 70, 71). The initial hypothesis regarding lipotoxicity was that intrarenal lipid accumulation can affect structure and function in renal cells, including proximal tubule cell (71, 72). Accumulation of triglyceride, which is produced by dysregulated glycerol and non-esterified FA (NEFA) presumably derived from impaired FA transport and/or FAO in cytoplasm causes lipotoxicity, contributing to decreased production of ATP and mitochondrial energy metabolism (43, 44). NEFA triggers mitochondrial dysfunction as a cause of energetic failure of proximal tubules during hypoxia/reoxygenation, and intracellular accumulation of NEFA and triglycerides with downregulation of mitochondrial FAO (43, 73). Accumulation of triglycerides is observed in tubule injured by ischemic, cisplatin, glycerol-induced, and septic AKI, as well as in kidneys with metabolic syndrome or fibrosis progression (10, 44, 71, 74). Lipid accumulation in ischemic proximal tubule may result in persistent energy depletion with NEFA-induced mitochondrial dysfunction (43). In parallel, high-fat diet or palmitic acid overload resulted in upregulation of inflammation, fibrosis, or cell death in kidneys (75–77). However, it is still under debate whether FA or triglyceride per se is toxic, but it is clear that intrarenal lipid accumulation, by as of yet undefined mechanisms, can represent characteristics of diseased status (43, 70, 78). Recent data show that in two CKD mouse models (diabetic nephropathy and folic acid nephropathy) lipid accumulation by kidney cell–specific overexpression of CD36, a key membrane protein for FA uptake in proximal tubule (79, 80), did not generate renal fibrosis (10). It is proposed that mitochondrial defects in energy production are more detrimental than the lipid accumulation in the cytoplasm. Further studies to define the causal relationship between lipid accumulation and energy depletion and the effect of lipotoxicity during AKI and CKD are warranted.



TARGETING MITOCHONDRIAL FATTY ACID METABOLISM IN KIDNEY DISEASES

A number of studies targeting mitochondrial dysfunction in kidney diseases have been investigated in both animals and human (29). The most treatable option targeting defective FAO in AKI and CKD to date is using agonists of PPARα, fibrates–fenofibrate, clofibrate, and others, despite its adverse effects (81, 82). Fibrates showed a preventive effect to tubular cell death and dysregulated intracellular lipid accumulation, in ischemic and cisplatin AKI models, and in high-fat diet or folic acid–induced CKD models (46, 83–86). However, fenofibrate treatment has adverse effects in kidney function as demonstrated by decreased glomerular filtrate rate and/or increased serum creatinine independent of its lipid-lowering effect (82, 87–89). These data suggest that a better understanding of the molecular mechanism of PPARα agonists and its tissue specificity is required to assess the effectiveness of fenofibrate therapy. Another promising option to modulate FAO is to target FA synthase or transporter. Administration of 5A peptide, which targets CD36 to inhibit FA transport into cell, showed promising results by lowering intrarenal lipid level in subtotal nephrectomized mice kidneys (90). Like CD36 antagonist, a blocker of FA synthase, C75, showed beneficial effect in suppression of folic acid–induced kidney fibrosis progression (10).

Other treatment strategies targeting mitochondria, but not targeting FAO per se, include the use of SS-31 (Szeto-Schiller 31) and MitoQ or MitoT. SS-31, mitochondria-targeting tetrapeptides, preserved mitochondrial structure in both proximal tubules and podocytes and thus enhanced functional recovery from ischemic AKI and prevents its long-term consequences, including interstitial fibrosis and glomerulosclerosis (91, 92). In high-fat diet–mediated proximal tubule injury, SS-31 lowered intracellular lipid accumulation by suppressing disruption of mitochondrial function (93). Mitochondria-targeted lipophilic antioxidants, MitoQ and MitoT, protected tubular injury and kidney dysfunction through suppression of mitochondrial damage and oxidative stress and improvement of mitochondrial NADPH level in septic or cisplatin AKI (94, 95). One of the major barriers to develop treatment strategies targeting mitochondrial dysfunction in AKI and CKD is to take into consideration that mitochondria is an organelle regulating redox homeostasis by reactive oxygen species production and detoxification, and its dysregulation could increase oxidative stress (8, 96). Thus, an integrated understanding for mitochondrial biology, including mitochondrial energy metabolism and redox signaling, in particular in susceptible kidney segments, should be preceded to minimize the side effects of mitochondrial targeting in kidney diseases.



CONCLUSION

Mitochondrial dysregulation, resulting in loss of ATP, is critical to energy homeostasis and pathogenesis of kidney diseases. Acute and chronic disturbance of mitochondrial FA metabolism depletes ATP, leading to tubular and glomerular injury. Lipotoxicity via impaired FA metabolism could induce cell death and inflammation and promote the chronic progression of AKI to CKD. Unveiling the role and the related molecular mechanism of mitochondrial energy metabolism is required for the development of effective therapeutics in targeting tubular and glomerular injury in acute and chronic kidney diseases.
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EDN1-AS, A Novel Long Non-coding RNA Regulating Endothelin-1 in Human Proximal Tubule Cells
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Endothelin-1 (ET-1) is a peptide hormone that functions as a vasoconstrictor in the vasculature, whereas in the collecting duct of the kidney it exerts blood pressure-lowering effects via natriuretic actions. Aberrant ET-1 signaling is associated with several pathological states including hypertension and chronic kidney disease. ET-1 expression is regulated largely through transcriptional control of the gene that encodes ET-1, EDN1. Here we report a long, non-coding RNA (lncRNA) that appears to be antisense to the EDN1 gene, called EDN1-AS. Because EDN1-AS represents a potential novel mechanism to regulate ET-1 expression, we examined the regulation of EDN1-AS expression and action. A putative glucocorticoid receptor response (GR) element upstream of the predicted EDN1-AS transcription start site was identified using the ENCODE database and the UCSC genome browser. Two homozygous deletion clones of the element were generated using CRISPR/Cas9. This deletion resulted in a significant increase in the expression of EDN1-AS, which was associated with increased secretion of ET-1 peptide from HK-2 cells (two-fold increase in KO cells vs. CNTL, n = 7, P < 0.05). Phenotypic characterization of these CRISPR clones revealed a difference in cell growth rates. Using a standard growth assay, we determined that the KO1 clone exhibited a three-fold increase in growth over 8 days compared to control cells (n = 4, P < 0.01) and the KO2 clone exhibited a two-fold increase (n = 4, P < 0.01). These results support a role for EDN1-AS as a novel regulatory mechanism of ET-1 expression and cellular proliferation.

Keywords: kidney, long non-coding RNA, proximal tubule cells, CRISPR, circadian rhythm


INTRODUCTION

ET-1 has many functions including vascular constriction, nervous system activation, and renal sodium secretion. The kidney is both a source and a target of ET-1, and the kidney has the highest concentrations of ET-1 found in the body (Kohan et al., 2011). The mechanisms of ET-1 action in the pathology of chronic kidney disease (CKD) involve increased cell proliferation, inflammation, and elaboration of the extracellular matrix (Speed and Pollock, 2013; Kohan and Barton, 2014; Reichetzeder et al., 2014). Mice overexpressing ET-1 developed chronic renal failure (Theuring et al., 1998). In humans, excess ET-1 levels are seen in all stages of CKD (Dhaun et al., 2009), and there are marked increases in urinary ET-1 secretion in CKD (Grenda et al., 2007). ET-1 signaling works through two receptors, ETAR and ETBR, via paracrine and autocrine action (Dhaun and Webb, 2019). ETAR and ETBR exert largely opposite effects, and ET-1 stimulation of ETAR is primarily responsible for renal injury. Although regulation of ET-1 levels is widely attributed to control of transcription of the ET-1 gene (EDN1) (Stow et al., 2011), EDN1 mRNA is also regulated at the post-transcriptional level by miRNAs (Jacobs et al., 2013, 2014).

The ET-1 pathway is a therapeutic target for many diseases. The ET receptor blocker Macitentan improved morbidity and mortality in pulmonary arterial hypertension patients (Pulido et al., 2013) whereas studies of ET-1 blockers in the kidney have been less successful. The endothelin axis is an important target in CKD, but pharmacological manipulation of endothelin receptors is associated with adverse side effects that have led to termination of clinical trials (Kohan and Pollock, 2013; Yuan et al., 2015). The ASCEND trial using ET-1 receptor blockers for CKD therapy was abandoned due to increased incidence of congestive heart failure (Reichetzeder et al., 2014). More recently, promising results emerged from SONAR, a trial for the ETA antagonist Atrasentan, which utilized an enrichment protocol to mitigate fluid retention side effects (Heerspink et al., 2019). Atrasentan reduced the risk for renal events in patients with type 2 diabetes mellitus, although the trial was ended early due to a less than expected number of end points. Given the critical role of ET-1 in renal function and CKD, alternative approaches are needed to translate ET-1 pathway inhibition to the bedside. With this goal in mind, we sought to better understand EDN1 gene regulation in light of new findings regarding transcriptional control that continue to emerge from the Encyclopedia of DNA Elements (ENCODE).

Using the University of California-Santa Cruz (UCSC) Genome Browser to interrogate regulatory elements at the EDN1 locus, we identified a putative promoter downstream of the promoter coding sequence. We hypothesized that this promoter may drive expression of a long non-coding (lnc) RNA. Here we describe a novel lncRNA that is antisense with respect to the ET-1 transcript, EDN1-AS. We also identified EDN1-AS expression in multiple human cell types including kidney. Using a human kidney proximal tubule cell line (HK-2), we show that CRISPR-mediated deletion of a regulatory element within the EDN1-AS promoter resulted in increased levels of EDN1-AS. This effect was associated with increased secretion of ET-1 peptide and increased cell proliferation.



MATERIALS AND METHODS


Analysis of EDN1 Chromatin State Using the UCSC Genome Browser

The human EDN1 chromatin state was analyzed using the UCSC Genome Browser1 (Karolchik et al., 2014). The EDN1-AS predicted promoter was identified using the Genome Segments and Broad Chromatin HMM tracks with HUVEC cell information selected. The Transcription Factor ChIP track and DNase Clusters track was also used to analyze transcriptional regulation of the predicted promoter site.



Cell Culture

HMEC cells were cultured in MEGMTM Mammary Epithelial Cell Growth Medium with BulletKitTM (Lonza) and 10% charcoal stripped FBS. S9 cells were cultured in F12 Ham Kaighn’s modification (F12K) supplemented with 25 mM NaHCO3, 4 mM glutamine, 1% Penicillin/Streptomycin and 10% FBS. HK-2 cells were cultured in DMEM/Hamm’s F12 media supplemented with 10% FBS and 1% Penicillin/Streptomycin. HEK293 cells were cultured in DMEM containing 4.5 g/L glucose supplemented with 1% Penicillin/Streptomycin and 10% FBS. All cells were grown in a 37°C incubator, humidified at 5% CO2.



RNA Isolation and DNase Treatment

RNA was isolated from cells using TRIzol (Ambion) per manufacturer instructions. In general, 1 ml TRIzol was used per well in a 6-well plate. Total RNA was treated with DNase (Ambion) per manufacturer instructions to remove genomic DNA. RNA from an adult human female kidney was purchased from Life Technologies.



Strand-Specific RT-PCR

Human strand-specific EDN1-AS primers (SS1-6; Table 1) were designed to lay down at locations progressively closer to the 5′ end of the EDN1 gene for use in reverse transcriptase reactions. Reverse Transcriptase (RT) from Thermo Fisher was used as per manufacturer instructions. Oligo-dT primers were used as a positive control for any poly-adenylated tailed mRNA. All samples were used in –RT and + RT reactions. Primers have a complementary sequence to the EDN1 sense strand so they will only anneal to antisense RNA. PCR primers (PCR1 and PCR2) were designed to amplify the same region of cDNA regardless of the strand-specific primer used.


TABLE 1. EDN1-AS Strand-Specific RT-PCR primers and sequences.
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Dexamethasone Treatment

HK-2 cells were grown to ∼80% confluence in 6-well cell culture plates. To synchronize the circadian clock in all cells, 100 nM Dexamethasone was added for 30 min and then media was changed. After 24 h, cells were trypsinized and RNA was isolated every 2 h for 24 h.



CRISPR/Cas9 gRNA Design

Guide RNA (gRNA) design, cloning and cell engineering was done as previously outlined (Dükel et al., 2016). Briefly, gRNAs were designed using the online tool CC Top (2 Stemmer et al., 2015) using a ∼150 bp sequence of from the predicted human EDN1-AS promoter as input. The region was selected based on identified transcription factor binding sites hypothesized to be important to transcription regulation.



Generation of Recombinant LentiCRISPR Plasmids

gRNA sequences were synthesized as complementary oligonucleotides and included overhangs for insertion into BsmB1-digested LentiCRISPRv2 plasmid (Addgene catalog # 52961). Oligonucleotides were 5′ phosphorylated and annealed as outlined by the Zhang lab3 and ligated to linearized LentiCRISPR v2 with Quick Ligase (NEB). Ligation reactions were transformed into Stbl3 bacteria following manufacturer instructions. Using this protocol, four (4) recombinant LentiCRISPR v2 plasmids (designated gRNA 1–4) were cloned and verified by automated Sanger sequencing.



Lentivirus Generation and Infection of Cells

HEK293 cells were co-transfected with the four LentiCRISPR + gRNA constructs (sgRNA 1, 2, 3, and 4) along with psPAX2 (Addgene #11260) and pMD2.G (Addgene #11259) for generation of pseudotyped lentiviral particles. Media containing virus particles was collected 72 h post-transfection and cleared viral supernatant was then added to HK-2 cells singly and pairwise (e.g., gRNA 1 + 2, 1 + 3, 1 + 4 etc.). 2 μg/ml puromycin was used for 2 weeks to select for cells transduced with virus.



Isolation of CRISPR/Cas9 KO HK-2 Cells

After puromycin selection, cells were plated into the first of 4 columns of a 96 well plate in 200 μl of media. Cells were then serial diluted into the following columns. After growth time, wells were inspected for the presence of one to three colonies of cells. These wells were then trypsinized with 1 drop of 0.25% Trypsin per well and plated into 10 cm dishes. Cells were allowed to grow undisturbed for 1 week until colony formation. Cloning rings were dipped in sterile vacuum grease to create a seal and pressed down over the colony. Media was aspirated and 1 drop of Trypsin was added. After ∼5 min, trypsinized cells were removed and plated in 6-well plate and allowed to grow. Genomic DNA was isolated from these cells and used for genotyping PCR.



Sequencing

Gel-purified PCR products from PCR reactions using genotyping primers GT1 and GT2 were cloned into the TA TOPO vector according to the manufacturer’s instructions (Thermo Fisher). Cells with insert were identified by blue/white screening. Plasmids containing inserts were sent to GENEWIZ for sequencing using M13F and M13R primers. The resulting sequences were analyzed with Serial Cloner and sequences from NCBI and UCSC Genome Browser.



ET-1 ELISA

HK-2 cells were plated into 6-well Transwell plates (Corning) and grown to confluence. Media from HK-2 cell lines was spun down to remove cell debris and then frozen at −80°C until all samples were ready to use. ELISA for ET-1 was performed using the Human Endothelin-1 QuantiGlo ELISA Kit (R&D Systems) according to manufacturer instructions.



Growth Assay

HK-2 cells were counted and 20,000 cells were plated into 6-well Transwell dishes. Cells were grown under normal conditions for 2, 4, 6, and 8 days. After the specified amount of growth time, cells were treated with Trypsin, diluted, and counted using the BioRad TC20 Automated Cell Counter.



RESULTS


Predicted Promoter Region Downstream of the EDN1 Gene

The chromatin state of the human endothlien-1 gene (EDN1) gene was analyzed using the UCSC Genome Browser. The Genome Segments track and ChromHMM revealed a predicted promoter region with high confidence immediately downstream of the exon encoding the 3′ untranslated region (UTR) of EDN1 (about 800 bp long) in human umbilical vein endothelial cells (HUVEC) (Figure 1). This region also contained large clusters of DNase sensitivity sites, suggesting that the chromatin is in an open state and transcription factors could bind to this region (Figure 2). Using the UCSC Genome Browser transcription factor binding site database created using data from chromatin immunoprecipitation (ChIP) assays (ENCODE) (Karolchik et al., 2014), multiple transcription factors including C-JUN, CCAAT/enhancer-binding protein β (CEBPβ), and Forkhead Box A1 (FOXA1) were shown to bind at the location of the predicted promoter region. Additionally, Transcription Factor II D (TFIID), Upstream Transcription Factor 1 (USF1), and Glucocorticoid Receptor (GR) are predicted to bind to this region, and these transcription factors are associated with sites of active transcription. RNA polymerase II was also shown to bind to the predicted promoter region. Based on this information, we hypothesized that the predicted downstream promoter contained a transcription start site and potentially could be a promoter for an antisense RNA.
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FIGURE 1. UCSC Genome Browser Predicts Promoter in 3′ UTR of EDN1 Gene. The University of California Santa Cruz (UCSC) Genome Browser with ENCODE broad chromatin state segmentation by HMM in human umbilical vein endothelial cells (HUVEC) cells shows a predicted promoter (black arrow) in the 3′ untranslated region (UTR) of the EDN1 gene. The EDN1 gene is shown at the top (navy blue) with boxes representing exons. The EDN1 gene position is aligned with the genome segments in the ENCODE broad chromatin state track.
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FIGURE 2. Transcription Factor Binding Sites within the Predicted Promoter in the 3′ UTR of EDN1. Using the transcription factor binding sites track within the UCSC Genome Browser, multiple transcription factor binding sites were identified by ChIP within the 3′ UTR EDN1 predicted promoter. Additionally, the DNase I cluster track showed multiple areas of high DNase sensitivity. The gray box indicates the extent of the hypersensitive region with darker boxes representing a stronger hypersensitivity signal. These data taken together suggests that this predicted promoter region is transcriptionally regulated and that the chromatin is in an open state.




EDN1 Anti-sense RNA Detectable in Human Cell Culture Models and Human RNA Samples

To determine if an antisense RNA is being transcribed from the EDN1 downstream promoter, a strand-specific reverse transcriptase PCR (ssRT-PCR) strategy was designed (Figure 3). Primers for the reverse transcriptase reactions (RT) were designed to have a complementary sequence to the EDN1 sense strand, so the primers will only anneal to RNA transcribed from the antisense strand (Table 1). Multiple strand-specific primers were designed at varying distances from the predicted promoter toward the 5′ end of the EDN1 gene (SS1-6). Oligo dT primers were used as a positive control for the RT reactions. For each RT reaction, a –RT reaction was performed without the reverse transcriptase enzyme as a negative control to ensure the absence of genomic DNA contamination in our samples.
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FIGURE 3. Strand-Specific Reverse Transcriptase PCR Reactions. Strand-specific reverse transcriptase (RT) PCR reactions were designed using primers that would only anneal to an antisense transcript to EDN1. A total of 6 different strand-specific primers were used in the RT reactions (SS1–SS6, dotted arrows), which were progressively further away from the predicted 3′ UTR promoter region. For a positive RT control, oligo dT primers were used as it is known EDN1 mRNA is poly-adenylated. After conversion of RNA into cDNA, PCR1 and PCR2 primers (solid arrows) were used in a PCR reaction to amplify any products generated. PCR1 and PCR2 amplify the same piece of cDNA regardless of the strand-specific primer used, so all bands visualized by gel electrophoresis are the same size (165 bp).


Total RNA was isolated from primary human mammary endothelial cells (HMEC), human kidney proximal tubule epithelial cells (HK-2), human bronchoendothelial cells (S9), and human embryonic kidney cells (HEK293). Additionally, human RNA from kidney tissue was obtained from Life Technologies. Each of the RNA samples was treated with DNase and then converted to cDNA using a strand-specific primer or an oligo dT primer. For every sample, both + RT and –RT reactions were performed. The resulting cDNA products were amplified in a PCR using the primers PCR1 and PCR2, which amplified the same region of cDNA regardless of the SS or oligo dT primer used. An antisense RNA transcript was detected in HMEC, HUVEC, HK-2, and S9 cell cultures (Figures 4A,B). The antisense transcript was also detected in human kidney tissue RNA samples (Figure 4C). Interestingly, this antisense RNA was not detected in HEK293 cells, but EDN1 mRNA was also not detected in these cells (Figure 4D). These results demonstrate that there is an RNA transcribed in an anti-sense direction within the EDN1 gene locus, and we have designated this transcript EDN1-AS. SS primers 4–6 (Figure 3) were designed to detect if the length of EDN1-AS spanned the entire EDN1 coding region (Figures 4B,C). The results indicate that transcription of EDN1-AS proceeds at least as far as the first exon of EDN1.
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FIGURE 4. Identification of EDN1-AS in Human Cell Culture Models and Human Kidney RNA. Strand-specific reactions were used to test various human cell culture models for the presence of an antisense transcript originating from the predicted promoter region. This transcript has been named EDN1-AS. Strand-specific RT primers SS1-3 were used to test for an antisense transcript in primary human mammary endothelial cells (HMEC), human bronchoendothelial cells (S9), and in human proximal tubule epithelial cells (HK2) (A). Oligo dT primers were used as a positive control for the RT reactions. For each PCR reaction, water was used as a negative control and gDNA as a PCR positive control. For each of the strand-specific reactions, a no RT (-RT) control reaction was ran with the same cDNA sample. Strand-specific RT reactions using primers further away from the predicted promoter site (SS4–SS6) were designed to determine if the transcript spanned the entire length of the EDN1 gene using available samples from S9 and HK2 cells (B). All strand-specific RT primers (SS1–SS6) were used to determine if EDN1-AS could be detected in human kidney tissue RNA samples from Life Technologies (C). EDN1-AS and EDN1 transcripts could not be identified in human embryonic kidney cells (HEK293) (D). All gels are representative of at least n = 2 per cell line.




EDN1-AS Exhibits Circadian Rhythm in Expression

We and others have shown that the EDN1 gene is under the regulation of the circadian clock proteins (Hanai et al., 2005; Stow et al., 2012; Kozakai et al., 2014; Richards et al., 2014). Additionally, GR was shown to bind to the EDN1-AS promoter region and glucocorticoids have been shown to modulate the circadian clock (Balsalobre et al., 2000; Kino and Chrousos, 2010; Surjit et al., 2011). E-box response elements, to which circadian clock transcription factors bind, were also present in the predicted EDN1-AS promoter region. These data suggest that, similarly to the EDN1 gene, EDN1-AS may be under control of the circadian clock and may display a circadian rhythm of expression. To determine if EDN1-AS exhibits a circadian rhythm of expression, a 24-h expression profile of the antisense transcript was generated (Figure 5). The HK-2 cells were treated with dexamethasone for 30 min to synchronize their circadian clocks (Feillet et al., 2014). Twenty-four hours after the dexamethasone treatment, RNA was isolated from the HK-2 cells every 2 h for 24 h and the ssRT-PCR protocol was performed as described above. RT reactions with random hexamers were also performed on the same samples in order to detect the levels of GAPDH expression as a control. As seen in Figure 5, EDN1-AS expression varies over a 24- h period.
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FIGURE 5. EDN1-AS Exhibits a Circadian Rhythm of Expression. HK2 cells were treated with 100 nM dexamethasone for 30 min, after which media was replaced and cells incubated for 24 h. After 24 h (noon), RNA was isolated every 2 h for 24 h total. This RNA was used in strand-specific RT PCR reactions with either SS2 primer (to measure EDN1-AS) or random hexamer reactions (to measure GAPDH). For the PCR reactions, PCR1 and PCR2 primers were used in EDN1-AS reactions and GAPDH Fwd and GAPDH Rev primers were used in the GAPDH reactions. Gel representative of n = 3 independent experiments.




CRISPR Deletion of EDN1-AS Regulatory Region

Since the expression of EDN1-AS seems to be under circadian regulation, we wanted to investigate the effect of removing the E-box response element and GR binding site in the predicted promoter region of EDN1-AS. In order to create a KO of this regulatory region in HK-2 cells, we utilized CRISPR/Cas9 technology. Guide RNAs (gRNAs) were designed using the online tool CC Top (Stemmer et al., 2015; Table 2). gRNAs were selected based on location and predicted off-target sites. If possible, only gRNAs with no off-target sites or those with sites only in regions between genes were chosen. No gRNAs were used that had predicted off-target sites in exonic or intronic regions of any gene to minimize possible off-target effects. Various combinations of all the gRNAs were used in order to create a biallelic KO of the EDN1-AS regulatory region. The gRNA combination of gRNA 2 and 3 resulted in two HK-2 cell lines that had a homozygous deletion of an approximately 350 bp region within the predicted EDN1-AS promoter by genotyping PCR (Figure 6). Sanger sequencing using genomic DNA from these cell lines was used to confirm the KO region. In addition to the two homozygous KO cell lines, control (CNTL) cell lines that had undergone the CRISPR process, but did not have KO of the EDN1-AS regulatory region, were identified to use as control cells for future experiments.


TABLE 2. Guide RNAs for CRISPR/Cas9 and genotyping primers.
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FIGURE 6. CRISPR/Cas9 Targeted Deletion of GR and E-Box Regulatory Elements within the EDN1-AS Predicted Promoter Region. CRISPR/Cas9 technology was utilized to create biallelic KO of a portion of the predicted Edn1AS promoter region, which contained GR and E-Box regulatory sites. Four guide RNAs (gRNAs) were designed to create deletion of this region (A). LentiCRISPR was used to deliver the gRNAs to HK2 cells. Puromycin was used to screen cells. Using genotyping primers, GT1F and GT1R (solid arrows), two clones were identified that had a KO of approximately 350 bp generated with gRNAs 2 and 3 (dotted lines) (B). Sequencing results reviled KO1 has a biallelic KO of 297 bp with 64 bp additional KO 5′ of this region on one allele and 78 bp KO 3′ of this region on the other allele (black solid lines). KO2 has a biallelic KO of 310 bp with 46 bp additional KO 3′ of this region on one allele and 71 bp KO 5′ of this region on the other allele (gray solid lines). Both KOs have a deletion of the 1st E-Box response element and the GR element. In addition, we identified control (CNTL) cells that had undergone the CRISPR process, but retained WT copes of the EDN1-AS regulatory region.




KO of EDN1-AS Regulatory Region Results in Increased EDN1-AS and EDN1 Expression

To determine how the KO of the EDN1-AS regulatory region containing the predicted GR and circadian clock binding sites affected the expression of EDN1-AS, we performed our ssRT-PCR protocol on the KO cell lines in addition to the CNTL cells. The CRISPR KO cells had higher expression of EDN1-AS compared to CNTL cells (Figure 7A). Secreted endothelin-1 peptide (ET-1) was measured to determine if the increase in expression of the EDN1-AS gene led to an increase in ET-1 peptide level. Briefly, KO and CNTL cells were plated into Transwell plates and media was collected from confluent cells. The media was then analyzed via an ET-1 ELISA to measure total ET-1 peptide levels. ET-1 peptide levels were normalized to total protein concentration measured by BCA assay. The CRISPR KO cells had a significant increase in total secreted ET-1 peptide levels compared to the CNTL cells (Figure 7B).
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FIGURE 7. CRISPR/Cas9 KO of EDN1-AS Regulatory Elements Results in Increased EDN1-AS and EDN1 Expression. EDN1-AS expression levels were examined in CNTL and CRISPR/Cas9 KO cells by strand-specific RT PCR. For each reaction, 20 ng of cDNA was used in PCR reactions to amplify EDN1-AS. CRISPR/Cas9 KO cells had more EDN1-AS expression visualized by gel electrophoresis (A) (gel representative of n = 3 for CNTL and n = 2 for each KO cell line). To determine if these differences in EDN1-AS expression had an effect on EDN1 expression, the product of the EDN1 gene, endothelin-1 (ET-1) peptide was measured. Cells were placed in Transwells dishes and grown to confluence. Media from these cells was used in an endothelin-1 ELISA (R&D QuantiGlo ET-1 ELISA) to determine the amount of secreted ET-1 relativized to total protein concentration (B). One-way ANOVA was used to determine significant differences between each KO and the CNTL cell line, n = 7 for each cell line. *P < 0.05.




Increased ET-1 Production Associated With Increased Growth Rate

High expression of ET-1 in human proximal tubule cells, like HK-2 cells, is associated with increased cell proliferation (Zoja et al., 1995; Seccia et al., 2016). To determine if the increased ET-1 levels caused by KO of the EDN1-AS regulatory region affected cell proliferation, growth rates of the KO and CNTL cells were measured. Briefly, 20,000 cells were plated into 6-well dishes and counted after 2, 4, 6, and 8 days of growth. Both CRISPR KO cell lines grew significantly faster than the CNTL cells (Figure 8). Significant differences between individual KO cells and the CNTL cells total cell count were detected on day 6 and day 8.
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FIGURE 8. KO of EDN1-AS Regulatory Elements Results in Increased Growth Rate of HK2 Proximal Tubule Cells. Because high expression of ET-1 is known to lead to cell proliferation in kidney proximal tubule cells, growth rate of CNTL and CRISPR/Cas9 KO cells was measured. 20,000 cells were plated into a 6-well dish and allowed to grow under normal conditions for 2, 4, 6, or 8 days. An automated cell counter was used to determine the total amount of cells in each well. Two-way ANOVA with repeated measures was used to determine genotype differences. ∗P < 0.05 by T-test within 1 day denotes that both KO cell lines are significantly different from the CNTL cell line, n = 4.




DISCUSSION

Here we report the identification of a novel lncRNA, EDN1-AS, that is antisense to the ET-1 coding sequence. EDN1-AS is expressed in human mammary epithelial cells, human bronchoendothelial cells, human kidney proximal tubule cells, and in human kidney. Using a strand-specific RT-PCR approach, we demonstrated that EDN1-AS comprises the entire length of the EDN1 sense coding sequence. EDN1-AS appears to exhibit rhythmic expression in HK-2 cells. CRISPR-mediated deletion of regulatory sequence upstream of EDN1-AS containing a GR element and an E-box resulted in increased expression of EDN1-AS in HK-2 cells. This effect was associated with increased ET-1 peptide secretion from the cells and increased growth rates.

CRISPR-mediated knockout of the region containing the predicted GR element and E-box resulted in increased expression of EDN1-AS, suggesting that the deleted regulatory region contains a repressive element. Given that GR elements can be bound by both GR and MR and these transcription factors can mediate positive and negative effects on gene regulation (Koning et al., 2019), this result is not surprising. Deletion of a GR element in the promoter of αENaC revealed a role for repressive regulation (Lin et al., 1999). Likewise, circadian clock proteins such as PER1 interact with E-box elements to mediate positive and negative effects on gene expression (Cox and Takahashi, 2019). Promoter analysis of the gonadotropin-releasing hormone demonstrated a key role for the E-box elements and a repressive role for PER1 (Resuehr et al., 2007). The concept that PER1 may mediate negative regulation of EDN1-AS is consistent with our previous observations that PER1 in the kidney mediates repression of the sense EDN1 mRNA (Stow et al., 2012; Richards et al., 2014).

The non-coding RNA field has exploded in recent years due to the wealth of information provided by ENCODE. It is now estimated that more than 50% of the human genome is transcribed but only 1.2% of the genome encodes proteins (Ransohoff et al., 2018). Non-coding RNAs thus comprise a significant portion of the transcriptome, but our understanding of these RNA species is in its infancy. Some lncRNAs are natural antisense transcripts (NAT) because they arise by transcription of the strand opposite an mRNA (Khorkova et al., 2014). Our data suggest that EDN1-AS is a NAT with functional effects on ET-1 action. We estimate that the length of unprocessed EDN1-AS is at least 5 kb, based on the signal detected in HK2 and S9 cells and human kidney using SS6, which is located in the first exon of the sense EDN1 sequence (Figure 3). The ssRT-PCR results in Figure 4 demonstrate that EDN1-AS transcripts spanning the length of the EDN1 gene are present in human kidney and bronchoendothelial cells. Whether or not EDN1-AS is subject to splicing or other post-transcriptional regulation remains to be determined.

Our report is the first description of an antisense lncRNA associated with the EDN1 locus. According to LNCipedia, four lncRNAs have been identified near the EDN1 gene (Volders et al., 2019). However, all four of these are associated with the sense strand. Functional relevance of these lncRNAs has not been described. Interestingly, a SNP in PHACTR, a gene ∼400,000 bp downstream of EDN1, has been associated with regulation of ET-1 levels (Gupta et al., 2017). This region appears to interact with an area of open chromatin located in a “gene desert” between the EDN1 and PHACTR loci. These results, together with our current report, strongly suggest a new level of complexity in the regulation of EDN1.

A limitation of the current study is that the mechanism by which EDN1-AS affects ET-1 expression remains unclear. Many antisense RNAs act in an inhibitory manner, however, as the knowledge base regarding non-coding RNA increases, it is becoming increasingly clear that NATs act through myriad mechanisms (Wanowska et al., 2018). One example of a NAT that exerts positive effects on target mRNA expression is PTENP1, an antisense transcribed from the locus of the tumor suppressor gene PTEN. PTENP1 acts as a miRNA sponge for miR21, thus protecting the PTEN transcript from miRNA-mediated degradation (Wang et al., 2016). Another example of positive regulation by a NAT is BACE1-AS, which is transcribed from the β-amyloid cleaving enzyme 1 (BACE1) locus. BACE1-AS interacts with the BACE1 sense mRNA, masking a miRNA binding site and thus protecting BACE1 from miRNA-mediated degradation (Faghihi et al., 2010). BACE1-AS shows promise as a potential therapeutic in Alzheimer’s disease (Ge et al., 2020). Given that ET-1 is subject to regulation by miRNA (Jacobs et al., 2013), it is tempting to speculate that EDN1-AS may function as a positive regulator of EDN1 expression through a miRNA-protection mechanism. Future experiments are needed to test this hypothesis.

The lncRNAs are a newly recognized mechanism for gene regulation and are being explored as potential therapeutic targets in a variety of diseases (Li et al., 2018; Pecero et al., 2019; Wang et al., 2020), including diabetic nephropathy (Ge et al., 2019; Yang et al., 2019). A nucleic acid-based approach could allow greater specificity than pharmacological compounds, reducing side effects and allowing tissue-specific delivery (Sharma and Watts, 2015; Ku et al., 2016). Future studies are needed to determine whether or not manipulation of EDN1-AS could have therapeutic benefits. Although expression of EDN1-AS was confirmed in a variety of cell types and even in human kidney in the present study, the functional studies related to EDN1-AS are limited to HK-2 cells. In HK-2 cells, increased expression of EDN1-AS was associated with increased cell proliferation, which may have implications for manipulating EDN1-AS levels in a CKD setting.
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Prostaglandin pathway plays multiple roles in various physiological and pathological conditions. The present study aimed to investigate the effect of 15-hydroxyprostaglandin dehydrogenase (15-PGDH), a key enzyme in the degradation of prostaglandins, on lipopolysaccharide (LPS)-induced acute kidney injury (AKI) in mice. In this study, male C57BL/6J mice were injected intraperitoneally with LPS (10 mg/kg). SW033291, a potent small-molecule inhibitor of 15-PGDH, was used to investigate the therapeutic potential of 15-PGDH inhibition on LPS-induced AKI. We discovered that the expression of 15-PGDH protein was upregulated in kidneys of LPS-stimulated mice, and it was mainly localized in the cytoplasm of renal tubular epithelial cells in renal cortex and outer medulla. SW033291 administration improved the survival rates of mice and attenuated renal injury of mice that were challenged by LPS. Additionally, inhibition of 15-PGDH also reversed LPS-induced apoptosis of renal cells, increased expression of anti-apoptotic protein Bcl-2, and downregulated expression of Fas, caspase-3, and caspase-8. Pretreatment of SW033291 enhanced autophagy in kidney cells after LPS stimulation. Our data also showed that inhibition of 15-PGDH relieved the level of lipid peroxidation and downregulated NADPH oxidase subunits induced by LPS in mice kidneys but had no significant effect on the release of inflammatory factors, such as IL-6, IL-1β, TNF-α, and MCP-1. Our study demonstrated that inhibition of 15-PGDH could alleviate LPS-induced AKI by regulating the apoptosis, autophagy, and oxidative stress rather than inflammation in mice.
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INTRODUCTION

Acute kidney injury (AKI) is one of the most common and serious complications of sepsis with a high incidence and mortality rate. Sepsis accounts for up to 50% of cases of AKI in intensive care unit patients (Alobaidi et al., 2015). Mortality in patients with septic AKI is approximately doubled when compared with patients with sepsis alone (Jaworska et al., 2015; Thomas et al., 2015). However, little progress has been made toward the treatment of septic AKI in recent decades (Prowle, 2018). This may be related to the complex pathophysiological mechanism of septic AKI. Therefore, it is critical to further elucidate the mechanism of septic AKI.

It has been suggested that apoptosis, autophagy, oxidative damage, and inflammatory response are all involved in the development of AKI. Apoptosis and autophagy are common processes that maintain cellular metabolism and tissue homeostasis. A large number of studies show that renal tubular epithelial cells undergoing apoptosis can promote the development of renal dysfunction in ischemia-reperfusion (I/R) and septic AKI model (Lerolle et al., 2010). Autophagy is activated to prevent renal dysfunction from injury (Song et al., 2018). Studies have shown that renal tubular epithelium is the main site of oxidative stress, and reactive oxygen species (ROS) and reactive nitrogen (RNS) play important roles in acute renal tubular injury during sepsis (Pathak et al., 2012). In addition, systemic inflammatory response is closely related to septic AKI (Frei et al., 2010). When LPS enters the bloodstream, it forms a LPS/LBP/CD14 complex with lipopolysaccharide binding protein (LBP) and CD14, which in turn binds to toll-like receptor 4 (TLR-4) and activates the LPS signaling pathway, promoting the release of inflammatory factors, chemokines, and immune cell infiltration (Wu H. et al., 2007; Areschoug and Gordon, 2018).

15-hydroxyprostaglandin dehydrogenase (15-PGDH), a key enzyme in the degradation of prostaglandins, including prostaglandin E2 (PGE2), can catalyze the conversion of 15-hydroxy group of PGE2 into a 15-keto group to produce a biologically inactive PG and antagonize the function of prostaglandin synthase COX-2 (Tai, 2011). Most previous studies have focused on the roles of COX-2 and its downstream prostaglandins, but there have been few studies on 15-PGDH. Recent studies have shown that 15-PGDH plays an important role in the development of inflammation-related diseases. In rheumatoid arthritis (RA), hydroxychloroquine can induce 15-PGDH expression through the MAP kinase pathway, while the exact role of PGDH as a potential target for RA treatment remains to be elucidated (Kim et al., 2015). Zhang et al. (2015) found that inhibition of 15-PGDH by selective inhibitor SW033291 or knockdown of 15-PGDH can promote the recovery of hematopoietic function. However, the biological function of 15-PGDH inhibition in AKI has not yet been reported. Therefore, we investigated the effect of 15-PGDH on AKI induced by lipopolysaccharide (LPS) in the hopes of determining whether 15-PGDH exerts its role by regulating information, autophagy, apoptosis, and oxidative stress. Our study provides new insights into the understanding on the pathogenesis and therapy of AKI caused by sepsis.



MATERIALS AND METHODS


Animals

C57BL/6J male mice aged 8–10 weeks (20–25 g) were purchased from Hunan Sleek Jingda Experimental Animal Co., Ltd. Mice were housed in a temperature-controlled room (25 ± 2°C) with relative humidity of 40∼60% on a 12 h light/dark cycle during the study. All animal experiments were approved by the Experimental Animal Ethics Committee of Central South University. The experimental mice were acclimatized for 7 days before administration of a 10 mg/kg dose of LPS or control saline.

For analysis of 15-PGDH expression in LPS-induced AKI, 12 mice were divided into four groups with three mice in each group (n = 3), and each mouse was administered intraperitoneally with 10 mg/kg body weight LPS (from Escherichia coli 0111:B4, Sigma-Aldrich, St. Louis, MO, United States) for 0, 6, 12, and 24 h, respectively. Under anesthesia, their eyeballs were removed for collection of blood, and tissues were collected for Western blot and immunohistochemistry.

For effect of SW033291 on inhibiting 15-PGDH, 30 mice were divided into five groups with six mice in each group (n = 6), and each mouse was administered intraperitoneally with 10 mg/kg body weight SW033291. Animals were sacrificed at 0, 3, 6, 12, and 24 h, followed by collection of kidneys for PGE2 ELISA experiment. SW033291 was diluted according to Zhang et al. (2015).

For survival experiments, 100 mice were divided into four groups (n = 20 in control and SW033291 groups; n = 43 in LPS group; n = 37 in LPS + SW033291 group). Following LPS (10 mg/kg body weight), stimulated mice were treated with 10 mg/kg SW033291 or vehicle control twice daily for five doses. Then, mice survival was monitored and recorded daily. The other 70 mice were used to explore the role and mechanism of 15-PGDH on LPS-induced AKI, as described in the section below.



Serum and Tissue Samples

The mice were anesthetized, and the blood was collected for the assay of renal function. The kidneys were used for analysis of real-time PCR, Western blot, ELISA, HE staining, and immunohistochemistry.



Renal Function Test

Scr assay kit (C011-2-1) and BUN assay kit (C013-2-1) were acquired from Nanjing Jiancheng Bioengineering Institute. After the mice were anesthetized, blood was collected from the eyeballs of the mice for serum creatinine (Cr) and urea nitrogen (BUN) assay, according to the manufacturer’s instructions. After sacrificed, the kidneys of each mouse were quickly removed and stored at −80°C.



Histological Data

After being fixed in 4% paraformaldehyde solution, the kidney tissue was dehydrated, transparent, paraffin embedded, and sliced. Then, HE staining was performed and observed under a microscope. Double-blind method was used to assess the renal tubular injury by the magnitude of tubular epithelial swelling, loss of brush border, interstitial cell infiltration, tubular cell necrosis, vacuolation, and desquamation on the basis of the following scale: grade 0, no morphological deformities; grade 1, 1–25%; grade 2, 26–50%; grade 3, 51–75%; grade 4, 76–100% (Kojima et al., 2007; Havakhah et al., 2014).



Real-Time PCR

The total RNA from kidney tissue was isolated by using TRIzol. The isolated mRNA was used as a template to synthesize cDNA by using PrimeScriptTM RT Master Mix (Takara, Japan). Real-time PCR was performed by using the One Step SYBR® PrimeScript TM RT-PCR Kit in a Biosystems 7500 instrument. The amplification conditions were 95°C for 30 s, 95°C for 5 s, and 60°C for 34 s for 40 cycles. The primer sequences used were presented as follows (see Table 1).


TABLE 1. The sequences of primers.
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Immunohistochemistry

The expressions of 15-PGDH in the kidneys were detected by immunohistochemistry. The antibody against 15-PGDH antibody (Cayman chemical, Item No.160615) was diluted at 1:100, and the experiment was manipulated according to the instructions of the EnVisionTM FLEX Mini Kit (Dako, K8024). Immunohistochemistry stained tissue sections were scored by two pathologists blinded to clinical and pathological data. According to the dyeing intensity: 0, no staining; 1+, weak; 2+, medium intensity; 3+, strong. Then, H-score was calculated according to the following formula: [1 × (% cells 1 +) + 2 × (% cells 2 +) + 3 × (% cells 3 +)] (Kim et al., 2019).



Western Blot

Proteins from the kidney samples of mice were extracted by sonicating the tissues in 1% PMSF-containing RIPA buffer and were centrifuged at 4°C for 10 min at 12,000 rpm. The protein concentration was determined by BCA method. Based on the protein concentration, 80–100 μg proteins were mixed with one quarter volume of 5× SDS loading buffer, boiled at 95°C for 10 min to denature the proteins. The proteins were subjected to SDS-PAGE and transferred to membrane. The membranes were blocked at room temperature for 1 h, washed with TBS-T (contains 0.1% Tween-20), and incubated with primary antibodies against 15-PGDH (1:1000 dilution, Cayman chemical, Item No.160615), caspase-3 (1:1000 dilution, proteintech, Item No.66470-2-Ig), microtubule-associated protein light chain 3 (LC-3B) (1:1000 dilution, CST, Item No. 3868), p62 (1:1000 dilution, CST, Item No. 5114), and β-actin (1:2000 dilution, Sigma-Aldrich, Item No. A1978), respectively, for overnight at 4°C. The membranes were then washed with TBST and incubated with secondary antibody for 1 h at RT, and signal was developed by adding the ECL luminescence substrate. The signal intensity of each protein was scanned by intensity-scanning software, and relative expression level of protein was calculated.



MDA Content, and SOD and CAT Activity

The kidney homogenates were prepared. The MDA content and the activities of SOD and CAT were determined according to the manufacturer’s instructions (Nanjing Jiancheng Bioengineering Institute). The absorbance value (OD value) was measured with a microplate reader, and the MDA content and SOD and CAT activities were calculated according to the formula in the instructions.



Immunofluorescence

Paraffin sections were deparaffinized and rehydrated, further performed for antigen retrieval and blocked with goat serum for 30 min. The section samples were incubated with LC-3B primary antibody (1:100, CST) overnight at 4°C and washed three times with PBS (pH 7.4) at 5 min for each wash. Sections were then incubated with FITC-labeled anti-rabbit secondary antibody (1:400 dilution, MultiSciences) in the dark for 1 h at room temperature and washed three times with PBS (pH 7.4). The samples were counterstained with DAPI, mounted, and imaged under a fluorescence microscope. The nucleus stained with DAPI was blue under UV excitation, and the positive expression was shown as fluorescein-labeled red light.



TUNEL Assay

The apoptotic levels in the kidneys were measured according to the instruction of the TUNEL apoptosis detection kit (Roche). The percentage of apoptotic cells was calculated according to the number of apoptotic cells/total number of cells in randomly selected 5–10 fields.



Transmission Electron Microscope

Freshly isolated kidneys were quickly put into fixing buffer and fixed at 4°C for 2–4 h. After this, samples were transferred to Wuhan Goodbio Technology Co., Ltd., prepared as specimens, examined, and photographed under a transmission electron microscope.



Determination of PGE2 Content

Pre-cooled 1 × PBS was added at a ratio of 1:10 to prepare tissue homogenates. The PGE2 concentration of the renal tissue homogenate was determined according to the instruction of PGE2 ELISA kit (Huamei Biology Company, Wuhan, China).



Statistical Analysis

GraphPad Prism version 5.02 (GraphPad Prism Software Inc, San Diego, CA, United States) was used for data analysis. All the experiments were repeated at least three times. Data were presented as mean ± SD. Statistical analysis was performed by ANOVA followed by Tukey’s test. For the purpose of survival analysis, Kaplan-Meier method followed by log-rank test was applied to compare the survival rate between groups. A value of P < 0.05 was considered to be statistically significant.



RESULTS


Regulation of 15-PGDH in the Kidney of LPS-Induced AKI Mice

At first, we established an AKI mouse model using LPS. As shown in Figure 1A, the survival rate of mice in LPS group significantly decreased to 53% compared to the control group. Through HE staining, we observed marked edema, vacuolar degeneration, inflammatory cell infiltration, and the narrowing of tubular lumen at 12 and 24 h after LPS treatment, contrasting the normal renal morphology in vehicle-treated mice (Figure 1B). Accordingly, the serum levels of creatinine and urea nitrogen were significantly increased after LPS challenge compared to the control mice (Figures 1C,D). We determined the expression of 15-PGDH in kidney in response to LPS treatment. As shown in Figures 1E,F, LPS treatment significantly enhanced protein levels of 15-PGDH in kidneys; the highest level of 15-PGDH occurred at 12 h and lasted for 24 h. By immunohistochemistry, we found that 15-PGDH protein was mainly localized in the cytoplasm of renal tubular epithelial cells in renal cortex and outer medulla and that it had low expression levels in glomeruli and the inner medulla (Figures 1G,H).


[image: image]

FIGURE 1. Expression of 15-PGDH in the kidneys of LPS-induced AKI mice model. (A) Effect of LPS on the survival of mice (n = 30). (B) Effect of LPS on renal morphologic changes of mice (200×). (C) The levels of serum urea nitrogen (BUN) were measured at different time points (n = 6–10). (D) The levels of serum creatinine (Cr) were measured at different time points (n = 6–10). (E) The expression of 15-PGDH in renal tissues at different time points (0, 6, 12, and 24 h) after LPS (10 mg/kg) stimulation (n = 3). (F) The signal intensity ratio of 15-PGDH to β-actin in renal tissue (n = 3). (G) Effect of LPS (10 mg/kg) on the expression of 15-PGDH in mouse kidney tissue (200×). (H) Comparison of 15-PGDH IHC H-score after LPS (10 mg/kg) stimulation (n = 3). Scale = 20 μm. *P < 0.01 (compared with 0 h), #P < 0.05 (compared with 0 h). Data are mean ± SD.




Effect of SW033291 on Inhibiting 15-PGDH in Mice

As shown in Figure 2A, the PGE2 content in kidney time-dependently increased with SW033291 treatment and peaked at 12 h. Strikingly, although the renal PGE2 content in both control group and SW033291 group increased after 12 h treatment with LPS, the increase of PGE2 content was higher in SW033291 group mice than that in control mice (Figure 2B). Furthermore, the mRNA and protein levels of 15-PGDH were significantly downregulated in kidney after SW033291 treatment (Figures 2C,D).
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FIGURE 2. Effect of SW033291 treatment on the blockade of 15-PGDH in the kidneys of mice. (A) Effect of SW033291 (10 mg/kg injected twice daily IP for five doses) treatment on renal PGE2 content at 0, 3, 6, 12, and 24 h (n = 6). *P < 0.01 vs. 0 h, #P < 0.05 vs. 0 h. (B) PGE2 content in kidney tissue of mice induced by LPS (10 mg/kg) at 12 h (n ≥ 6).*P < 0.01 vs. Control, #P < 0.05 vs. LPS. (C) Expression of 15-PGDH mRNA after SW033291 (10 mg/kg) treatment at different time points (n = 3). (D) Expression of 15-PGDH protein after SW033291 (10 mg/kg) treatment at different time points (n = 3). Data are mean ± SD.




SW033291 Treatment Attenuated LPS-Induced AKI in Mice

SW033291 treatment enhanced the survival rate of LPS-treated mice from 30 to 49% (Figure 3A). Meanwhile, renal function assay showed that BUN and Cr levels were significantly increased after 6 h of LPS treatment compared with the control group and peaked at 12 h, whereas the BUN and Cr levels were significantly decreased after SW033291 treatment (Figures 3B–E). The decline in the BUN and Cr levels of mice with 10 mg/kg SW033291 treatment is more obvious than 5 mg/kg dose at 12 h (Figures 3D,E). HE staining showed that there were no significant pathological lesions in the kidneys of the control and SW033291 group mice. In LPS-treated group, the tubular epithelial cells of the mice were edematous with larger cellular volume, vacuolar degeneration and narrowed lumen of the renal tubules. It was also observed that the glomerular structure was disordered, accompanied by infiltration of scattered inflammatory cells and narrowing of the renal capsule. These pathological lesions were evidently alleviated after SW033291 treatment (Figures 4I–Q). PAS staining confirmed above findings in renal morphology (Figures 4A–H). These data indicated a protective effect of SW033291 against LPS-induced AKI.
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FIGURE 3. Effect of SW033291 treatment on the survival rate and renal function in mouse sepsis model. (A) Effect of SW033291 (10 mg/kg injected twice daily IP for five doses) treatment on the survival of mice in sepsis model. *P < 0.01 (compared with control group); #P < 0.05 (compared with LPS group). n = 20 in control and SW033291 groups; n = 43 in LPS group; n = 37 in LPS + SW033291 group; (B,C) Serum levels of BUN and Cr in mice with LPS-induced AKI after 6 h of SW033291 (10 mg/kg) treatment (n ≥ 6). (D,E) Serum levels of BUN and Cr in mice with LPS-induced AKI after 12 h of SW033291 (5 mg/kg or 10 mg/kg) treatment (n ≥ 6). *P < 0.05, **P < 0.01 (compared with control group); #P < 0.05, ##P < 0.01 (compared with LPS group). Groups were compared by Two-Way ANOVA. Data are mean ± SD.



[image: image]

FIGURE 4. Effect of SW033291 treatment on renal morphologic changes of AKI mice induced by LPS. (A–D) PAS staining (12 h) (400×); (E–H) Partial enlargement of PAS staining; (n = 3) (I–L) HE staining (12 h) (200×); (M–P) Partial enlargement of HE staining. (n = 3) The red arrow ([QSIImage]) indicates renal tubular epithelial cell edema; the black arrow ([QSIImage]) indicates tubular lumen shrinkage; the white arrow ([QSIImage]) indicates hyperplastic glomerular mesangial and thickened basement membrane. (Q) Shows the kidney tubular injury scores in mice with LPS-induced AKI after SW033291 (10 mg/kg) treatment, as described in section Materials and Methods (n = 3). **P < 0.01 (compared with control group); #P < 0.05 (compared with LPS group). Data are mean ± SD.




SW033291 Treatment Alleviated the Apoptosis of Renal Cells in LPS-Induced AKI Mice

TUNEL assay showed enhanced renal cell apoptosis after intraperitoneal injection of LPS for 12 h in mice, but the apoptosis level was decreased significantly after SW033291 therapy (Figures 5A,B). After LPS stimulation, apoptosis-related protein cleaved-caspase-3 levels increased evidently, whereas SW033291 treatment showed a significant reduction of cleaved-caspase-3 protein expression levels (Figures 5C,D). At the same time, the elevated mRNA levels of Fas, caspase-3, and caspase-8 in kidney after LPS stimulation were all blunted by the pretreatment of SW033291 in line with the restoration of reduced mRNA expression of Bcl-2 (Figures 5E–H). All these data demonstrated an anti-apoptotic role of SW033291 in this experimental setting.
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FIGURE 5. SW033291 treatment alleviated the apoptosis of renal cells in LPS-induced AKI mice. (A) TUNEL staining shows the apoptotic renal cells after 12 h of SW033291 (10 mg/kg) treatment (400×). Scale bar: 50 μm. (B) Percentage of apoptotic cells (n = 6). (C) Western blot analysis of cleaved caspase-3 in each group after 12 h of SW033291 (10 mg/kg) treatment. (D) Density ratio of cleaved caspase-3/β-actin in each group (n = 3). (E–H) Real-time PCR was used to detect the apoptotic genes of caspase-3, caspase-8, Fas, and Bcl-2 (n = 6). *P < 0.05, **P < 0.01 vs. CON; #P < 0.05, ##P < 0.01 vs. LPS. Data are mean ± SD.




SW033291 Treatment Increased Autophagic Response in the Kidneys of LPS-Induced AKI Mice

As shown in Figures 6A,B, the expression of 15-PGDH protein was significantly upregulated by LPS treatment. In contrast, SW033291 treatment significantly suppressed 15-PGDH expression in LPS-treated mice. During the development of autophagy, cytosolic soluble LC3 (i.e., LC3-I) is converted to membrane-type LC3 (i.e., LC3-II) and localized on the autophagosome membrane. After LPS stimulation, the LC3-II/LC3-I ratio was significantly increased along with the enhanced P62 protein compared to the control group. Interestingly, SW033291 treatment resulted in a greater increment of the LC3-II/LC3-I ratio after stimulation with LPS (Figures 6A–D). By immunofluorescence, we further confirmed the regulatory role of SW033291 for LC3B in kidneys of AKI mice (Figure 6E). Transmission electron microscopy showed that SW033291 treatment evidently enhanced the number of autophagic vacuoles in kidney cells after LPS stimulation, which further confirmed a promoted autophagic response (Figure 6F).
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FIGURE 6. Effect of SW033291 treatment on autophagic response in kidneys of LPS-induced AKI mice. (A) Western blotting was used to detect the protein expression of 15-PGDH, LC3B, and P62 in kidney tissues. (B) Density ratio of 15-PGDH/β-actin in each group. (C) Density ratio of LC3-II/LC3-I in each group. (D) Density ratio of P62/β-actin in each group. *P < 0.05, **P < 0.01 vs. CON; #P < 0.05, ##P < 0.01 vs. LPS (n = 3). (E) Immunofluorescence analysis of kidney tissue from LPS-induced mice with or without SW033291 (10 mg/kg) treatment shows localization of LC3B. Scale bars: 50 μm, 400× (n = 3). (F) Autophagy level on renal tissue after SW033291 (10 mg/kg) treatment was observed by transmission electron microscope (n = 3). Autolysosomes indicated by arrowheads. Scale bars: 5 μm, 2 μm. Data are mean ± SD.




SW033291 Treatment Ameliorated Oxidative Damage in the Kidneys of LPS-Induced AKI Mice

As shown in Figures 7A–C, compared with the control group, the MDA level in the kidney tissue of the LPS group was significantly increased, while the activity of antioxidant enzymes of SOD and CAT was evidently suppressed. Importantly, SW033291 treatment significantly decreased the MDA level and enhanced the activity of SOD and CAT in the kidneys of AKI mice (Figures 7A–C). In agreement with above findings, the mRNA levels of kidney NADPH oxidase subunits gp91phox, p40phox, and p47phox were strikingly upregulated after 12 h LPS challenge compared with the control group, which was significantly blunted after SW033291 treatment (Figures 7D–F). Similarly, the upregulated mRNA expression of iNOS was also reduced by the pretreatment of SW033291 (Figure 7G). Furthermore, we confirmed that the reduction of antioxidant genes of SOD1 and catalase in kidneys after a 12 h injection of LPS was significantly reversed by SW033291 (Figures 7H,I).
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FIGURE 7. Renal MDA level and the activity of SOD and CAT after SW033291 treatment. (A) Renal MDA level. (B) Renal SOD activity. (C) CAT activity. *P < 0.05, **P < 0.01 vs. CON; #P < 0.05, ##P < 0.01 vs. LPS (n ≥ 6). (D–F) Effect of SW033291 (10 mg/kg) treatment on the mRNA expression of NADPH oxidase subunits of gp91phox, p40phox, and p47phox in kidneys. (G) iNOS mRNA level. (H,I) Expression of antioxidant genes of SOD1 and catalase in the kidneys after SW033291 (10 mg/kg) treatment. *P < 0.05, **P < 0.01 vs. CON; #P < 0.05, ##P < 0.01 vs. LPS; (n = 6). Data are mean ± SD.




Effect of SW033291 Treatment of Inflammatory Response in the Kidneys of LPS-Induced AKI Mice

It has been shown that inflammation is a pathogenic factor of AKI. Meanwhile, prostaglandin E2 is a well-established inflammatory mediator. We evaluated whether inflammation was involved in the role of SW033291 in LPS-induced AKI. As shown in Figure 8, LPS treatment significantly enhanced the release of IL-6, IL-1β, TNF-α, and MCP-1 in the kidneys, while SW033291 treatment had no effect on the release of these inflammatory factors. These data suggested that the beneficial role of SW033291 in LPS-induced AKI could be independent of the inflammation.
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FIGURE 8. Effect of 15-PGDH inhibition on the release of inflammatory cytokines in kidneys of AKI mice. (A) IL-6. (B) IL-1β. (C) TNF-α. (D) MCP-1. *P < 0.05, **P < 0.01 (compared with control group); (n = 6). Results were analyzed with Two-Way ANOVA. Data are mean ± SD.




DISCUSSION

In the present study, LPS intraperitoneal injection model has been successfully established for septic AKI research according to previous studies. Animals develop a series of systemic inflammation response that mimic clinical sepsis patients (Wu X. et al., 2007; Doi et al., 2009; Gong et al., 2016). The exact mechanisms of sepsis-induced AKI are complex and controversial. Various factors have been known to contribute to the pathologic process of LPS-induced AKI, such as renal cell apoptosis, oxidative stress, and endotoxin-induced complex inflammation (Zarjou and Agarwal, 2011; Prowle and Bellomo, 2015; Shum et al., 2016).

15-PGDH is a key enzyme that expressed widely in mammalian tissues, such as lung, placenta, and kidney, and is mainly localized in the proximal tubules of renal cortex and the outer medullary thick ascending limb (Yao et al., 2008; Liu et al., 2014). In this study, for the first time we discovered that the expression of 15-PGDH protein was increased in kidneys of LPS-stimulated mice and that it was mainly localized in the cytoplasm of renal tubular epithelial cells in renal cortex and outer medulla. More importantly, we also found that the blockade of 15-PGDH could significantly alleviate the kidney damage and contribute to the survival rate of endotoxemic mice. There may be a negative correlation between 15-PGDH expression and kidney function and histology. Therefore, inhibition of 15-PGDH expression may be a potential target for relieving kidney damage. Studies have shown that the renal protective effect is shown by the reduction of apoptosis level in renal tubular epithelial cells in septic AKI (Lerolle et al., 2010; Wei et al., 2010). It has been documented that the apoptosis-associated genes, including Bcl-2, Bax, caspase-3, caspase-8, FasL, and Fas, are closely related to renal injury (Messaris et al., 2008; Lerolle et al., 2010). Our research is consistent with the literature, evidenced by the reduction of renal cell apoptosis in LPS-treated AKI mice after inhibition of 15-PGDH. Therefore, pharmacologic blockade of 15-PGDH may protect against kidney cells apoptosis and kidney injury and then contribute to the survival rate of endotoxemic mice. In agreement with our findings, previous studies have shown that the inhibition of 15-PGDH can promote tissue repair and regeneration after bone marrow transplantation, colitis and partial hepatectomy (Zhang et al., 2015), which also indicate that, in addition to alleviating kidney damage, inhibition of 15-PGDH may affect other organs, thereby improving survival rates in mice.

The LC3-II/LC3-I ratio is usually used to estimate the level of autophagy (Dai et al., 2019; McCormick et al., 2019). Increased levels of LC3-II and decreased levels of p62/SQSTM1 are typically indicative of increased autophagic flux (Klionsky et al., 2016). In the present study, SW033291 treatment promoted LPS-induced autophagy. Studies have shown that autophagy is activated during AKI and protects kidney function (Suzuki et al., 2008; Turkmen et al., 2011). Li et al. (2017) found that increased autophagy could reduce the apoptosis of renal tubular epithelial cell after the occurrence of AKI induced by LPS. Therefore, autophagy may play a protective role in septic AKI via inhibiting apoptosis. These results suggest that inhibition of 15-PGDH may reduce the renal cells apoptosis, possibly related to autophagy.

One of the most important antioxidant enzymes, SOD can catalyze the conversion of harmful superoxide radicals to reduce the oxidative cell damage (Noor et al., 2002; Armogida et al., 2012). CAT can remove hydrogen peroxide and protect cells from damage. Thus, it was possible that inhibition of 15-PGDH reduced the production of oxygen free radicals in kidneys during endotoxemia and relieved the level of lipid peroxidation in the kidney, thereby attenuating the kidney injury. In this study, we also investigated the effect of 15-PGDH on NADPH oxidase subunits in the kidneys of mice treated with LPS. The results indicated that the SW033291 intervention could counteract the upregulation of the NADPH oxidase subunits gp91phox, p40phox, and p47phox induced by LPS. In addition, iNOS may be involved in 15-PGDH-mediated regulation of oxidative damage in AKI caused by LPS. A large amount of literature has indicated that RNS produced by iNOS in the kidney during sepsis could promote I/R-induced renal tubular injury, which was a key reason of AKI during sepsis (Walker et al., 2000; Noiri et al., 2001; Viñas and Sola, 2006; Wu and Mayeux, 2007). It has been shown that iNOS-derived NO/RNS may play a role in the pathogenesis of LPS-induced renal injury (Wang et al., 2003; Cuzzocrea et al., 2006). Selective inhibition of iNOS can reduce RNS production and improve sepsis-induced renal impairment (Heemskerk et al., 2009). The present study also found that inhibition of 15-PGDH could effectively reverse the downregulation of the antioxidation enzymes SOD1 and catalase induced by LPS. Antioxidants can reduce AKI caused by sepsis (Campos et al., 2012; Li et al., 2014). Therefore, 15-PGDH may promote the oxidative damage during LPS-induced AKI, and its mechanism may be related to the upregulation of NADPH oxidase subunits and iNOS and downregulation of the expression of antioxidant enzymes in the kidney. In oxaliplatin-resistant HT29 cells, PGE2 levels were significantly elevated, with elevated COX-2 and reduced 15-PGDH expression. The COX-2/PGE2/EP4 signaling axis play an important role on oxaliplatin resistance via regulation of oxidative stress (Huang et al., 2019). In previous studies, injection of SW033291 [10 mg per kg of weight (mg/kg)] induced a significant increase of PGE2 and Prostaglandin D2 (PGD2) levels, while PGF2a levels were mostly unaltered (Zhang et al., 2015). 15-PGDH catalyze the conversion of 15-hydroxy group of PGE2 into 15-keto-PGE2 (15k-PGE2), which further catalyzed by prostaglandin reductase 2 (PTGR2). Exogenous 15k-PGE2 treatment or PTGR2 knockdown yielded the antioxidative transcription factor increase in LPS-stimulated RAW264.7 cells (Chen et al., 2018). Therefore, we speculate that 15-PGDH may regulate oxidative stress via COX-2/PGE2/EP4 signaling axis. However, other prostaglandins, such as PGD2, may play an important role, and the precise mechanism needs to be further investigated.

We also demonstrated that SW033291 treatment had no effect on the release of IL-6, IL-1β, TNF-α, and MCP-1. The effect of LPS is mediated by Toll-like receptor 4 (TLR-4) and the release of inflammatory cytokines, such as TNF-a (initiator of inflammatory response). Cunningham et al. (2004) found that LPS can induce systemic TNF-α releasing, promoting inflammatory cell infiltration and tubular cell apoptosis in septic AKI. These results indicate that 15-PGDH has little effect on the inflammatory response during LPS-induced AKI.



CONCLUSION

In summary, 15-PGDH expression was upregulated in kidneys of LPS-stimulated AKI mice, contributing to LPS-induced AKI. And such an effect may be related to apoptosis, autophagy, and oxidative damage (Figure 9). However, it is unclear whether there is interaction between apoptosis, autophagy, and oxidative damage, which needs to be further investigated. Our study provided new insights for the prevention and treatment of sepsis-related AKI.
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FIGURE 9. The summary flow diagram.
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Sterol regulatory-element binding proteins (SREBPs) are classical regulators of cellular lipid metabolism in the kidney and other tissues. SREBPs are currently recognized as versatile transcription factors involved in a myriad of cellular processes. Meanwhile, SREBPs have been recognized to mediate lipotoxicity, contributing to the progression of kidney diseases. SREBP1 has been shown to bind to the promoter region of TGFβ, a major pro-fibrotic signaling mechanism in the kidney. Conversely, TGFβ activates SREBP1 transcriptional activity suggesting a positive feedback loop of SREBP1 in TGFβ signaling. Public ChIP-seq data revealed numerous non-lipid transcriptional targets of SREBPs that plausibly play roles in progressive kidney disease and fibrosis. This review provides new insights into SREBP as a mediator of kidney fibrosis via lipid-independent pathways.
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INTRODUCTION

Numerous studies have revealed the molecular mechanisms of sterol regulatory-element binding proteins (SREBPs) as transcription factors that critically regulate lipid homeostasis (Brown and Goldstein, 1997). The extended role of SREBPs within the last three decades has been attributed to its versatility in integrating multiple cellular signals to control, not only lipogenesis but also unexpected pathways that are important for diverse biological processes, such as endoplasmic reticulum (ER) stress, inflammation, autophagy, and apoptosis. Accordingly, SREBPs contribute to the pathogenesis of various diseases, such as diabetes mellitus, fatty liver disease, chronic kidney disease (CKD), neurodegenerative diseases, and cancers (Shimano and Sato, 2017).

CKD, a major public health problem in many countries (Webster et al., 2017), is defined by persistent urine abnormalities, structural abnormalities or impaired excretory renal function, which suggests a loss of functional nephrons (Romagnani et al., 2017). To date, renin-angiotensin system inhibitors are the mainstay of therapeutic options available to reduce albuminuria and slow the progression of CKD. However, these drugs show limitations in delaying the onset of kidney fibrosis, a common feature of end-stage kidney disease (Breyer and Susztak, 2016). Therefore, it remains interesting to explore the important target that mediates the disease progression, which can be further exploited to develop novel disease-modifying therapies.

Various factors, such as infiltrating immune cells, albuminuria, and glucosuria in diabetes, have been well recognized to activate proximal tubular epithelial cells, resulting in the secretion of pro-inflammatory and pro-fibrotic mediators that further promote interstitial inflammation and fibrosis development (Romagnani et al., 2017). Meanwhile, lipid accumulation in tubular cells has been associated with an increase in reactive oxygen species production, the loss of ATP production, apoptosis, and elevated inflammatory cytokines, which contribute to the development of tissue fibrosis (Simon and Hertig, 2015). In earlier studies, SREBP1 activation was shown to induce lipotoxicity that consequently extended SREBP-related pathology to include inflammation and fibrosis in the kidney (Sun et al., 2002). SREBP1 was further revealed to bind to the promoter region of transforming growth factor (TGF)β, a major pro-fibrotic signaling mechanism in the kidney (Uttarwar et al., 2012). Thus, SREBPs appear to mediate the progression of CKD via both lipid-dependent and -independent pathways. This review summarized the recent findings involving the TGFβ signaling pathway as a regulatory target of SREBP and predicts other putative target genes of SREBP in mediating kidney fibrosis.



SREBPS AS CLASSIC MEDIATORS OF LIPOTOXICITY


The SREBP Family

SREBPs are a family of membrane-bound transcription factors involved in lipid homeostasis. Three isoforms of SREBPs, SREBP1a, -1c, and -2, are encoded by two different genes. SREBP1a and -1c originate from different promotors of sterol regulatory element-binding transcription factor (SREBF)1 genes, whereas SREBP2 is derived from the SREBF2 gene (Goldstein et al., 2006). SREBP1a stimulates global lipid synthesis in proliferating cells, and SREBP1c plays a major role in the nutritional regulation of fatty acid and triglyceride (TG) synthesis in lipogenic organs, such as the liver. In contrast, SREBP2 ubiquitously regulates sterol synthesis in tissues (Shimano et al., 1997; Horton et al., 2002).

SREBPs are bHLH-LZ (basic-helix-loop-helix-leucine zipper) transcription factors, synthesized as inactive precursors bound to ER membranes. Each precursor is organized into three domains: (1) an NH2-terminal domain containing the transactivation domain, a region rich in serine and proline, and the bHLH-LZ region for DNA binding and dimerization; (2) two hydrophobic transmembrane segments projected into the ER lumen; and (3) a COOH-terminal domain (Goldstein et al., 2006; Figure 1).


[image: image]

FIGURE 1. Domain structure of the SREBP family. The structure of SREBP1c is highly similar to SREBP1a. SREBP1c has a shorter transactivation domain in the N-terminus.




Proteolytic Activation of SREBPs

Under basal conditions, the C-terminal domain of SREBPs binds to SREBP-cleavage activating protein (SCAP) in the ER membrane. This SREBP-SCAP complex interacts with insulin-induced gene 1 protein (INSIG1) and INSIG2 (Yabe et al., 2002; Yang et al., 2002). In the presence of high cellular cholesterol and oxycholesterol levels, INSIGs become stable and bind to SREBP-SCAP creating a complex retained in the ER membrane. When the level of sterols is low, INSIGs are ubiquitylated by the associated E3 ligases and rapidly degraded (Gong et al., 2006). Meanwhile, the proteolytic activation of SREBP1 is induced by insulin and high glucose and inhibited by polyunsaturated fatty acids (PUFAs) (Nakakuki et al., 2014; Cheng et al., 2015). Insulin-induced Akt activation is shown to decrease INSIG2a protein pools, resulting in increased ER-to-Golgi transport of the SCAP-SREBP1c complex (Yellaturu et al., 2009). SCAP escorts SREBP insertion on ER transport vesicles containing COP II vesicle coat protein. The SREBP-SCAP complex is then transported to the Golgi apparatus (Sun et al., 2005). In the Golgi, the ER luminal loop of SREBP is initially cleaved by site-1 protease (S1P), a membrane-bound serine protease. Subsequent cleavage by site-2 protease (S2P), a Zn2+ metalloprotease, generates transcriptionally active N-terminal domains (Ye et al., 2000), which are translocated to the nucleus mediated via importin β (Lee et al., 2003) (Figure 2).
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FIGURE 2. Sterol-mediated proteolytic activation of SREBP. Under basal conditions, the SREBP-SCAP-INSIG complex is retained in the ER membrane. High levels of cellular sterol induce INSIG degradation, followed by translocation of the SREBP-SCAP complex from the ER to the Golgi apparatus. In the Golgi, SREBP is activated via a two-step proteolytic mechanism with S1P and S2P.


Several kinases have also been reported to be involved in the regulation of proteolytic activation. PAS kinase (PASK), a serine/threonine kinase, is required for the proteolytic maturation of SREBP1c in cultured cells and mice and rat liver. However, the detailed signaling mechanism and its effect on the stability or transcriptional activity of nuclear SREBP1c have not been fully investigated (Wu et al., 2014), whereas AMP-activated protein kinase (AMPK) has been recently identified as an upstream regulator of INSIG1. AMPK phosphorylates INSIG1 (Thr222), abrogates its interaction with E3 ubiquitin ligase gp78, and represses its ubiquitination and degradation. Increased INSIG1 stabilization eventually inhibits the cleavage and processing of SREBP1 (Han et al., 2019).



Regulation of SREBPs Synthesis and Nuclear Activity

SREBP1c gene transcription is activated by the liver X receptor (LXR), which is modulated by insulin, PUFAs, and oxysterols. The LXR-retinoid X receptor heterodimer interacts with the LXR-responsive elements located in the SREBP1c promoter, initiating SREBP1c gene transcription (Yoshikawa et al., 2001). Activation of the farnesoid X receptor (FXR) induces small heterodimer partner (SHP) expression, leading to inhibition of LXR and reduced SREBP1c expression (Watanabe et al., 2004; Figure 3).
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FIGURE 3. Regulation of SREBPs occurs at various stages. Multiple signals regulate SREBP synthesis, proteolytic activation, transcriptional activity, as well as degradation. Activated, nuclear SREBP is tightly controlled by post-translational modifications.


The transcription of SREBP target genes is tightly regulated by nuclear SREBP stability (Hirano et al., 2001). Mammalian target of rapamycin complex 1 (mTORC1), a major downstream element of insulin-induced phosphatidylinositol 3-kinase (PI3K)/Akt, activates SREBP1 depending on its S6-kinase 1 activity (Düvel et al., 2010). mTORC1 also promotes SREBP via the phosphorylation of lipin1, a phosphatidic acid phosphatase. Dephosphorylated lipin-1 triggers lipin-1 nuclear localization, reduces nuclear SREBP, and alters the localization of SREBP to the nuclear periphery (Peterson et al., 2011). In addition, nuclear SREBPs undergo post-translational modifications. Glycogen synthase kinase 3 (GSK3) phosphorylates nuclear SREBP1a (Ser-434), which serves as a recognition motif for Fbw7 ubiquitin ligases, leading to SREBP1a degradation (Bengoechea-Alonso and Ericsson, 2009). AMPK directly phosphorylates both precursor and nuclear SREBP1c (Ser372), decreasing SREBP1c cleavage and nuclear translocation (Li Y. et al., 2011). NAD+-dependent deacetylase Sirtuin 1 (SIRT1) deacetylates and inhibits SREBP1c transactivation by enhancing ubiquitination (Bengoechea-Alonso and Ericsson, 2009; Figure 3).

Furthermore, cyclin-dependent kinase 8 (CDK8) and its regulatory partner cyclin C (CycC) have been identified to cause the phosphorylation of nuclear SREBP1c at a conserved threonine residue (T402), leading to increased nuclear SREBP1c ubiquitination and degradation. Interestingly, CDK8 and CycC are negatively regulated by feeding and insulin, the most widely studied stimuli that promote SREBP1 activation (Zhao et al., 2012). Protein kinase A (PKA) also regulates nuclear SREBP1c stability. Under fasting conditions, glucagon-induced PKA activation stimulates the phosphorylation of SREBP1c (Ser308) (Lee et al., 2014) and SREBP1a (Ser331/332) (Dong et al., 2014). This promotes the sumoylation of SREBP1c at Lys98 by the mammalian protein inhibitor of activated STAT (PIAS)y, a SUMO E3 ligase. Sumoylated SREBP1c is readily degraded by ubiquitination, which leads to decreased hepatic lipid metabolism (Lee et al., 2014).



Classical DNA Binding Sites of SREBPs

Intra-nuclear SREBPs were initially found to bind to HMG CoA reductase (HMGCR) and LDL receptor (LDLR) gene promoters, known as sterol response elements (SREs). The original SRE sequence is 5′-ATCACCCCAC-3′ (Hua et al., 1993). In addition to non-palindromic SREs, the SREBPs bind to and activate classic palindromic E-boxes (CAXXTG sequence) containing promoter (Kim et al., 1995). This dual binding specificity allows SREBPs to bind with various cholesterolgenic and lipogenic genes, whose SREs are relatively similar to the original SRE sequence found in the LDLR gene. The sequences of the SREBP binding and activation sites vary considerably and are designated SRE-like sequences (Shimano, 2001; Figure 4).
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FIGURE 4. SREBP binds to the SRE promoter. SREBP binding to the SRE promoter activates the transcription of target genes involved in lipid metabolism (Shimano, 2001). ACC acetyl-CoA carboxylase; ACS acetyl-CoA synthetase; GPAT glycerol-3-phosphate acyltransferase; HMGCS HMG-CoA synthase; PPAR peroxisome proliferator-activated receptor.


SREBP1 activates lipogenic genes, whereas SREBP2 is more specific for cholesterolgenic genes. SREBP1a and -2 are equally active for SRE, whereas SREBP1c is inactive. However, only SREBP1a and -1c are active for E-box (Amemiya-Kudo et al., 2000). Due to the high similarity between the N-terminal domains of the three isoforms, all SREBP isoforms can activate each of their target genes but with different efficacies. As SREBP1c contains a shorter transactivation domain, it is weaker than SREBP1a and SREBP2. In contrast, the C-terminal domains of SREBP1 and SREP-2 are relatively less conserved compared to other domains, which may lead to minor differences in the sterol regulation mechanism (Shimano et al., 1997; Pai et al., 1998).



SREBPs Mediate Renal Lipotoxicity

Altered lipid metabolism has been linked to the progression of both acute and CKDs. Microarray analysis of human kidney biopsies in the Nephroseq database1 revealed a higher expression of SREBF1 and SREBF2 in patients with CKD or diabetic kidney disease (DKD) than in normal patients according to the results reported in Ju CKD Glom (Ju et al., 2013), Nakagawa CKD (Nakagawa et al., 2015), and Woroniecka Diabetes Glom (Woroniecka et al., 2011; Na et al., 2015). Furthermore, nutrient and genetic manipulations in experimental animal studies have demonstrated increased SREBP expression, which was associated with renal lipid accumulation, as well as progressive kidney injuries (Table 1).


TABLE 1. SREBPs and their target gene expressions mediating renal lipid accumulation and disease progression.

[image: Table 1]
The accumulation of non-esterified fatty acids and their metabolites in the kidney leads to cellular dysfunction and death through various mechanisms, such as altered mitochondrial energy coupling, excessive reactive oxygen species generation, and stimulation of ER stress (Murea et al., 2010). Defective fatty acid oxidation (FAO) in renal tubular epithelial cells particularly plays a crucial role in the progression of kidney fibrosis. Genome-wide transcriptome studies of fibrotic human kidneys revealed a lower expression of key enzymes and regulators of FAO (Kang et al., 2015). Kidney biopsies of patients with DKD demonstrated abnormal lipid metabolism, which was significantly correlated with a decline in glomerular filtration rate and kidney inflammation. The genes involved in the FAO pathway, TG hydrolysis, and cholesterol efflux were downregulated, whereas the cholesterol uptake receptor-related gene expression was elevated in the kidneys of human DKD patients (Herman-Edelstein et al., 2014).



SREBP-Induced Lipotoxicity Also Applies to Other Organs

In addition to kidney diseases, which are the focus of our review, the lipid accumulation induced by SREBP has been demonstrated to aggravate disease progression in other organs, such as the liver and lungs. Increased SREBP activity in the liver causes hepatic steatosis (Shimomura et al., 1999a), that can eventually progress to liver fibrosis and liver failure (Cohen et al., 2009). Specifically in the liver, the synthesis and proteolytic processing of SREBP1c is mainly triggered by insulin (Shimomura et al., 1999b; Brown and Goldstein, 2008). When insulin resistance is evident in peripheral tissues, insulin continues to activate SREBP1c transcription and proteolytic cleavage. Thus, the upregulated nuclear SREBP1c enhances lipogenic gene expression, fatty acid synthesis, and TG accumulation (Shimomura et al., 1999a, 2000). Meanwhile, lipid homeostasis in the lung is precisely regulated to maintain proper lung function, partially regulated by SREBP1c expression. The deletion of SCAP was shown to inhibit SREBP activity in alveolar type 2 cells and enhance neutral lipid accumulation in the lung fibroblasts of fetal and postnatal mice (Besnard et al., 2009). Double Insig1 and Insig2 gene deletions in alveolar type 2 cells activated SREBP1, leading to cholesterol esters and TG accumulation in type 2 epithelial cells and alveolar macrophages. Enhancing lipogenesis in respiratory epithelial cells resulted in lipotoxicity-related lung inflammation, airspace abnormalities, and tissue remodeling (Plantier et al., 2012). Aside from this lipid-dependent pathway, to our knowledge, there has been no study in the liver and lungs elucidating the mechanism of SREBP in mediating fibrotic signaling through a lipid-independent pathway.




SREBP AS A PRO-FIBROTIC MEDIATOR IN THE KIDNEY

Although most of the early works have already shown the role of SREBP in lipotoxicity-induced progressive tissue injuries and fibrosis development, a plausible role for SREBP in directly mediating the activation of fibrotic signaling has been underscored. SREBP was initially reported to induce extracellular matrix (ECM) gene transcription in fibroblasts. The promoter of collagen (col) VI (α1) contains a growth arrest-responsive region (GARR), comprised of repeat GA-box motifs (GGGGAGGG). In NIH3T3 fibroblasts cultured in serum-free medium, SREBP bound to GARR and induced Col VI (α1) transcription (Ferrari et al., 2004). Plasminogen activator inhibitor 1 (PAI1), a serine protease with pro-fibrotic properties, has been also identified as a transcriptional target of SREBP1c in 3T3-L1 adipocytes (Lay et al., 2002). Following these precedent reports, a series of studies in the kidney were performed to further demonstrate a transcriptional effect of SREBP on the fibrotic signaling pathway.


Non-sterol-mediated SREBP Activation

As described in the previous section, the activation of SREBP is classically regulated by cellular sterol levels. Other tissue-injury stimuli, such as mechanical cues (Liu et al., 2002; Lin et al., 2003) and high glucose (HG) (Hasty et al., 2000; Guillet-Deniau et al., 2004; Uttarwar et al., 2012), have been reported to induce SREBP activation, as well. However, the signaling mechanism of non-sterol-mediated SREBP activation appears to depend on the type of stimulus. SREBP1 activation in endothelial cells exposed to shear stress requires signaling via β1 integrin, focal adhesion kinase, and c-Src (Liu et al., 2002). The shear stress activates SREBP2 in vascular endothelial cells via RhoA/Rho-kinase signaling. The Rho-ROCK-LIMK-cofilin pathway enhances the actin assembly needed for SREBP transport from the ER to Golgi (Lin et al., 2003). In recent work, ECM stiffening and geranylgeranylated RhoA-dependent acto-myosin contraction were also shown to activate AMPK, resulting in inhibition of SREBP1 activation (Bertolio et al., 2019).

Glucose has been shown to activate SREBP1 in renal tubular epithelial cell lines (Jun et al., 2009). Several studies have suggested that epidermal growth factor receptor (EGFR)/PI3K/Akt (Wu et al., 2007, 2009) and RhoA/Rho-kinase (Peng et al., 2008) signaling mediate HG-induced TGFβ upregulation and ECM accumulation in the kidney. A mechanistic study with primary rat mesangial cells (MCs) confirmed the role of these signaling in mediating HG-induced SREBP1 activation, which leads to TGFβ activation. S1P and SCAP were required for SREBP1 activation, as it was blocked by chemical inhibitors of S1P and SCAP (Wang T. N. et al., 2015). Despite the technical limitations associated with the differentiation of the two isoforms of SREBP1, these studies suggested that multiple factors activate SREBP1, which is associated with kidney injuries. By utilizing more recent and sensitive techniques, it remains challenging to differentiate the SREBP isoforms activated by specific stimuli and the respective downstream signaling in the kidney.



SREBP Regulates TGFβ Activity

Particularly in the kidney, SREBP has then been shown to be activated by several non-sterol stimuli and to contribute to the activation of fibrotic signaling, i.e., TGFβ, a multifunctional cytokine that classically plays a major role in progressive kidney fibrosis (Sureshbabu et al., 2016).


SREBP Induces TGFβ Transcriptional Activity

HG increased TGFβ activity via SREBP1 activation in primary rat MCs. As early as 30 min and persisting up to 6 h, 30 mM HG activated SREBPs based on the detection of its mature form (nSREBP1), whereas SREBP2 was not activated. HG promoted SREBP1 binding to the TGFβ promoter, which contains a putative SREBP1 binding site, SRE. This binding was halted by fatostatin and dominant-negative SREBP1a Y335A. Connective tissue growth factor (CTGF) was detected as the downstream target of TGFβ activation. Interestingly, TGFβ promoter analysis revealed that a potential SRE site was within the first 100 base pairs of the start codon. The site is located apparently in close proximity to the Sp1 site, a well-known coactivator of SREBP (Uttarwar et al., 2012).

Angiotensin (Ang)-II also stimulated SREBP1-induced TGFβ signaling in primary rat MC cultures. Treatment with 100 nM Ang II induced SREBP1 maturation, activated SREBP1 as detected by responsive SRE, and increased the SREBP downstream target, fatty acid synthase (FAS), leading to lipid accumulation. Then, Ang II activated two parallel signals essential for TGFβ promoter activation, ER stress-induced SREBP1 activation and EGFR-mediated activation of co-transcription factor Sp1. ER stress and SREBP1 activation were detected in the glomeruli of Ang II infused mice. SREBP1 inhibition by fatostatin prevented Ang II-induced TGFβ upregulation and ECM accumulation. Mechanistically, Ang II-induced SREBP1 activation in MC culture required angiotensin (AT)1 receptor/PI3K/Akt signaling (Wang T. N. et al., 2015). PI3K and Akt are the downstream signaling molecules of AT1 receptor via coupling to G-proteins that positively regulate SREBP activation (Yellaturu et al., 2009; Uttarwar et al., 2012). Ang II-induced ER stress, exhibited by increased p-eIF2α and GRP78 expression, also activated SREBP1 in MC culture. Inhibition of ER stress or SREBP1 prevented Ang II-induced SREBP1 binding to the TGFβ promoter (Wang T. N. et al., 2015). Another study showed that ER stress decreased INSIG via eIF2α translational inhibition, resulting in the proteolytic activation of SCAP/SREBP. GRP78 retained SCAP/SREBP1 in the ER via direct interaction, which was disrupted during ER stress (Colgan et al., 2011). However, this Ang II/ER stress/SREBP activation needs to be confirmed in experimental animal models to provide stronger evidence. As Ang II might also induce ER stress in podocytes (Ha et al., 2015) and proximal tubular epithelial cells (Wang J. et al., 2015), other studies with these kidney cell subtypes are needed, as well. EGFR may be an important second signal in TGFβ upregulation via activation of the SREBP1 co-transcription factor Sp1. However, EGFR was not required for either SREBP1 activation or TGFβ promoter binding by SREBP1 (Wang T. N. et al., 2015).

A recent study suggested the role of lysophosphatidic acid (LPA) in SREBP-induced TGFβ activity (Li et al., 2017). LPA is a small, ubiquitous phospholipid that mediates pro-inflammatory and pro-fibrotic signaling in the kidney (Zhang et al., 2017). TGFβ and Smad-2/3 phosphorylation were upregulated in the renal cortex of db/db mice and SV40 MES13 MCs stimulated with LPA. LPA bound to its receptor and activated PI3K/Akt phosphorylation, leading to phosphorylation of GSK3β at Ser9. The inactive, phosphorylated GSK3β decreased SREBP1 degradation, induced its nuclear translocation, and eventually triggered TGFβ transcriptional activity. Inhibition of either LPA receptor or SCAP by fatostatin significantly decreased TGFβ signaling and ECM accumulation in mesangial cells (Li et al., 2017).

One should be aware that the cited evidence linking SREBP and TGFβ activation was derived from different experimental conditions or biological contexts. Those studies utilized EMSA and ChiP to discover the binding site motif, but the methods were limited by the skewed distribution of the genomic sequence and the inability to distinguish direct and indirect binding of the transcription factor (Lambert et al., 2018). A combination of methods with different throughput and information content, e.g., ChiP combined with SELEX, protein binding microarray/PBM, and MITOMI, are ideally necessary to determine and validate the precise genomic binding site of the transcription factor and how the transcription factor binding ultimately relates to the regulation of transcription (Geertz and Maerkl, 2010; Lambert et al., 2018).



A Vicious Cycle of SREBP1 and TGFβ Activation

Active SREBP1a, but not SREBP1c, activates the TGFβ-responsive reporter plasmid p3TP-lux carrying the promoter region of PAI1 (Chen et al., 2014). Due to its additional N-terminal residues, SREBP1a can bind to co-transcriptional factors, such as CREB-binding protein (CBP), making it a more potent transcriptional factor than SREBP1c (Toth et al., 2004). However, TGFβ activates not only its canonical pro-fibrotic downstream target, Smad3, but also non-canonical SREBP1, which requires SCAP, S1P, and P13K/Akt signaling (Figure 5). TGFβ-induced PI3K/Akt signaling acts as a critical regulator of Smad3-CBP interaction and Smad3 acetylation, which results in the upregulation of PAI1 expression (Das et al., 2008). Moreover, TGFβ-induced PI3K/Akt signaling stimulated acetylation of SREBP1a in the lysine residue (K333) by the acetyltransferase CBP, which enhanced the nuclear stability of SREBP1a. The active SREBP1a was further bound to E-box, which was adjacent to the Smad-binding element (SBE). TGFβ, interestingly, induced a direct association between Smad3 and acetylated SREBP1a in this adjacent area and the interaction between these two transcription factors was crucial in regulating the transcriptional activity of TGFβ (Chen et al., 2014). Along with previous observations suggesting that SREBP1 mediates the upregulation of TGFβ transcriptional activity (Uttarwar et al., 2012; Wang T. N. et al., 2015; Li et al., 2017), a positive feedback loop may exist in which SREBP1 exacerbates both TGFβ transcriptional activity and the response, to trigger progressive fibrosis (Figure 5).
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FIGURE 5. SREBP1 directly activates pro-fibrotic signaling. SREBP activation is induced by either sterol or non-sterol stimuli, resulting in fibrotic signaling. In the kidney, SREBP1 regulates TGFβ activity via 1) induction of TGFβ transcriptional activity, 2) a positive feedback loop with TGFβ/Smad3 signaling, and 3) prevention of exosomal degradation of the TGFβ-receptor.




SREBP Prevents Exosomal Degradation of TGFβ Receptor (TβR)

As discussed above, SREBP1 coordinates TGFβ signaling via its interaction with Smad3 (Chen et al., 2014). The activation of Smad2/3 can be controlled at various levels, for example, via the turnover of TβRI and TβRII (Huang and Chen, 2012). SREBP1 inhibition by either fatostatin or SREBP1 siRNA decreased TβRI expression and halted TGFβ/Smad3 signaling. However, SREBP1 did not regulate TβRI via transcription, proteasomal/lysosomal degradation, or proteolytic cleavage (Van Krieken et al., 2017).

Lipid rafts and caveolar endocytosis have been associated with the downregulation of TβRI (Huang and Chen, 2012; Lan and Chung, 2012). Cyclodextrin-induced lipid raft disruption prevented TβRI decreases, suggesting that SREBP1 regulated the cell surface expression of TβRI in a lipid-raft dependent manner. However, TβRI expression in MCs was found to be independent of caveolae since SREBP1 inhibition still induced TβRI downregulation in caveolin-1 knockout MCs. SREBP1 may act as an important cell surface retention factor for TβRI by preventing its secretion in the exosome (Figure 5). SREBP1 inhibition induced TβRI secretion into exosomes, which has been implicated in intracellular organelle transfer (Van Krieken et al., 2017). However, this study did not exclude the plausible re-fusion of exosomes containing TβRI in the adjacent MCs.





POTENTIAL TARGETS OF SREBPS: BEYOND LIPID METABOLISM

In a study by Seo et al. (2009), the genome-wide analysis of SREBP1 binding in mouse liver chromatin revealed a preference for proximal binding of the promoter to a new motif (5′-ACTACANNTCCC-3′). Since then, many putative target genes of SREBPs have been shown to act beyond lipid metabolism, such as in autophagy (Seo et al., 2009), ER stress (Sanchez-Alvarez et al., 2014), as well as metabolic circadian rhythm (Gilardi et al., 2014).


Identification of Non-lipogenic Target Genes of SREBPs

Having been identified to promote the transcriptional activity of TGFβ, we wondered whether other pro-fibrotic mediators could also be targets of SREBP regulation. Here, the potential SREBF target genes were identified using a data-mining suite powered by full integration of public chromatin immunoprecipitation (ChIP)-sequencing data, namely ChIP-Atlas2. The transcription regulatory peaks were examined from around ± 5 kb of the transcription start sequence of the coding genes (Figure 6). However, it should be noted that the genes listed as target genes are not necessarily functional targets of a given transcriptional regulator, suggesting that the actual regulation of potential target genes should be experimentally verified (Oki et al., 2018).
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FIGURE 6. Putative SREBFs target genes generated from the ChIP-Atlas database. Mus musculus or mouse SREBF1 target genes (A), Homo sapiens or human SREBF1 (B), and SREBF2 target genes (C).




Potential Targets of SREBPs for the Regulation of Fibrosis Development

As summarized in Table 2, SREBFs are predicted to regulate various non-lipogenic genes in diverse tissues and cell lines. Among those genes, we discuss several SREBP target genes that are plausibly involved in the pathogenesis of tissue fibrosis. These target genes would be interesting to be directly investigated in an experimental disease model of either kidney or other organs.


TABLE 2. Lipid and non-lipid targets of SREBF genes generated from the Chip-Atlas database (https://chip-atlas.org/).
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Claudin 34D (CLDN34D)

Claudins are a family of tight-junction membrane proteins that have not been clearly elucidated in the kidney. Genetic mutations in claudin-16 and -19 cause familial hypomagnesemia and hypercalciuria with nephrocalcinosis, whereas polymorphisms in claudin-14 are associated with the risk of kidney stones (Li J. et al., 2011; Yu, 2015). In the lung, the disruption of claudin-18 expression stimulates pulmonary fibrosis or chronic obstructive pulmonary disease (Schlingmann et al., 2015). Furthermore, claudin modification has been established in several cancers, including gastric cancer, via the activation of epithelial-to-mesenchymal transition (EMT), a mechanism that is also involved in the progression of fibrosis (Rendon-Huerta et al., 2013).



Syndecan Binding Protein (Syntenin) 2 (SDCBP2)

Syntenin was initially identified as a protein linking syndecan-mediated signaling to the cytoskeleton (Grootjans et al., 1997). Syntenin positively regulates TGFβ-mediated Smad activation and EMT by preventing the caveolin-1-mediated internalization of TβRI (Hwangbo et al., 2016). Thus, this adapter protein might contribute to tissue fibrosis.



Elastin Microfibril Interfacer 2 (EMILIN2)

EMILIN is an elastic fiber-associated glycoprotein (Doliana et al., 2001). In the kidney, it is localized to the glomeruli and occurs predominantly in mesangial cells (Sterzel et al., 2000). EMILIN2 binds to the TNF-related apoptosis-inducing ligand (TRAIL) death receptor (DR) 4 and partially with DR5 to activate the extrinsic apoptotic pathway. EMILIN2 knockdown results in enhanced cell survival and its overexpression triggers massive apoptosis (Mongiat et al., 2007). These additional mechanisms of ECM in modulating cell survival require further exploration in kidney diseases.



Death Associated Protein Kinase 3 (DAPK3)

DAPK is a calcium/calmodulin-regulated serine/threonine kinase that mediates cell death. Deletion of the kinase domain in DAPK attenuates tubular cell apoptosis in renal ischemia-reperfusion injury (Kishino et al., 2004). DAPK3 induces apoptosis or autophagy with or without caspase proteins. It also mediates inflammatory signals L13a (ribosome protein), ERK, and interferon-γ-activated inhibition of translation (Elbadawy et al., 2018). However, it is unclear whether DAPK3 is a potential target for kidney protection against cell death.



Transmembrane Protein 135 (TMEM135)

TMEM135 is an LXR-inducible regulator of peroxisome catabolic and anabolic processes mediated via the auxiliary matrix protein import pathway. It also regulates mitochondrial dynamics to protect the retina against oxidative stress and progressive retinal aging (Lee et al., 2016). Overexpression of TMEM135 increases mitochondrial fragmentation, as well as collagen accumulation and hypertrophy in the heart (Lewis et al., 2018). However, the role of TMEM135 in modulating mitochondria or peroxisomal function in kidney tissue remains elusive.





FUTURE DIRECTIONS AND CONCLUSION

Given the importance of SREBP in mediating lipid biosynthesis, which converges with various pathological signaling mechanisms, targeting SREBP is an important pharmacological strategy to attenuate the progression of kidney diseases. The available small-molecule inhibitors of SREBP activation have been comprehensively reviewed elsewhere (Watanabe and Uesugi, 2013). However, fatostatin is the only SREBP inhibitor extensively studied in kidney diseases. It inhibits the ER-Golgi translocation of SREBPs by binding to SCAP at a site distinct from the sterol-binding domain. Decreased SREBP maturation attenuates the progression of tubulointerstitial fibrosis induced by unilateral obstructive injury (Mustafa et al., 2016) and kidney injury in hypertensive mice (Wang T. N. et al., 2015). In type 1 diabetic mice, 12-week fatostatin treatment blocked renal SREBP1 and SREBP2 expression. However, hyperfiltration, albuminuria, and kidney fibrosis were not attenuated in the diabetic mice. Non-diabetic mice treated with fatostatin exhibited hyperfiltration and increases in glomerular volume to levels seen in diabetic mice, which were associated with increased kidney inflammation and a trend toward fibrosis (Van Krieken et al., 2018). Thus, the efficacy of other SREBP inhibitors and the specific roles of SREBP in the pathogenesis of DKD and CKD remain to be investigated.

Genome-wide analysis, in vitro, and in vivo studies have demonstrated the versatility of SREBPs in mediating diverse biological processes. Particularly in the kidney, SREBP1 acts as an activator of pro-fibrotic signaling by binding to the promoter area of fibrosis-related genes, i.e., TGFβ. The precise elucidation of non-lipid and direct or indirect targets of SREBPs that mediate the development of fibrosis remains a challenge. Emerging data suggest that continued investigation of the SREBP pathway and the discovery of its small molecule inhibitors will facilitate the amelioration of kidney disease via lipid-dependent and -independent pathways (Figure 7).
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FIGURE 7. SREBPs mediate kidney fibrosis via lipid-dependent and -independent pathways.
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APPENDIX

Abbreviations: ABHD6, abhydrolase domain containing 6; ACACA, acetyl-Coa carboxylase alpha; ACAT, acetyl-Coa acetyltransferase; ACC, acetyl-CoA carboxylase; ACLY, ATP citrate lyase; ACOX, acyl-CoA oxidase; ACS, acetyl-CoA synthetase; ACSL, acyl-CoA synthetase long-chain family member; ACSS, acyl-CoA synthetase short-chain family member; ADIPOR2, adiponectin receptor; AIDA, axin interactor, dorsalization associated; AMPK, AMP-activated protein kinase; Ang II, angiotensin II; AT1, angiotensin II type 1; BROX BRO1, domain and CAAX motif containing; CBP, CREB-binding protein; CDK8, cyclin-dependent kinase 8; ChIP, chromatin immunoprecipitation; CKD, chronic kidney disease; CLCN4, chloride voltage-gated channel 4; CLDN34D, claudin 34D; COL, collagen; CPT, carnitine palmitoyltransferase; CTGF, connective tissue growth factor; CYP51A1, cytochrome P450 family 51 subfamily A member 1; DAPK3, death-associated protein kinase 3; DHCR7, 7-dehydrocholesterol reductase; DHFR, dihydrofolate reductase; DKD, diabetic kidney disease; ECM, extracellular matrix; EEF2, eukaryotic translation elongation factor 2; EMILIN2, elastin microfibril interfacer 2; EMT, epithelial-to-mesenchymal transition; ER, endoplasmic reticulum; FADS2, fatty acid desaturase; FAO, fatty acid oxidation; FAS, fatty acid synthase; FDFT1, farnesyl diphosphate farnesyl transferase; FDPS, farnesyl diphosphate synthase; FOXK2, forkhead box K2; FXR, farnesoid x receptor; GARR, growth arrest-responsive region; GM11213, predicted gene 11213; GPAT, glycerol-3-phosphate acyltransferase; GSK, glycogen synthase kinase; HG, high glucose; HMGCR, 3-hydroxy-3-methylglutaryl-Coa reductase; HMGCS, 3-hydroxy-3-methylglutaryl-CoA synthase; HNF4 α, hepatocyte nuclear factor-4 α; HSD17B, hydroxysteroid 17-beta dehydrogenase; IDI1, isopentenyl-diphosphate delta isomerase; IL31RA, interleukin 31 receptor A; INSIG, insulin-induced gene; KPNA1, karyopherin subunit alpha 1; LDLR, LDL receptor; LPA, lysophosphatidic acid; LSS, lanosterol synthase; LXR, liver X receptor; LXRE LXR-responsive elements; MBLAC2, metallo-beta-lactamase domain containing 2; MC, mesangial cell; MEF, mouse embryonic fibroblast; MRPS15, mitochondrial ribosomal protein S1; MSH3, MutS homolog; MSMO1, methylsterol monooxygenase; mTORC1, mammalian target of rapamycin complex 1; MT-RNR2L, MT-RNR2 like; MVD, mevalonate diphosphate decarboxylase; MVK, mevalonate kinase; PAI1, plasminogen activator inhibitor 1; PANK3, pantothenate kinase; PCSK9, proprotein convertase subtilisin/kexin type 9; PDP2, pyruvate dehydrogenase phosphatase catalytic subunit 2; PGC1 α, proliferator-activated receptor-gamma coactivator 1; PGK1, phosphoglycerate kinase 1; PI3K, phosphatidylinositol 3-kinase; PKA, protein kinase A; PLA2G6, phospholipase A2 group 6; POLR3G, RNA polymerase 3 subunit G; PPAR, peroxisome proliferator-activated receptor; PUFAs, polyunsaturated fatty acids; S1P, site-1 protease; S2P, site-2 protease; SCAP, SREBP cleavage-activating protein; SCD, stearoyl-CoA desaturase; SDCBP2, syndecan binding protein; SFI1, SFI1 centrin binding protein; SIRT1, sirtuin 1; SLCO4C1, solute carrier organic anion transporter family member 4C1; SOD2, superoxide dismutase; SORBS1, sorbin and SH3 domain containing 1; SQLE, squalene epoxidase; SRE, sterol response element; SREBF, sterol regulatory element-binding transcription factor; SREBP, sterol regulatory element-binding protein; SSPN, sarcospan; STARD4, StAR-related lipid transfer domain containing; TAAR, trace amine-associated receptor; TC, total cholesterol; TG, triglyceride; TGF β, transforming growth factor β; TMEM, transmembrane protein; TSC1/2, tuberous sclerosis complex ½; T β RI, TGF β receptor I; WDR74, WD repeat domain 74.
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Aims: To evaluate whether Resolvin D1 attenuates ischemia/reperfusion-induced (IRI) acute kidney injury (AKI) via affecting Tregs.

Materials and Methods: The IRI-AKI mouse model was established, and RvD1 was injected into the mouse tail vein. Further, the renal function, histological changes, injury markers and serum cytokines were detected at 24 and 72 h after IRI. Flow cytometry was used to categorize regulatory T cells (Tregs) in the spleen and kidney. Treg cells were stripped with the anti-CD25 antibody blocker PC61 to assess its role in the protective effect of RvD1 on IRI mice. CD4+ T cells were obtained from spleen monocytes by magnetic bead sorting and differentiated into induced Treg (iTreg) cells. The effect of RvD1 on iTreg cell differentiation was observed in vitro. In addition, neutralizing antibodies against the orphan receptor G-protein-coupled receptor 32 (anti-GPR32) and LXA4 receptor (anti-ALX/FPR2), both RvD1 receptor blockers, were used to evaluate the effect of RvD1 on iTreg cell differentiation. Boc-1, an ALX/FPR2 receptor inhibitor, was administered via the tail vein to observe its effects on the ameliorative efficacy of RvD1 in IRI-AKI mice in vivo.

Results: In vivo, RvD1 increased Treg percentages, alleviated renal tubular injury and reduced the serum levels of IFN-γ, TNF-α and IL-6 in IRI-AKI mice, while PC61 depleted the number of Tregs and reversed the protective effects of RvD1. In vitro, RvD1 induced the generation of iTregs. Importantly, preincubation with anti-ALX/FPR2 neutralizing antibodies but not with anti-GPR32 neutralizing antibodies, abrogated the enhancement activity of RvD1 on iTregs. In addition, in vivo blockade of the receptor ALX/FPR2 by Boc-1 reversed the beneficial effects of RvD1 on the splenic and kidney Treg percentages, renal tubular injury and serum IFN-γ, TNF-α, and IL-6 levels.

Conclusion: Our study demonstrates that RvD1 protects against IRI-AKI by increasing the percentages of Tregs via the ALX/FPR2 pathway.

Keywords: acute kidney injury, Resolvin D1, regulatory T cells, ischemia-reperfusion injury, LXA4 receptor


INTRODUCTION

Ischemia/reperfusion injury (IRI) is the primary cause of acute kidney injury (AKI), occurs in major operations (Mehta et al., 2015). Numerous IRI animal models and human histopathological studies have shown that the inflammatory response mediated by innate and adaptive immunity is an important pathophysiological change in ischemic AKI. Th1, Th2, and Th17 cells and regulatory T cells (Tregs), which are all CD4+ T lymphocyte subsets, act as a bridge between innate and adaptive immunity and participate in the pathological process of ischemic AKI.

Resolvins are a new family of endogenous lipid mediators that are derived from docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) (Serhan et al., 2002). Resolvins include the D series (RvD) and E series and can alleviate inflammation (Weylandt et al., 2012). Resolvin D1 (RvD1) is biosynthesized from ω-3 DHA, and its effect is dependent on the LXA4 receptor (ALX/FPR2) and orphan receptor G-protein-coupled receptor 32 (GPR32) (Krishnamoorthy et al., 2010). RvD1 can promote neutrophil migration and enhance macrophage phagocytosis in an ALX/FPR2-dependent manner, which contributes to the resolution of inflammation (Hong et al., 2003; Sun et al., 2007; Spite et al., 2009). RvD1 improves the cardiorenal microenvironment to clear myocardial infarction-induced inflammation by increasing neutrophil and macrophages numbers and facilitates renoprotective mechanisms to limit cardiorenal syndrome (Halade et al., 2018).

Recently, RvDs were found to be effective in IRI-AKI and to function by reducing leukocyte influx and prohibiting postischemic kidney fibrosis (Duffield et al., 2006). Chen et al. (2014) also demonstrated that aspirin-triggered RvD1 is a potent anti-inflammatory mediator in lipopolysaccharide-induced AKI. Furthermore, a recent study reported that RvD1 can also modulate adaptive immunity, including affecting the balance between pathogenic Th1/Th17 cells and tolerogenic Tregs (Chiurchiu et al., 2016). Tregs are commonly known to play critical roles in controlling inflammation and maintaining immunological tolerance in various immune disease models. According to three recent studies, Tregs suppress innate immunity in the kidneys and play protective roles in the repair of ischemic AKI and in renal ischemic preconditioning (Gandolfo et al., 2009; Kinsey et al., 2009, 2010). Therefore, we propose that the beneficial effect of RvD1 on inflammatory regression may involve not only peripheral inflammatory cells but also Tregs. In this study, we sought to investigate whether RvD1 attenuates IRI-AKI via affecting Tregs. This study demonstrates for the first time that RvD1 alleviates IRI-AKI possibly by increasing Tregs percentages via the ALX/FPR2 pathway.



MATERIALS AND METHODS


Mice, Procedures and Interventions

Eight-week-old male C57BL/6 mice were purchased from Slake Laboratory Animal Company, Shanghai, China. All mice were fed a standard laboratory diet, provided unlimited access to drinking water, and housed in 50% humidity at room temperature on a 12 h/12 h light/dark cycle. Animal care was performed according to criteria established by the Animal Care Committee of Qingdao University. The IRI-AKI model was established by clamping the mouse bilateral renal pedicle for 60 min. In the sham operation group, a similar procedure was used except for clamping of the renal pedicle. RvD1 (Cayman Chemical, 5 μg/kg/d) or vehicle was administered through the tail vein at 30 min, 24 and 48 h after reperfusion. The dosage of RvD1 was selected based on previous reports (Kinsey et al., 2009). In some cases, RvD1 was given together with Boc-1 (a specific antagonist of ALX, China Peptide Co., 5 mg/kg/d). Blood, the kidneys, and spleen specimens were collected at the designated time points for further analysis. PC61 (BioLegend, San Diego, CA, United States, 100 μg), an anti-CD25 antibody, was used to deplete Tregs in vivo and was administered to the mice via the tail vein after reperfusion (Pasare and Medzhitov, 2004; Hu et al., 2013). Animals in the control group were given rat IgG (BioLegend, CA, United States).



Histology

All mice were sacrificed at selected intervals. The kidneys were sequentially harvested, fixed with 4% paraformaldehyde, dehydrated and paraffin embedded. The paraffin tissue was sliced into 3 mm sections and stained with periodate acid-Schiff (PAS) for histological analysis. The histological evaluation was performed by grading tubular necrosis, cast formation, tubular dilation, and the loss of the brush border in a blinded manner to determine acute tubular necrosis (ATN) scores. Ten non-overlapping fields (400×) were randomly selected and scored as follows: 0 = no injury; 1 = less than 10%; 2 = 11% to 25%; 3 = 26% to 45%; 4 = 46% to 75%; and 5 = more than 76%.



Biochemical Analysis

Blood samples were collected at 24 and 72 h and analyzed with a serum creatinine (Scr) kit (BioAssay Systems, Hayward, CA, United States).



Single-Cell Suspensions From the Spleen and Kidneys

Single-cell suspensions of splenocytes and kidney cells were harvested from C57BL/6 mice as described previously (Zhang et al., 2014). Briefly, the spleen was finely minced with PBS, sequentially passed through a 200-mesh sieve and lysed with a red blood cell lysis buffer (BioLegend, San Diego, CA, United States). Kidney suspensions were additionally incubated with collagenase I (Sigma-Aldrich, 1.6 mg/ml) and DNase I (Sigma-Aldrich, 200 μg/ml) in RPMI-1640 medium (HyClone, Logan, UT, United States) at 37°C for 30 min. Then, cells were successively filtered through 70 and 40 μm mesh successively, and lysed with red blood cell lysis buffers.



CD4+ T Cell Isolation and Intervention

Single-cell suspensions of splenocytes were harvested as described above. According to the manufacturer’s instructions, CD4+ T cells were purified with an EasySep Mouse CD4+ T cell enrichment kit (STEMCELL Technologies, Canada), and the purity was confirmed to be greater than 90% confirmed by FACS (Zhang et al., 2014). The purified naïve CD4+ T cells were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (HyClone) at a density of 1 × 105 in a 5% CO2 humidified incubator at 37°C. In addition, CD4+ T cells were induced by incubation with an anti-CD3 antibody (2.5 μg/ml, Invitrogen), an anti-CD28 antibody (5 μg/ml, Invitrogen), IL-2 (20 U/ml, Miltenyi Biotec) and TGF-β (2 ng/ml, Miltenyi Biotec) in the presence or absence of 10 nM RvD1 for 5 days (Chiurchiu et al., 2016). Cultures were supplemented with RvD1 every other day. After 5 days, cells were collected for FACS and real-time PCR analyses. In some cases, the purified naïve CD4+ T cells were preincubated with anti-GPR32 neutralizing antibodies (2 μg/ml, GeneTex) and/or anti-ALX/FPR2 neutralizing antibodies (2 μg/ml, Genovac) for 30 min before the incubation with RvD1 or vehicle and then stimulated with anti-CD3/CD28, IL-2, and TGF-β.



Flow Cytometry

First, cells were incubated with Cytofix/Cytoperm (BioLegend) to permeabilize the cell membranes for 20 min at 4°C. Then, cells surfaces were stained with FITC-conjugated anti-CD4 and PE-conjugated anti-Foxp3 antibodies (eBiosciences, CA) according to the instructions. Finally, cytometry was performed with the BD FACS Calibur System (BD Bioscience). The plots were gated for CD4+ lymphocytes, and Tregs were identified as CD4+Foxp3+ T cells.



Real-Time PCR

Total RNA was extracted with Trizol reagent, and cDNA was obtained by reverse transcription of 1 μg RNA according to the manufacturer’s instructions. Foxp3, KIM-1, Nephrin and β-actin were amplified by real-time fluorescence quantitative PCR kits (Takara Corporation, Japan) using SYBR Green master mix (Finnzyme, New England Biolabs). Relative mRNA levels were calculated by the 2–ΔΔCt method and normalized to those of β-actin. The sequences of primers used for quantitative reverse transcription-polymerase chain reaction (RT-PCR) are listed in Table 1.


TABLE 1. The sequences of primers used for RT-PCR.

[image: Table 1]


Cytokines Enzyme-Linked Immunosorbent Assay (ELISA)

The concentrations of IFN-γ, IL-10, IL-6, and TNF-α in blood samples were determined by ELISA kits (eBioscience) according to the manufacturer’s instructions. The absorbance of the final reactant was quantified at 450 nm with an ELISA plate reader (BioTek).



Statistical Analysis

Values are expressed as the means ± SDs and represented by at least three independent experiments. A least significant difference (LSD) t-test or a one-way analysis of variance (ANOVA) was performed to compare differences among diverse groups using SPSS 13.0 software. Significance levels were set at P < 0.05 for all data analyses.



RESULTS


RvD1 Alleviated Renal Injury in IRI-AKI

Duffield et al. (2006) demonstrated that IRI-AKI could result in the biosynthesis and release of RvD and protectins. To investigate the efficacy of RvD1 in IRI-AKI, mice were subjected to bilateral renal ischemia for 60 min. RvD1 was applied to the IRI mice via tail vein injection after reperfusion. The morphology and ultrastructure of kidney cells were nearly intact in the sham group, while IRI of the kidney resulted in protein cast formation, tubular epithelial cell sloughing, loss of the brush border, tubule dilation and infiltration of multiple inflammatory cells after 72 h. However, RvD1 administration significantly protected against tubule injury induced by IRI (Figure 1A). The semiquantitative assessment of ATN showed a lower score in the RvD1 group than in the IRI group (Figure 1B). In addition to the benefits to structural damage, RvD1 improved renal functions, which included reduced Scr levels at 24 and 72 h after reperfusion (Figure 1C). In addition, the mRNA level of kidney injury molecule-1 (KIM-1), a sensitive and specific biomarker for the early prediction of renal tubule injury (Vaidya et al., 2010), was increased at 24 and 72 h after reperfusion. As expected, RvD1 reduced the KIM-1 mRNA level compared with that in the IRI group (Figure 1D). Nephrin, a structural protein, plays an important role in maintaining the glomerular filtration barrier of the podocyte slit diaphragm (Kawachi et al., 1995; Ruotsalainen et al., 1999). It serves as an early marker of podocyte injury, and its reduced levels are largely associated with the loss of podocyte mass (Aaltonen et al., 2001). In our study, the nephrin mRNA levels were reduced at 24 and 72 h after reperfusion compared with those in the sham group; however, higher nephrin mRNA levels were observed in the RvD1-treated group (Figure 1E). Moreover, RvD1 administration reduced the levels of the proinflammatory cytokines IFN-γ, IL-6, and TNF-α but increased the level of the anti-inflammatory cytokine IL-10 in the serum (Figure 1F). In summary, these results suggested that RvD1 can alleviate renal lesions and protect renal function in IRI-AKI.
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FIGURE 1. RvD1 protected against renal injury in IRI-AKI mice. The IRI-AKI model was established by clamping the bilateral renal pedicles for 60 min. RvD1 (5 μg/kg/d) or vehicle was administered to the mice via the tail vein at 30 min, 24 and 48 h after reperfusion. (A) Kidneys were stained by PAS (original magnification, 400×). (B) ATN scores at 72 h after reperfusion. (C) Serum creatinine levels at 24 and 72 h after reperfusion. The relative mRNA expression of KIM-1 (D) and Nephrin (E) at 72 h after reperfusion. (F) Serum IL-6, TNF-α, IL-10, and IFN-γ levels at 72 h after reperfusion as determined by ELISA. Values are expressed as the means ± SDs, n = 6–8 per group. ∗P < 0.05 versus sham; #P < 0.05 versus IRI.




RvD1 Increased the Percentages of Tregs in IRI-AKI

Foxp3+ Tregs inhibit innate and adaptive immune responses, which play important roles in ischemic preconditioning and ischemic AKI repair (Gandolfo et al., 2009; Kinsey et al., 2010). Therefore, we tested whether RvD1 administration could upregulate the proportions of Tregs in IRI-AKI mice. Single cells isolated from the spleen were detected by FACS to assess CD4+Foxp3+ T cell percentages. We found that RvD1 increased Treg percentages in the spleen after 72 h of continuous administration (Figures 2A,B). Additionally, the Treg percentages in the kidneys increased after RvD1 administration (Figures 2A,B), although a small number of Tregs were observed in the kidneys of the IRI-AKI mice. Therefore, these results indicated that RvD1 enhances the Treg percentages in both the kidneys and spleen in IRI-AKI mice.
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FIGURE 2. RvD1 increased the percentages of Tregs in IRI-AKI mice. At 72 h after reperfusion, single-cell suspensions were harvested from splenocytes and kidney cells. (A) Representative flow cytometry analysis of CD4+Foxp3+T cells obtained from the spleen or kidneys in IRI-AKI mice. The plots are gated for CD4+lymphocytes. The data are representative of 3 independent experiments. (B) Percentages of CD4+Foxp3+T cells in the spleen and kidneys of IRI-AKI mice. Values are expressed as the means ± SDs, n = 6–8 per group. *P < 0.05 versus sham; #P < 0.05 versus IRI.




Depletion of Tregs Reversed the Beneficial Effects of RvD1 on IRI-AKI

To further define the role of Tregs in the beneficial effects of RvD1 on IRI-AKI, Tregs were depleted in vivo. PC61 (an anti-CD25 antibody, 100 μg) can reportedly effectively remove Tregs in vivo without affecting non-Tregs (Pasare and Medzhitov, 2004; Hu et al., 2013). After PC61 administration, the percentages of Tregs in the spleen and kidneys were significantly reduced in IRI-AKI mice (Figures 3A,B), which indicated that the depletion of Tregs was successful. In the IRI-AKI mice administered RvD1, PC61 reversed the beneficial effects of RvD1 on IRI-AKI, which included aggravated tubular injury (Figure 4A), increased ATN scores (Figure 4B) and renal function deterioration (Figure 4C). Moreover, higher KIM-1 mRNA levels (Figure 4D) and lower nephrin mRNA levels (Figure 4E) were observed in the PC61 group than in the rat IgG group. In addition, compared with rat IgG, PC61 treatment increased the levels of the proinflammatory cytokines IFN-γ, IL-6, and TNF-α but decreased the level of the anti-inflammatory cytokine IL-10 (Figure 4F). These experimental results demonstrate that the protection of RvD1 in IRI-AKI is related to the increased percentage of Tregs.
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FIGURE 3. PC61 administration reduced Treg percentages in the spleen and kidneys of IRI-AKI mice. The IRI-AKI model was established, and PC61 or rat IgG was administered via the tail vein after RvD1 or vehicle interventions. Single-cell suspensions were generated from the spleen and kidneys at 72 h after reperfusion. (A) Representative flow cytometry analysis of CD4+Foxp3+ T cells obtained from the spleen or kidneys of IRI-AKI mice treated with or without RvD1, PC61 or rat IgG. The plots are gated for CD4+lymphocytes. The data are representative of 3 independent experiments. (B) The percentage of CD4+Foxp3+ T cells in the spleen or kidneys. Values are expressed as the means ± SDs, n = 6–8 per group. ∗P < 0.05, IRI + PC61 versus IRI; #P < 0.05, IRI + RvD1 + IgG versus IRI; ✩ P < 0.05, IRI + RvD1 + IgG versus IRI + RvD1 + PC61.
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FIGURE 4. PC61 reversed the beneficial effects of RvD1 on IRI-AKI. (A) Kidneys were stained by PAS (original magnification, 400×). (B) ATN scores at 72 h after reperfusion. (C) Serum creatinine levels at 72 h after reperfusion. The relative mRNA expression of KIM-1 (D) and Nephrin (E) at 72 h after reperfusion. (F) Serum IL-6, TNF-α, IL-10 and IFN-γ levels at 72 h after reperfusion as determined by ELISA. Values are expressed as the means ± SDs, n = 6–8 per group. ∗P < 0.05, IRI versus Sham; #P < 0.05, IRI + RvD1 + IgG versus IRI; ★ P < 0.05, IRI + PC61 versus IRI + RvD1 + IgG; ✩ P < 0.05, IRI + RvD1 + IgG versus IRI + RvD1 + PC61; ΔP < 0.05, IRI + RvD1 + PC61 versus IRI; °P < 0.05, IRI + PC61 versus IRI; NS: not significant.




RvD1 Induced the Generation of Induced Tregs (iTregs) via ALX/FPR2 Receptors

Further, we conducted another study to explore whether RvD1 could affect the generation of iTregs, which develop from naïve CD4+ T cells under antigen and TGF-β stimulation (Chiurchiu et al., 2016). To this end, naïve CD4+ T cells were stimulated with RvD1 or vehicle under Treg-inducing conditions in vitro (Figure 5A). At 96 h, the percentages of CD4+Foxp3+ Tregs (Figures 5B,C), Foxp3 mRNA expression (Figure 5E), and serum IL-10 levels (Figure 5D) were all increased in the presence of RvD1 compared with the control vehicle. These results suggest that RvD1 affects not only the induction of Tregs but also their specific functional properties.
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FIGURE 5. RvD1 induced the generation of iTregs via the receptor ALX/FPR2. (A) The sketch map of iTreg generation. (B) Representative flow cytometry analysis of iTregs generated with or without RvD1, an anti-GPR32 neutralizing antibody, or an anti-ALX/FPR2 neutralizing antibody at 96 h after incubation under the condition of iTreg generation. The plots are gated for CD4+ lymphocytes. The data are representative of 3 independent experiments. (C) The percentage of iTregs. (D) IL-10 levels in the supernatants of iTregs as determined by ELISA. (E) The mRNA expression of Foxp3 in iTregs as determined by RT-PCR. Values are expressed as the means ± SDs, n = 6 per group. ∗P < 0.05, RvD1 versus RvD1 + anti-ALX/FPR2 antibody; #P < 0.05, RvD1 versus RvD1 + anti-ALX/FPR2 antibody + anti-GPR32 antibody; NS: not significant, RvD1 versus RvD1 + anti-GPR32 antibody.


To verify the potential molecular mechanism of RvD1 in iTreg regulation, we assessed the role of RvD1 receptors in iTregs. GPR32 and ALX/FPR2 are known receptors of RvD (Krishnamoorthy et al., 2010; Norling et al., 2012) and because Chiurchiu et al. demonstrated that iTregs express both GPR32 and ALX/FPR2 (Chiurchiu et al., 2016), we focused on these receptors. Interestingly, preincubation with anti-ALX/FPR2 neutralizing antibodies alone or in combination with anti-GPR32 neutralizing antibodies abrogated the enhancement effect of RvD1 on iTregs, while anti-GPR32 neutralizing antibodies alone did not (Figures 5B–E). This result suggests that the receptor ALX/FPR2 mediates the effects of RvD1 on iTregs in vitro.



Boc-1 Reversed the Protective Effect of RvD1 on IRI-AKI

Boc-1 is a selective RvD1-receptor ALX/FPR2 antagonist. To further verify that RvD1 increases the percentage of Tregs through the ALX/FPR2 pathway in vivo, Boc-1 was administered to IRI-AKI mice. We found that Boc-1 reduced the Treg percentages in the spleen and kidneys of IRI-AKI mice treated with RvD1 (Figure 6). Additionally, compared with RvD1 treatment, the administration of Boc-1 in vivo led to pathological changes (widespread protein cast, tubular necrosis and inflammatory cell infiltration; Figure 7A), increased in ATN scores (Figure 7B), renal dysfunction (manifested as high levels of Scr; Figure 7C) and inflammatory cytokines infiltration (high serum levels of IFN-γ, IL-6 and TNF-α; Figure 7F). Moreover, Boc-1 treatment increased the mRNA levels of KIM-1 (Figure 7D) but reduced those of Nephrin (Figure 7E) compared to those in the RvD1 treatment group. This result demonstrated that Boc-1 reversed the protective effect of RvD1 on IRI-AKI.
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FIGURE 6. Boc-1 abrogated the effect of RvD1 on the spleen and kidney cell Treg percentages. The IRI-AKI model was established and Boc-1 was administered via the tail vein after RvD1 or vehicle interventions. (A) Representative flow cytometry analysis of CD4+Foxp3+ T cells obtained from the spleen or kidneys of IRI-AKI mice treated with or without RvD1 or Boc-1. The plots are gated for CD4+ lymphocytes. The data are representative of 3 independent experiments. (B) The percentage of CD4+Foxp3+ T cells in the spleen or kidneys. Values are expressed as the means ± SDs, n = 6–8 per group. ∗P < 0.05, IRI versus IRI + RvD1; #P < 0.05, IRI + RvD1 versus IRI + RvD1 + Boc-1.
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FIGURE 7. Boc-1 reversed the improved therapeutic efficacy of RvD1 in IRI-AKI. (A) Kidneys were stained by PAS (original magnification, 400×). (B) ATN scores at 72 h after reperfusion. (C) Serum creatinine levels at 72 h after reperfusion. The relative mRNA expression of KIM-1 (D) and Nephrin (E) at 72 h after reperfusion. (F) Serum IL-6, TNF-α, IL-10 and IFN-γ levels at 72 h after reperfusion as determined by ELISA. Values are expressed as the means ± SDs, n = 6–8 per group. ∗P < 0.05, IRI versus IRI + RvD1; #P < 0.05, IRI + RvD1 versus IRI + RvD1 + Boc-1.




DISCUSSION

RvD1, one of the most extensively studied resolvins, can promote the resolution of inflammation by inhibiting inflammatory cell infiltration, downregulating cytokine secretion and promoting neutrophil apoptosis (Schwab et al., 2007). It is reported to play protective roles in a variety of disease models, including acute lung injury, peritonitis, wound infection, insulin resistance and atherosclerosis models (Bento et al., 2011; Weylandt et al., 2012). In the field of nephrology, RvD1 can also preserve renal function and inhibit fibrosis in multiple kidney diseases, such as obstructive nephropathy (Qu et al., 2012), adriamycin-induced AKI (Zhang et al., 2013), lipopolysaccharide (LPS)-induced AKI (Chen et al., 2014), paraquat-induced AKI (Hu et al., 2019), and IRI-AKI (Duffield et al., 2006). In our research, RvD1 administration alleviated renal injury and protected renal function in IRI-AKI, results that were identical to those of previous studies.

In addition to limiting inflammation, RvD1 also plays an important role in adaptive immune mediation. Chiurchiu et al. reported that RvD1 could promote the generation of Foxp3+ Tregs (Chiurchiu et al., 2016). Luo et al. suggested that RvD1 could increase Treg activity and the macrophage phagocytosis of apoptotic T cells, which was shown to contribute to disease recovery in rats with experimental autoimmune neuritis (Luo et al., 2016). Tregs are lymphocytes with immunosuppressive properties that are commonly identified by their expression of CD4 and CD25 on the cell surface and upregulated levels of the transcription factor Foxp3 (Fontenot et al., 2003). With the development of a tissue digestion and sieving technique followed by flow cytometry, Tregs were discovered in the normal kidney (Ascon et al., 2006). Despite less infiltration in the normal kidney (less than 1% as assessed by FACS) (Gandolfo et al., 2009; Kinsey et al., 2009), Tregs still play an important role in many kidney diseases, such as AKI and progression to CKD. Tregs suppress innate immunity and participate in the repair of ischemic AKI and in renal ischemic preconditioning (Gandolfo et al., 2009; Kinsey et al., 2009, 2010). Our studies demonstrated that RvD1 administration could increase the Treg percentages in the spleen and kidneys of IRI-AKI mice. However, whether the increased percentages of Tregs were important for the protective effect of RvD1 remained unknown. To better understand the causal relationship between the induction of Treg activity by RvD1 and its renal protective effect, PC61, an anti-CD25 antibody, was used to deplete Tregs, which mitigated the effect of RvD1 on ischemic injury. These results suggest that the increased percentages of Tregs induced by RvD1 treatment may contribute to the beneficial effects of RvD1 on IRI-AKI.

Treg depletion experiments are complex. The administration of PC61 to IRI-AKI mice slightly increased the average ATN score and the inflammatory cytokine levels compared with those in IRI group, but the differences were not statistically significant. This result was consistent with those reported by Bai et al. (2018) and Gandolfo et al. (2009). However, Gandolfo reported that PC61 administration reduced Scr levels within 1 day, increased tubular damage in the outer medulla after 3 days and persistently increased tubular damage after 10 days in IRI-AKI mice, while Treg transfer was associated with histological changes only at 10 days. These results suggested that Treg depletion and transfer require some time to become effective, which may be related to the lower number of Tregs in the kidney. These studies may further explain our results, and we hypothesized that as the IRI time extends in mice, the effect of PC61 on renal pathology will gradually appear. In addition, the treatment of Tregs-depleted mice with RvD1 had some protective effects in histopathology, renal function and inflammatory cytokines levels compared with those in the IRI group. Therefore, we speculate that RvD1 protects IRI-AKI mice by increasing the numbers of not only Tregs but also other cells, such as TH1 and Th17 cells.

The mechanism of Treg amplification in mice treated with RvD1 may be associated with the proliferation of preexisting Tregs or the transformation of naïve CD4+ T cells. Recently, Chiurchiu et al. reported that RvD1 could enhance the de novo generation of Foxp3+ Tregs and further confirmed the conclusion drawn in vivo regarding Elovl2–/– mice, which are deficient for elongase 2, the key enzyme involved in the synthesis of DHA (the precursor of RvD) (Chiurchiu et al., 2016). In vitro, we further evaluated whether RvD1 could affect the transformation of non-Tregs to Tregs. iTregs develop from naïve CD4+ T cells under stimulation by antigen and TGF-β (Yamagiwa et al., 2001). Therefore, purified naïve CD4+ T cells were incubated with RvD1 under the condition of Treg induction. Our data showed that RvD1 could potentiate iTreg differentiation, with significantly higher Foxp3 mRNA expression levels compared to those in the control group. The GPR32 and ALX/FPR2 are two receptors that have been shown to transmit RvD1 signals, but only ALX/FPR2 has been identified in rodents (Recchiuti, 2013). Interestingly, after the addition of an anti-ALX/FPR2 neutralizing antibody, the Treg percentage, Foxp3 mRNA level and IL-10 level were reduced. However, this effect was not observed after the additional application of an anti-GPR32 neutralizing antibody. Furthermore, in vivo studies showed that the administration of Boc-1, a selective RvD1-receptor ALX/FPR2 antagonist, reduced the percentages of Tregs in the spleen and kidneys of IRI-AKI mice treated with RvD1 and reversed the beneficial effects of RvD1 on tubular injury. Therefore, these results suggest that RvD1 enhances the generation of iTregs and the protective efficacy of RvD1 against IRI-AKI via the ALX/FPR2 pathway.

In summary, our studies demonstrated that RvD1 administration improved renal injury in IRI-AKI. This amelioration efficacy was associated with an increased percentage of Tregs induced by the ALX/FPR2 pathway.
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Aims: The aim of this study was to identify the predictive role of baseline anti-erythropoietin (anti-EPO) antibody levels in follow-up EPO demand in maintenance dialysis patients with end-stage renal disease (ESRD).

Methods: Baseline routine blood parameters, clinical data, dialysis-related parameters, EPO, anti-EPO antibody, and anti-EPO-receptor antibody were also measured. Differences in the abovementioned variables were compared among four intervals of the EPO demand index (EDI). Further univariate and adjusted logistic regression analyses were performed to identify the independent predictors for higher EPO demand.

Results: The predialysis potassium ion concentration was significantly higher in the fourth quartile (Q4) population than in the other three populations (p < 0.05). Furthermore, the anti-EPO antibody level showed significant differences among the four intervals (p = 0.006). The baseline anti-EPO antibody level was correlated with the follow-up EDI (r2 = 0.0377, p = 0.030). Furthermore, the follow-up EDI was significantly higher in the anti-EPO antibody-positive group (p = 0.02). Age (OR = 1.071, p = 0.005), ferritin (OR = 1.001, p = 0.038), potassium ion concentration before dialysis (OR = 2.781, p = 0.012), dialysis duration (OR = 1.025, p = 0.030), and anti-EPO antibody level (OR = 7.694, p = 0.004) were potential predictors for higher EPO demand. After adjustment, age (OR = 1.072, p = 0.026), potassium ion concentration before dialysis (OR = 3.425, p = 0.013), and EPO level (OR = 5.27, p = 0.007) were independent predictors for higher EDI demand.

Conclusion: The baseline anti-EPO antibody level combined with an older age and a higher predialysis potassium ion concentration are independent predictors for a higher follow-up EPO demand in maintenance dialysis patients with ESRD.

Keywords: anti-erythropoietin antibody, predictor, erythropoietin demand, maintenance dialysis, cohort study


INTRODUCTION

Anemia is considered the most frequent complication in patients with end-stage renal disease (ESRD), especially in the subpopulation on maintenance dialysis (1). It has also been identified as an independent risk factor/predictor for major cardiovascular events, including heart failure and atherosclerosis (2). Anemia in ESRD patients has also been demonstrated to be caused mainly by insufficient synthesis of erythropoietin (EPO) combined with erythropoietin resistance as well as a higher erythropoietin demand (3).

It has been demonstrated that up to 10% of patients in the erythropoietin-stimulating agent (ESA)-treated population have a lower erythropoietin response (1, 4, 5). Furthermore, an imbalance between the production of EPO and the demand for EPO is another pivotal reason for anemia in patients treated with ESA.

Erythropoietin demand reflects the need for erythropoietin (including endogenous and exogenous EPO) in ESRD patients in order to produce sufficient Hb to eliminate anemia (6, 7). Previous studies have shown that maintenance of dialysis patients with ESRD may be characterized by a greater erythropoietin demand or require a larger amount of ESA (1, 6). The erythropoietin demand index (EDI) is an indicator of the requirement for EPO, which is calculated as plasma erythropoietin units divided by the hemoglobin value (1).

The erythropoietin demand is a critical risk factor for cardiovascular disease; thus, it is urgent to identify the main causes for erythropoietin demand and epidemiology of increased EPO demand in maintenance dialysis patients with ESRD and its risk predictors/factors (2, 4). However, the risk factors and predictors for increased erythropoietin demand have been comprehensively investigated.

In recent decades, the anti-EPO antibody and anti-EPO receptor (anti-EPOR) antibody have been reported to be associated with EPO resistance (8–10). In addition, they may play an important role in anemia among maintenance dialysis patients combined with insufficient EPO production (6, 11). Furthermore, the roles of anti-EPO and anti-EPOR antibodies in EPO demand have not been identified. Thus, we performed the current prospective cohort study to identify the predictive role of anti-EPO and anti-EPOR antibodies in EPO demand in maintenance dialysis patients.



METHODS


Study Design and Population

Our present research is a prospective cohort study in consecutive patients with ESRD who were undergoing maintenance dialysis at Xinqiao Hospital, Army Medical University (Third Military Medical University) from March 1, 2016, to July 1, 2019. A total of 129 consecutive patients were included in our cohort according to the inclusion and exclusion criteria. Most of the subjects were followed up within 39 months (fewer of them were followed up within 2 months). Median and quartiles of the follow-up time were 39 (39–39) months. During a median of 39 months of follow-up, nine patients were excluded or lost to follow-up.

The inclusion criterion was ESRD patients who were undergoing maintenance dialysis. The exclusion criteria were as follows: severe hepatic dysfunction (n = 2), death during hospitalization (n = 2), advanced cancer (n = 1), or severe infection (1). Additionally, three patients were lost to follow-up in the cohort, as shown in Figure 1.


[image: Figure 1]
FIGURE 1. The flow chart of this study.


All patients provided written informed consent. Our present research complied with the Declaration of Helsinki with respect to human investigations and was approved by the ethics committee of Xinqiao Hospital, Army Medical University (Third Military Medical University).


Procedures and Clinical Data Collection

The selected maintenance dialysis patients were viewed in clinical reception by our trained physicians, Dr. Ying Zhang and Dr. Yiqing Wang, by using standardized case file records to record demographic data (age, height, and weight), lifestyle factors (smoking and alcohol consumption status), prevalent diseases (hypertension, cardiovascular diseases, and other diseases), family histories, and medication use (antihypertension drugs, anticoagulants, and phosphate binders), as well as EPO usage.




Biomarker Variable Determination

Venous blood samples were obtained from the patients in the early morning after at least 12-h fasting at both cross sections (after entrance to the cohort and follow-up cross section) within a median of 39 months of follow-up (from 2 to 39 months).

First, we performed routine blood examination [tests of red blood cell count (RBC), mean corpuscular volume (MCV), concentration of hemoglobin (Hb), mean corpuscular hemoglobin (MCH), hematocrit (HCT), MCH concentration (MCHC), red blood cell distribution width (RDW), white blood cell count (WBC), platelet count (PLT), plateletcrit (PCT), and platelet distribution width (PDW)] by using an automated hematology corpuscle analyzer (AU400; Olympus Optical, Co., Tokyo, Japan).

Second, we measured plasma creatinine (Cr, enzyme method), UA (colorimetry), parathyroid hormone (PTH; chemiluminescent immunoassay), and ferritin (chemiluminescent immunoassay) concentrations by using Roche Diagnostics GmbH products (Abbott, i2000, USA).

Third, we also performed examinations of serum iron concentration (FERENE methods, Beckman AU5821), blood urea nitrogen concentration (BUN), potassium concentration (K+), and sodium concentration (Na+) by using indirect ion-selective electrode methods (EX-Z, JOKOH, Japan). Serum calcium concentration (Ca2+) was measured by using Tri-azo methods, and phosphate concentration (P) was measured with a phosphomolybdate ultraviolet method (Roche Diagnostics GmbH, USA).

Finally, EPO, anti-EPO antibody, and anti-EPOR antibody were measured using ELISA kits (Recombinant Human Erythropoietin, BioLegend and Recombinant Human R Erythropoietin, RD Systems, USA). Each sample was assayed in duplicate to measure the exact concentrations of endogenous EPO, anti-EPO antibody, and anti-EPOR antibody.

All of the biochemical variables were measured from blood specimens in the Clinical Laboratory Department, Xinqiao Hospital.



Definition of the Variables

KT/V was calculated as ln(posturea/preurea) – 0.008 *ultrafiltration time + (4 – 3.5 *posturea/preurea) *(ultrafiltration volume/postweight). Follow-up EPO demand was assessed by using the endogenous EPO level divided by Hb (EDI). Anti-EPO antibody positive (EPOA+) was defined as an optical density (OD) >0.5526 [the mean ± 3 standard deviations (SDs) in 55 age-matched healthy volunteers]; otherwise, it was defined as anti-EPO antibody negative (EPOA–). Similarly, EPOR antibody positive (EPOA+) was defined as an OD >0.5356 (the mean ± 3 SDs in 55 age-matched healthy volunteers); otherwise, it was defined as anti-EPOR negative (EPORA–).



Statistical Analysis

Continuous variables (such as age and BMI) that are normally distributed were expressed as the means ± SD. The differences between two groups or among four EDI intervals of these variables were compared using independent Student's t-test or one-way ANOVA [comparisons between two intervals were made using least significant difference (LSD) methods]. The Wilcoxon rank sum test was used to compare the non-normally distributed variables (comparisons among four intervals were performed by using one-way ANOVA after transformation to normality). Furthermore, the chi-square test or Fisher's exact test (if there were less than five cases) was employed to assess dichotomous variables. Univariate logistic regression analyses were performed to primarily screen the risk factors for EPO demand. Variables with p < 0.05 in comparisons among different EDI groups or in the univariate logistic regression were included in multivariate (adjusted) logistic regression analyses to identify independent associated factors of higher EPO demand. The regressions were performed using ordinal logistic regression analyses, and we have just listed the Q4 EDI vs. other intervals (Q1–Q3) owing to too many data. Furthermore, the generalized linear model's analyses have also been performed to determine the OR and its 95% CI. All of the statistical analyses were performed with SPSS 22.0 for MAC statistical software (California, USA).




RESULTS

At the follow-up cross section, 120 patients were included in the statistical analysis. The basic characteristics of the patients are listed in Table 1. The mean age of the subjects was 48.17 ± 13.55 years, and the BMI was 21.97 ± 3.24 kg/m2. A total of 77 patients were diagnosed with anemia (64.2%). Hypertension status and drug use are also shown in Table 1. The follow-up endogenous EPO was 18.05 (10.70–18.88) g/dl in these maintenance dialysis patients.


Table 1. Characteristics of the patients.
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Differences in Baseline Parameters Among the Four Intervals of Follow-Up Erythropoietin Demand Index

The EDI was divided into four quartile intervals, and we compared the differences among various groups. The patients in the Q4 and Q3 groups were significantly older than those in the Q2 and Q1 groups (p-values were <0.05; Table 2).


Table 2. Differences of basic line routine blood, clinical data, dialysis parameters, EPO, and EPOR antibodies among four intervals of follow-up EDI.
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In the routine blood tests, only Hb showed significant differences among different EDI intervals. The Hb concentration was significantly higher in the Q1 EDI group at 10.95 (9.82–12.02). Other routine blood test parameters, including HCT, MCV, MCH, MCHC, RDW-CV, WBC, PCT, PLT, mean platelet volume (MPV), and PDW, showed no differences among the various intervals of EDI.

The serum iron, ferritin, and PTH levels were similar in the groups (all p-values were >0.05).

In the dialysis parameters, the dialysis duration showed no differences among the four intervals (p = 0.179). Predialysis, the potassium ion concentration was significantly higher in the Q4 population than in the other three populations (all p-values were <0.05). However, other predialysis parameters, including the concentrations of urea, Cr, uric acid, calcium ion, serum phosphate, and serum sodium, as well as TCO2, showed no differences among these populations (all of the p-values were >0.05). Furthermore, the postdialysis-related variables were all similar among various populations, including concentrations of urea, Cr, uric acid, calcium ion, serum phosphate, potassium ion, and serum sodium, as well as TCO2.

Unfortunately, we found no difference in either ultrafiltration volume or KT/V value (p > 0.05). Focusing on the target level of anti-EPO and anti-EPOR antibodies, only anti-EPO antibody showed significant differences among the four intervals (p = 0.006); that is, the levels of anti-EPO antibody were significantly higher in the Q2, Q3, and Q4 populations than in the Q1 subgroup (all p-values were <0.05). However, the anti-EPO antibody levels were similar among the three subgroups (Q2, Q3, and Q4, Table 2).



Differences in Baseline Parameters Between Erythropoietin and Erythropoietin Receptor Antibodies Positive and Negative Groups

We further analyzed the differences in baseline parameters between EPO/EPOR antibody-positive and EPO/EPOR antibody-negative groups. First, age and BMI showed no difference between the EPOA+ and EPOA– groups or between the EPORA+ and EPORA– groups.

In the routine blood examination parameters, we found that only RDW was significantly higher in the EPOA+ group than in the EPOA– group (14.87 ± 1.57% vs. 14.28 ± 1.31%, p = 0.046). Only one variable (MPV) was significantly higher in the EPORA+ group than in the EPORA– group (9.65 ± 1.70 vs. 8.94 ± 1.14 fl, p = 0.010). However, none of the other routine blood examination parameters showed any differences between the EPORA+ and EPORA– individuals (p > 0.05).

Moreover, neither clinical data (serum iron, ferritin, and PTH) nor dialysis-related parameters showed any differences between the EPOA+ and EPORA+ populations.

Regarding the EPORA groups, we found that ferritin and TCO2 (both predialysis and postdialysis) showed differences between the EPORA+ and EPORA– populations. Other clinical data and dialysis-related parameters were similar in the two groups (Table 3).


Table 3. Differences of basic line blood routine, clinical data, and dialysis parameters between EPO and EPOR antibody positive and negative groups.
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Associations Between Erythropoietin Demand Index and Erythropoietin/Erythropoietin Receptor Antibodies

To identify the associations between EDI and anti-EPO/anti-EPOR antibody levels, we further compared the EDI between the EPOA + and EPOA– groups (as well as between the EPORA+ and EPORA– groups). As shown in Figure 2, the baseline EPO antibody level is correlated with follow-up EDI (r2 = 0.0377, p = 0.03), whereas the baseline anti-EPOR antibody level was not correlated with EDI (r2 = 0.0009, p = 0.73). Furthermore, in Figure 3, we found that the follow-up EDI was significantly higher in the EPOA+ group than in the EPOA– group (p = 0.02, Figure 3A). However, there were no significant differences between the EPORA+ and EPORA– groups. In addition, follow-up EDI was similar in the EPOA+ combined with EPORA+ group and EPOA– combined EPORA– group (Figures 3B–D). The correlations between the follow-up EDI and other parameters are shown in Table S1.


[image: Figure 2]
FIGURE 2. Correlation between follow-up EDI and baseline anti-EPO and anti-EPOR antibodies. (A) The baseline anti-EPO antibody level was correlated with follow-up EDI. (B) The baseline anti-EPOR antibody level was not correlated with follow-up EDI. EDI, erythropoietin demand index; EPO, erythropoietin; EPOR, erythropoietin receptor.
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FIGURE 3. The follow-up EDI was different between the different groups. (A) The follow-up EDI was different between the EPOA+ and EPOA– groups. (B) The follow-up EDI was not different between the EPORA+ and EPORA– groups. (C) Follow-up EDI showed no difference between the EPOA/EPORA+ group and the EPOA– (plus EPORA–) group. (D) Follow-up EDI showed no difference between the EPOA+ (plus EPORA+) group and the EPOA–/EPORA– group. EDI, erythropoietin demand index; EPOA–, EPOA negative; EPOA, erythropoietin antibody; EPOA+, EPOA positive.




Univariate and Adjusted Regressions for the Higher Erythropoietin Demand Index Group

To identify the predictive roles of EPO and other potential factors, we performed univariate logistic regression for each parameter between the higher and lower erythropoietin demand (Q4 of EDI vs. Q1 of EDI). Other analyses between Q3 EDI and Q1 EDI are shown in the Appendix.

In the univariate logistic regression analyses, we found that age (OR = 1.071, 95% CI 95% CI: 1.021–1.123, p = 0.005), ferritin (OR = 1.001, 95% CI: 1.000–1.003, p = 0.038), potassium ion concentration before dialysis (OR = 2.781, 95% CI: 1.255–6.162, p = 0.012), dialysis duration (OR = 1.025, 95% CI: 1.002–1.048, p = 0.030), and EPOA OD value (OR = 7.694, 95% CI: 2.109–67.277, p = 0.004) were potential associated factors for higher erythropoietin demand (Table 4).


Table 4. Univariate regressions for higher EDI (Q4).
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To identify the independent associated factors of higher erythropoietin demand, variables that showed differences among various intervals of EDI or that had a p-value of <0.05 in univariate logistic regression analyses were included in the adjusted logistic regression. Ultimately, age (OR = 1.072, 95% CI: 1.008–1.140, p = 0.026), potassium ion concentration before dialysis (OR = 3.425, 95% CI: 1.297–9.040, p = 0.013), and EPOA OD value (OR = 5.27, 95% CI: 2.577–6.733, p = 0.007) were found to be independent associated factors of higher erythropoietin demand (Table 5).


Table 5. Adjusted regressions.
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The ordinal logistic regression analyses have found that the baseline EPO antibody level (OR = 5.328, 95% CI: 1.072–8.735, p = 0.045), ferritin (OR = 6.746, 95% CI: 1.028–9.976, p = 0.044), and PTH (OR= 0.064, 95% CI: 0.009–0.148, p = 0.035) were independently associated with higher EDI (Tables S4, S5).




DISCUSSION

In the present cohort study lasting a median of 39 months, we found differences in age, baseline Hb, baseline predialysis potassium ion concentration, and baseline anti-EPO antibody level among four follow-up EDI intervals. Furthermore, EDI was significantly higher in the EPOA+ group than in the EPOA– group, and it was associated with the anti-EPO antibody level. Further analyses indicated that age, potassium ion concentration before dialysis, and anti-EPO antibody OD level were independent associated factors of higher EPO demand or higher EDI.

As mentioned in the Introduction, anemia is one of the most frequent complications accompanying ESRD, especially in the maintenance dialysis patient subpopulation (1, 7, 11, 12). In the present study, more than half of the maintenance dialysis patients had various severities of anemia. It is known that patients with ESRD produce insufficient EPO due to kidney dysfunction to satisfy the higher need for EPO resulting in anemia. It is also the most important reason for use of ESA.

Age has been considered a non-modifiable risk factor for various diseases, including anemia and renal dysfunction (13, 14). Without exception, we found that older patients with ESRD who underwent maintenance dialysis were characterized by a higher EDI, indicating a greater requirement for EPO. We also found that age may be the potential risk factor for higher EPO demand in the primary screening univariate regression analysis. Final adjusted analyses identified the independently predictive role of age in the higher EPO demand after 39 months.

EPO demand is directly calculated by Hb; thus, it may be related to baseline routine blood parameters, especially RBC and Hb variables. We found that the baseline Hb concentration was significantly higher in the lower follow-up EPO demand group. However, in the latter analyses, baseline Hb concentration showed no association with EPO demand. Neither was it an independent associated factor of higher EPO demand. Serum iron, ferritin, and PTH were also considered in the analyses; however, they were not associated with follow-up EDI. Although iron is one of the basic elements for the production of Hb, we did not find an association between iron and EPO demand (15).

We also attempted to identify the association between dialysis parameters (separated into predialysis and postdialysis). We revealed one novel finding that the predialysis potassium concentration was significantly higher in the higher EDI group. Further analyses also indicated that the predialysis potassium concentration was an independent associated factor/risk factor of higher EPO demand. Our present study identified a novel risk factor for follow-up EDI/EPO demand and predialysis potassium concentration. However, the mechanisms underlying this association have not been uncovered and may be associated with the renewal of erythrocytes and their energy demand (16). Others' studies have shown that potassium ion transport may play an important role in the production of erythrocytes as well as Hb (16–18). Furthermore, the associations have also been reported between potassium levels and Hb in the red cell units that undergo changes during storage and processing (19).

Anti-EPO antibodies have been reported in a small number of chronic renal disease patients who were administered EPO α (8). Others' studies have also found that anti-EPO antibody prevalence in ESRD patients who receive ESA may be associated with EPO resistance and demand, resulting in anemia (9, 20). Studies in patients with some autoimmune diseases and patients with HIV revealed high levels of anti-EPO antibodies (8, 21). Thus, EPO antibodies may participate in a variety of diseases. Importantly, we have identified that the baseline anti-EPO antibody level was associated with follow-up EPO demand. Previous studies suggest that EPO is associated with Hb loss (22). In addition, EPO antibodies have been demonstrated to mediate pure red cell aplasia after treatment with recombinant EPO products (22, 23). Furthermore, anemia treated with ESAs continuously failed to obtain a sustained response, which may also be caused by EPO antibodies. Finally, we identified that a higher baseline anti-EPO antibody level was an independent risk factor for higher EPO demand, which may provide a novel strategy for prevention or risk classification of anemia as well as the direction of ESA use.



LIMITATIONS

We performed this prospective cohort study in 129 consecutive patients with ESRD who were undergoing dialysis and identified the predialysis potassium concentration, baseline anti-EPO antibody level, and age as independent risk factors for higher EPO demand. However, there are still three limitations to this study. First, the population size is relatively small. Second, there are many other factors that may be associated with EPO demand that should be included; however, we have not considered all of them owing to limited time and finances. Finally, the mechanisms underlying the associations between anti-EPO antibody and EPO demand have not been investigated, which warrants basic molecular research.



CONCLUSION

The baseline anti-EPO antibody level combined with an older age and a higher predialysis potassium ion concentration are independent risk factors for a higher follow-up EPO demand in maintenance dialysis patients with ESRD, which also indicated that a lower baseline anti-EPO antibody level was an independent associated factor of lower EPO demand. The novel risk factors identified in this study may allow prevention or risk classification of anemia as well as guidance for ESA use.
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NBCe2 (Slc4a5) Is Expressed in the Renal Connecting Tubules and Cortical Collecting Ducts and Mediates Base Extrusion
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Arterial hypertension, is a common disorder with multiple and variable etiologies. Single nucleotide polymorphism analyses have detected an association between variants in the gene encoding the electrogenic Na+:HCO3– cotransporter NBCe2 (Slc4a5), and salt-sensitive hypertension. Mice with genetic deletion of NBCe2 are hypertensive, and the cause of the blood pressure (BP) increase is believed to arise from a lack of renal NBCe2 function. The exact cellular expression of NBCe2 in the kidney tubular system is, however, not determined. Here, we find NBCe2 to be expressed predominantly in isolated connecting tubules (CNT) and cortical collecting ducts (CD) by RT-PCR. In isolated renal CNT and CCD, genetic deletion of NBCe2 leads to decreased net base extrusion. To determine the role of renal NBCe2 in the development of hypertension, we generated CNT and intercalated cell NBCe2 knockout mice by crossing an Slc4a5 lox mouse with mice expressing cre recombinase under the V-ATPase B1 subunit promotor. Although the mice displayed changes in the expression of renal membrane transporters, we did not detect hypertension in these mice by tail cuff recordings. In conclusion, while global NBCe2 deletion certainly causes hypertension this study cannot confirm the role of renal NBCe2 expression in blood pressure regulation.
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INTRODUCTION

Hypertension, defined as a chronically elevated blood pressure (BP), is one of the most common chronic disorders in the developed world, affecting nearly one billion people worldwide (Writing Group Members et al., 2016). Hypertension has a significant heritability factor, as more and more genes are being identified as hypertension susceptibility genes. Slc4a5, encoding the sodium bicarbonate cotransporter NBCe2, was shown to be significantly associated with BP increases (Barkley et al., 2004; Hunt et al., 2006), and a salt-sensitivity trait (Carey et al., 2012; Taylor et al., 2012) by several genome wide association studies. Studies of NBCe2 knockout (NBCe2 ko) mice confirmed this observation. In the pioneering study by Groger et al. (2012) an NBCe2 ko was generated by excising the 7th coding exon, which resulted in increased BP at day and night time, metabolic acidosis, increased arterial natriuretic peptide, hyporeninemia, hypoaldosteronism, and increased glomerular filtration rate. A quite different phenotype was observed in the studies by Wen et al. (2015b) in the same ko model, but backcrossed to a C57Bl/6 background for at least 6 generations, resulting in a BP phenotype only on an acidic diet. The authors showed that NBCe2 dysfunction leads to increased activity of epithelial sodium channels (ENaC) in the kidney, as well as increased uncleaved α-ENaC expression and decreased NCC expression (Iversen et al., 2013). In the latter study of NBCe2 dysfunction, NBCe2 ko was reported to cause distal renal tubular acidosis and increased H+-ATPase expression. Additionally, the two studies by Wen et al. report different results on the same NBCe2 ko mouse model: in the first study, decreased urinary (Na+), and increased (K+) excretion was reported and blood (Na+) and (K+) was unchanged, whereas the authors report decreased blood (K+), and increased blood (Na+), with no changes in urine concentration in the second study. The explanation for the observed NBCe2 ko phenotype was also different: Gröger et al. reasoned that lack of NBCe2, that supposedly reabsorbs bicarbonate in the collecting duct (CD), causes upregulation of another sodium bicarbonate transporter (NBCn1). Due to different transport stoichiometry increased activity of NBCn1 results in increased sodium reabsorption. Wen et al. suggested a different role for NBCe2. They propose NBCe2 to be expressed on the basolateral membrane in the principal cells and have a role in intracellular pH regulation, thus having most activity during acidosis, and causing intracellular sodium loading and inhibition of luminal ENaC activity. Such different interpretation of the results arises from overall lack of information about the exact renal NBCe2 expression site.

NBCe2 mediates electrogenic Na+:HCO3– transport (Sassani et al., 2002), and can operate in both a 1:2 (Virkki et al., 2002; Shao et al., 2009), and 1:3 (Pushkin et al., 2000; Millar and Brown, 2008) manner, but the transport stoichiometry as well as directionality have not been defined for the renal NBCe2. In addition, there is a lack of coherence regarding NBCe2 localization in the kidney. The expression of NBCe2 has been reported in nearly all kidney nephron segments and CDs, indicating that some species-specificity might be present. In humans, NBCe2 has been immunolocalized in the intercalated cells of the CD (Damkier et al., 2007), and in the proximal tubules (PT; Gildea et al., 2015). In isolated rat tubules, NBCe2 mRNA expression was detected in cortical thick ascending limb (cTAL), medullary thick ascending limb (mTAL), PT, and cortical CD (Xu et al., 2003) but the purity of the micro-isolated renal tubules was not reported. In mouse, in situ hybridization studies showed that NBCe2 co-localizes with AQP2, which indicates expression in the principal cells of the CD (Groger et al., 2012). NBCe2 was also detected in micro-isolated connecting tubules (CNT; Wen et al., 2015a), again without reporting how the purity of the samples was tested. Finally, a transcriptome study evaluating renal CD cells revealed that Slc4a5 expression was detected only in a few of the α- and β-intercalated cell (2/87 and 1/23, respectively) as well as principal cell (2/74) samples (Chen et al., 2017). Thus, it is complicated to establish a physiological and pathophysiological role for NBCe2 in the kidney without knowledge on which tubule segments express the protein, what membrane domain it localizes to, and finally the transport direction of NBCe2 at these sites.

In the current study, we evaluate the NBCe2 expression in isolated renal tubules and detect expression only in cells from CNT and CCD. Using intracellular pH recordings of isolated CNT and CDs, we determine that global lack of NBCe2 expression leads to impaired base extrusion capacity. We find decreased expression of γ-ENaC and increased expression of NBCn1 in global NBCe2 ko mice. Finally, we crossed floxed NBCe2 mice with a mouse expressing cre recombinase driven by the V-ATPase B1 promotor. This Slc4a5(lox/lox)cre(Atp6v1b1) mouse model showed decreased expression of α-ENaC but increased expression of γ-ENaC. Furthermore, the expression of the acid/base transporters AE2, V-ATPase, and pendrin were decreased in this model. Finally, tail cuff BP measurements confirmed hypertension in the global NBCe2 knockout mouse, but surprisingly the kidney-specific NBCe2 knockout mice did not display a BP phenotype. Our study suggests that a lack of NBCe2 expression in the CNT and CD does not seem to be associated with the hypertension observed in global NBCe2 knockouts. This suggests that another organ or cell type is involved in the BP regulation in the global NBCe2 knockout mouse.



MATERIALS AND METHODS


Experimental Animals

All animal experiments and protocols were approved by the Danish Animal Experiments Inspectorate. Mice were fed a standard rodent pellet diet (0.4% sodium) ad libitum, had free access to tap water and were exposed to a 12 h:12 h light-dark cycle. Only male mice were used throughout the study.

Transgenic mice, expressing enhanced green fluorescent protein (eGFP) in particular renal tubule segments were used for kidney tubule isolation. Mice expressing eGFP under the parvalbumin (PV-eGFP) promoter (Markadieu et al., 2012) were used for collection of distal convoluted tubules (DCT). Transgenic mice expressing eGFP driven by the transient receptor potential subfamily V, member 5 gene (TRPV5; Hofmeister et al., 2009) were used to collect late DCT, CNT, and CDs.

The breeding and genotyping of NBCe2 ko mice on a mixed C57Bl/6J-129S1/Sv genetic background have previously been described (Christensen et al., 2018). Briefly, the 13th exon of the Slc4a5 gene was floxed with LoxP sites, and the generated Slc4a5flx mice were crossed with a tamoxifen-inducible ubiquitin promoter-driven Cre-recombinase expressing mouse strain. Mice carrying the Slc4a5flx allele were also used to generate kidney specific knockout mice. Intercalated cell specific kidney knockout mice were generated by crossing mice with the Slc4a5flx allele, and mice expressing Cre recombinase under endogenous Atp6v1b1 promoter/enhancer elements (Miller et al., 2009) resulting in Slc4a5(lox/lox)cre(Atp6v1b1). In the following, this strain will be named NBCe2B1–VATPasecre mice. Throughout the study, mice carrying Slc4a5(lox/lox) without cre expression or wildtype mice expressing only cre are used as controls and will be named “control.” In all experiments, littermates are used as controls in order to ensure similar genetic background when comparing phenotypes.



NBCe2 Expression in Micro-Isolated Mouse Kidney Tubules and Cells

The kidney tubule isolation procedure was adapted from Hofmeister et al. (2009). Transgenic TRPv5-promoter driven eGFP expressing mice (CNT/CCD-GFP) and parvalbumin-promoter driven eGFP expressing mice (DCT-GFP) were anesthetized by isoflurane inhalation and perfused through the left ventricle with isolation buffer (in mM: 150 Na+, 3.6 K+, 1.0 Mg2+,1.3 Ca2+, 140 Cl–, 0.4 H2PO4–, 1.6 HPO42–, 1.0 SO42–, 10 acetate–, 1.3 gluconate–, 1.0 α-ketoglutarate, and 5 glycine) supplemented with 48 mg/l trypsin inhibitor, 25 mg/l DNase I, 1 mg/ml collagenase B (Roche Diagnostics), and 1 mg/ml pronase (Roche Diagnostics) at pH 7.4 and 37°C. Kidneys were dissected and placed in the enzyme-supplemented isolation buffer and spun at 850 rpm for 10 min. To isolate inner medullary CDs, 1 mg/ml Hyaluronidase was added. Half volume of the tubule suspension was transferred into ice-cold isolation buffer containing 0.5 mg/ml albumin. Equal volume of isolation solution was added to the remaining tubule suspension and spun for an additional 5 min. This procedure was repeated three times resulting in 4 tubule fractions. PT, thick ascending limbs of loop of Henle (TAL), and glomeruli (Gl) were selected under a dissection microscope (Leica MZ125) according to their morphology. DCT and CNT/CD were collected according to fluorescence. Neither the DCT nor CNT/CD collected fractions were pure, thus we determined NBCe2 by fluorescence activated cell sorting (FACS) DCT and CNT/CD tubules.

For FACS (Jensen et al., 2012), the isolation buffer was supplemented with 1 μl/ml proteinase K (Roche Diagnostics), and mice were perfused as described above. The perfused kidneys were dissected, sliced, and incubated in isolation solution for 45 min on a shaking table at 37°C. To obtain single cells, tubules were digested twice in a trypsin/ethylenediaminetetraacetic acid (EDTA) solution (Invitrogen, ThermoFisher, Roskilde, Denmark) at 37°C for 5 min. The cell suspension was passed through a 40 μm filter, and propidium iodide was added before the FACS for exclusion of dead cells. Tubules were sorted into fluorescein-positive and fluorescein-negative samples by 4-way purity sorting on a FACS Aria III (BD Biosciences, Lyngby, Denmark). The tubules were sorted using a 100 μm nozzle, at 20 psi and 30 kHz. For FACS on kidney cells from TRPv5-eGFP mice, 25,739,077 events were recorded, and 109,449 CNT/CCD-GFP positive (+) cells were collected with a recount purity of 94.5%, and 4,604,668 negative eGFP(–) cells were collected with 100.0% purity, respectively. For FACS on kidney cells from parvalbumin-eGFP mice, 21,309,632 events were recorded, and 105,884 DCT-GFP positive (+) cells were collected with a recount purity of 94.0%, and 3,914,983 negative eGFP (–) cells were collected with 99.7% purity, respectively. Collected tubule samples were placed in RNAlater solution (Invitrogen) for later analysis by RT-PCR.



Reverse Transcription Polymerase Chain Reaction (RT-PCR)

The purity of the collected renal tubules and the expression of NBCe2 was determined by RT-PCR (see Supplementary Table S1 for primer sequences and product sizes). RNA from the tubules was purified using an RNeasy micro kit (Qiagen, Copenhagen, Denmark) according to the manufacturer’s instructions. The concentration of purified RNA was determined by absorbance at 260 nm using a NanoDrop ND-2000 (Fisher Scientific) and 20–40 ng of RNA was reverse transcribed by iScript Reverse Transcription Supermix (Bio Rad, Copenhagens, Denmark). PCR amplification was performed for each transcript by mixing cDNA with 1 pmol of primers and 5× HOT FIREPol Blend Master Mix (Solis BioDyne). The PCR reaction was performed for 35 cycles after 15 min at 95°C: denaturation was performed for 30 s at 95°C, annealing at 60°C for 30 s, and elongation at 72°C for 1 min. PCR products were mixed with 2 μl of DNA Gel Loading Dye (6×; Thermo Scientific) containing 0.05% 10000 × GelRed (Biotium, BioNordika Denmark, Herlev, Denmark) nucleic acid gel stain, separated by 1% agarose gel electrophoresis, and photographed under ultraviolet illumination.



Intracellular pH Measurements in Distal Renal Tubules

Isolated renal tubules were resuspended in a HEPES-buffered solution (HBS; see Supplementary Table S2), plated on Cell-tak (corningTM, Fisher Scientific)-covered coverslips and allowed to attach for 10 min at 37°C. Cells were loaded with the pH-sensitive BCECF (10 μM, Thermo Fisher Scientific, Roskilde, Denmark) for 10 min or carboxy-SNARF (2 μM, Thermo Fisher Scientific) for 30 min. Coverslips were mounted in a closed perfusion chamber (RC-21BR; Harvard Apparatus, Holliston, MA, United States) and placed on an inverted microscope stage inside a 37°C dark chamber. Tubules were allowed to equilibrate in HBS before the protocols were performed. CNT/CCD segments were identified by branching appearance and the occurrence of intercalated cells not readily retaining the fluorescent dyes.

Intracellular pH with BCECF was recorded similar to a previous study (Hofmeister et al., 2012). In short, the tubules were imaged at the stage of a Nikon Eclipse microscope provided with a Nikon Plan Apo VC 60×/1.4NA oil-immersion objective. Till Vision software (Till Photonics) was used to control the monochromator wavelength (alternating between 490 nm and 440 nm), frequency (1 Hz), exposure time (20 ms), and binning (to 640 × 480 pixel images). A 12-bit cooled monochrome CCD camera (Imago, Till Photonics) recorded the light emission at 510–535 nm and data was collected from user defined regions of interest (ROIs) of individual tubule cells after background subtraction. Sample size (n) refers to the mean values from at least three individual cells from one mouse. In separate experiments the fluorescence ratio was calibrated to pH by clamping pHi stepwise from pH 8 to 6 in a high K+ containing HBS with 10 μM nigericin (Sigma-Aldrich, Soeborg, Denmark) similar to (Boyarsky et al., 1988).

To determine acid-extrusion, the tubules were acidified by superfusion with a HEPES buffered solution containing 20 mM NH4Cl (HBS NH4Cl) for 3 min followed by a washout of NH4Cl using a Na+ free bicarbonate buffered solution (BBS 0Na+, see Supplementary Table S2). After reaching a new steady state, a Na+ containing bicarbonate solution was added (BBS, Supplementary Table S2) and the Na+ dependent pH recovery was determined as the dpHi/dt after re-addition of Na+.

For pHi recordings using carboxy-SNARF, the tubules were imaged using an iMic microscope (Till Photonics) with an Olympus UApo N340, 40×/1.35 NA oil-immersion objective. Till Vision software (Till Photonics) was used to control the monochromator wavelength for excitation alternating between 485 nm and 555 nm, exposure time (25 ms), frequency (0.25 Hz), and binning (to 256 × 256 pixel images). Light emission (565–615 nm) was recorded by a 14-bit cooled monochrome EMCCD camera (iXonEM+, Andor technology, Belfast, United Kingdom) with 4 times EM gain. Data was collected from ROIs of individual tubule cells after background subtraction. The excitation fluorescence ratio (485/555 nm) was calibrated to pHi by stepwise shifts from pH 8.4 to 7 in high K+ containing HBS with 10 μM nigericin.

To determine base extrusion, the tubules were superfused with a bicarbonate buffered solution (BBS, Supplementary Table S2). Base extrusion was determined as the dpHi/dt following peak alkalization induced by removal of Cl– in a bicarbonate buffered solution (BBS 0Cl, Supplementary Table S2).

The intrinsic buffering capacity was determined by recording of pHi changes while stepwise decreasing NH4+ from 20 to 0 mM as previously described (Boyarsky et al., 1988; Hofmeister et al., 2012).

All experiments were performed in the presence of 2.5 mM probenecid (Thermo Fisher Scientific) to inhibit dye extrusion by organic anion-transporters. CNT/CD tubules were selected based on morphology similar to a previous study (Hofmeister et al., 2012).



Immunoblotting

Mouse kidney was homogenized in an ice-cold dissection buffer (0.3 mol/L sucrose, 25 mol/L imidazole, 1 mmol/L EDTA, and pH 7.2) containing 8.4 mol/L leupeptin (Calbiochem) and 0.4 mmol/L Pefabloc (Roche) protease inhibitors, as well as PhosSTOP (Roche, Sigma Aldrich, Soeborg, Denmark) phosphatase inhibitor (1 tablet/10 ml buffer). Samples were centrifuged at 4000 g for 15 min at 4°C, and the sample buffer was added to the supernatant (0.1 mol/L sodium dodecyl sulfate and 0.04 mol/L dithiothreitol, pH 6.8). The protein samples were heated at 65°C for 15 min and separated by 4–15% gradient polyacrylamide gel electrophoresis (Bio Rad, mini-protean TGX). Then samples were electro transferred by the Transblot turbo system (Bio Rad) onto a PVDF (Ambion, ThermoFisher, Roskilde, Denmark) membrane, which was then blocked with 5% milk in PBS-T (in mmol/L: 167 Na+, 2.8 H2PO4–, 7.2 HPO42–, and pH 7.4 with 0.1% vol/vol Tween), and incubated with primary antibody in PBS with 1% bovine serum albumin (BSA), and 2 mmol/L NaN3 overnight at 4°C. The primary antibodies used in the study were characterized elsewhere: NBCe2 (Christensen et al., 2018), α-ENaC (Sorensen et al., 2013), the 82 kDa band represents uncleaved and the 25 kDa band cleaved α-ENaC (Michlig et al., 2005), γ-ENaC (Masilamani et al., 1999) [the uncleaved form is seen at 95 kDa and the cleaved form at 65 kDa (Harris et al., 2008)], and H+-ATPase (Toyomura et al., 2000). The day after, membranes were rinsed, and incubated with horseradish peroxidase-conjugated anti-rabbit secondary antibody (Dako) diluted 1:3000 in 5% milk in PBS-T at room temperature. The membranes were incubated with the Pierce ECL Plus Western Blotting Substrate (Thermo Scientific) and imaged with the Epson perfection V700 Photo scanner (Seiko Epson Corporation, Suwa, Japan). Labeling density was quantified using Quantity One 4.6.9 software (Bio Rad Laboratories).



Metabolic Cages, Blood Gas and Electrolyte Analysis

Mice were placed in metabolic cages (Techniplast, Scanbur, Karlslunde, Denmark) and given three days to acclimatize. Baseline parameters (food intake, water intake, and urine output) as well as urine composition (pH, electrolyte concentration, and osmolality) were determined on day 4. In the metabolic acidosis experiments, the animals were placed in metabolic cages and given 3 days to acclimatize. This was followed by induction of metabolic acidosis by adding 2% NH4Cl to the standard chow for 4 days. The collected urine samples were centrifuged at 1000 × g for 1 min. Urine pH was measured with a pH-meter (Metrohm, Glostrup, Denmark), whereas ionic composition (Na+, K+, and Cl–) was analyzed at the Medical Research Council Harwell, United Kingdom. Osmolality was measured in 3 × mqH2O diluted urine by using a freezing point depression osmometer (model 3320, Advanced Instruments). All urine samples containing feces and larger food products were excluded. The blood samples were collected with heparin-containing PICO syringes (Radiometer, Broenshoej, Denmark) by drawing the blood from the right heart atrium of isoflurane anesthetized mice. The blood gas analysis was performed on FLEX blood gas analyzer (Radiometer).



Blood Pressure Measurement

Systemic BP was measured non-invasively in 1- to 4-month-old NBCe2B1–V ATPase cre and global NBCe2 ko mice by determining the tail blood volume with a volume pressure recording sensor and an occlusion tail-cuff (CODA System, Kent Scientific, Torrington, CT, United States). Non-anaesthetized mice were placed in a restrainer, and warmed for 5 min on a heating pad. An occlusion cuff and a volume pressure cuff were placed on the tail of the mouse, and the BP was measured. The mice were first placed 10–15 min in the restrainer in order to reduce the stress response to the procedure. In order to further lower the stress response, mice were trained by daily BP measurements for 8–13 days. Measurements were performed at the same time each day in the afternoon when activity in the animal facility was low. The mice were handled by the same researcher each day. There was no statistically significant difference in BP when comparing within the same genotype over duration of the measurement period (not shown). To avoid a systematic bias in the tail cuff equipment, mice were randomly switched between individual cuffs from day to day. One full measurement consisted of 10 acclimation cycles and 10 measurement cycles. Daily values of systolic, diastolic and mean arterial BP were calculated as an average value of the 10 measurement cycles.



Statistical Analysis

All data is represented as an average ± SEM. Semi-quantification of immunoblotting and NBCe2 ko BP measurements and metabolic cages data were analyzed by an unpaired two-tailed t-test and p < 0.05 was considered statistically significant.



RESULTS


NBCe2 Expression in the Kidney Is Restricted to Cells From CNT and CCD Principal Cells

NBCe2 expression was determined in isolated mouse kidney tubules and FACS isolated fluorescent tubular cells. Fractions enriched for PT and TAL were collected under a dissection microscope determined by morphology. PT fractions were chosen by the most prominent RT-PCR signal for NBCe1 and AQP1, whereas TAL fractions were chosen by the most prominent signal for NKCC2 and CLC2. DCT fractions were obtained either by morphology or from parvalbumin-promoter driven eGFP expressing mouse tubules. Conversely CNT/CCD fractions were obtained from the branching morphology or from TRPv5-promoter driven eGFP expressing mouse tubules. Although most fractions showed contamination from other tubular segments, NBCe2 expression only coincided with DCT, or CNT/CCD markers. No NBCe2 was detected in TAL and glomeruli in contrast to a whole kidney sample (Figure 1A). Similarly, two PT isolates did not reveal NBCe2 expression in contrast to a choroid plexus sample (Figure 1B). FACS-sorted single cells enriched for CNT/CD showed amplification of a NBCe2 signal (Figure 1C). Weak reaction product was observed in both DCT-GFP(–) cells and TRPv5-GFP(–) cells. As described in Methods, these fractions showed a high level of purity and leave little room for false-positive and false-negative results. The high cycle number necessary to detect NBCe2 in the kidney suggests a relatively low expression level.
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FIGURE 1. RT-PCR analysis of micro-isolated renal tubules. NBCe2 amplicons were only observed in whole kidney samples and were absent from samples of thick ascending limb (TAL) and glomeruli (GL; A). Similarly, a NBCe2 product was absent in samples from proximal tubule (PT) but the present in the positive control, the choroid plexus (CP; B). Finally, NBCe2 product was successfully amplified from samples enriched for connecting tubule and collecting duct (CNT/CD) fraction (C). -RT: no reverse transcriptase; DCT-GFP(+); and CNT/CCD-GFP(+): fluorescence positive fraction of FACS sorting, DCT-GFP(–), and CNT/CCD-GFP(–): fluorescence negative fraction of FACS sorting using kidney cells from mice expressing eGFP under control of the parvalbumin (DCT) and TRPv5 (CNT/CCD) promotor, respectively.




Global NBCe2 Deletion Results in Decreased Base Extrusion From CNT/CCD

In the choroid plexus, NBCe2 exports Na+, and HCO3– from the epithelial cell across the luminal membrane (Millar and Brown, 2008). We have previously demonstrated that knockout of NBCe2 in the choroid plexus leads to decreased net base extrusion and increased acid extrusion due to the lack of an effective base extruder (Christensen et al., 2018).

In the kidney, the membrane localization of NBCe2 protein in the renal tubules is not known. Using an NBCe2 antibody that specifically recognizes NBCe2 in the choroid plexus, we are unable to determine the subcellular localization of NBCe2 in kidney epithelial cells. We do observe immunoreactivity in PT and DCT similar to what has previously been published by other research groups (Gildea et al., 2015). However, the renal staining is remarkably also present in the kidneys from NBCe2 knockout mice (Supplementary Figure S1). Together, the high cycle number necessary for the detection of NBCe2 by RT-PCR and the lack of detection of renal NBCe2 by immunohistochemistry and immunoblotting suggest a low renal expression level as compared to the choroid plexus.

Similar to the question of subcellular localization, the net transport direction of ions through NBCe2 in the kidney is not known. To investigate the contribution of NBCe2 to base extrusion, intracellular pH was monitored first in either SNARF-loaded or BCECF-loaded isolated tubules (CNT/CCD) from NBCe2 knockout and wild type mice.

Intracellular pH was increased by removal of Cl– from a HCO3– buffered solution (Figure 2A). Baseline pH assessed in BBS was not significantly different between the two genotypes [NBCe2 wt: 7.51 ± 0.07 (n = 7); NBCe2 ko: 7.56 ± 0.07 (n = 6), p = 0.64]. The removal of Cl– created a gradient for Cl– out of the cell through the anion exchanger that in return imports HCO3– which increases pHi. The pHi recovery from this point would be mediated by Cl– independent Na+-dependent HCO3– export (i.e., outward NBC activity). The pHi recovery rate following peak alkalization was decreased by 87% compared to wild type (Figures 2A,B). A different way of assessing NBC activity is to record the Na+-dependent HCO3– import (net acid extrusion) after acidification. The acid extrusion showed a 45% increase in the tubules from NBCe2 knockout but the difference was not statistically significant (Figures 2C,D), but would suggest the lack of NBCe2 mediated HCO3– efflux. In order to rule out that the difference in pHi regulation is caused by differences in the buffering capacity of the tubules, the intrinsic buffering capacity was determined. No difference in intrinsic buffering capacity was detected in tubules isolated from knockout and wildtype mice (not shown). Thus, NBCe2 appears to be mediating outward Na+:HCO3– cotransport in these renal tubules.


[image: image]

FIGURE 2. Knockout of NBCe2 results in decreased base extrusion in distal renal tubules. (A) Representative traces of intracellular pH (pHi) recordings of SNARF loaded isolated distal renal tubules from NBCe2 ko (dotted black line) and wild type mice (full black line). The gray lines show a line fit of the trace from the NBCe2 ko (dotted gray line) and wildtype (full line). Baseline pHi was determined in CO2/HCO3– buffered saline solution followed by determination of the alkalization induced by removing Cl– in the continued presence of CO2/HCO3–. The rate of base extrusion was determined as the dpHi/dt after peak alkalization (arrow). (B) Mean values of the net base efflux ± SEM at the peak of Cl– removal. (C) Representative traces of pHi recordings of BCECF loaded isolated distal renal tubules from NBCe2 ko (dotted line) and wild type mice (full line). Baseline pHi was determined in a HEPES buffered saline solution. Intracellular pH was decreased by an NH4Cl prepulse followed by a washout in Na+ free (0Na+) solution. The rate of acid extrusion was determined as the dpHi/dt after addition of a Na+ and HCO3– containing solution (+Na+). (D) Mean values of net acid efflux ± SEM after addition of Na+.




Regulation of Transporters in Kidneys of NBCe2 ko Mice

Previous studies have shown differences in expression of the electroneutral Na+ and HCO3– cotransporter NBCn1 as well as the epithelial sodium channel, ENaC, in kidney from NBCe2 knockout mice. We determined the expression of transporters involved in Na+ and HCO3– handling in our knockout model. Contrary to previous studies, we found decreased abundance of the γENaC, but no difference in abundance of the α or β subunits (Figures 3A–D). We find increased expression of the Na+ and HCO3– cotransporter NBCn1 (Figure 3E) but no difference in expression of the Cl–/HCO3– exchangers pendrin and AE2 (Figures 3F,G).
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FIGURE 3. Expression of sodium and bicarbonate transporters in NBCe2 knockout mice. Immunoblotting analysis of kidney protein samples from wildtype (white bars) and NBCe2 global knockout mice (NBCe2 ko, black bars). Blots show immunoreactivity for α, β, and γ-ENaC, NBCn1, pendrin, and AE2 (A). Semi-quantitative analysis of uncleaved (95 kDa band), cleaved (65 kDa band), and total α-ENaC (B), βENaC (C) uncleaved (85 kDa band), cleaved (70 kDa band), and total γ-ENaC (D), AE2 (E), pendrin (F), and NBCn1 (G). Data is presented as mean intensity normalized to the control mice ± SEM.




NBCe2 Kidney Cell-Specific ko Mice

Since NBCe2 expression and function was only observed in the CNT/CCD, we generated kidney cell specific knockout mice by targeting cells of the CNT and CDs. We have previously shown that NBCe2 is expressed in intercalated cells in the human kidney (Damkier et al., 2007), while previous studies have suggested slc4a5 mRNA in principal cells (Groger et al., 2012). The NBCe2B1–VATPasecre model expresses cre recombinase under the endogenous Atp6v1b1 promoter, resulting in recombination in the intercalated cells of the CNT, CD, as well as in 50% of principal cells within the CNT (Miller et al., 2009). We attempted to evaluate the extent of knockout by qPCR but did not obtain a sufficient NBCe2 signal for quantitation. As previously mentioned, a recently characterized NBCe2 specific antibody (Christensen et al., 2018) failed to produce anti-NBCe2 staining in the kidney. The antibody is directed at the N-terminal domain of mouse NBCe2 and should recognize the renal NBCe2 variant. The immunostaining was tested in paraffin sections with target retrieval in high and low pH, as well as in cryostat sections, yet no NBCe2 specific signal was observed. In addition, a proximity ligation assay (PLA, Duolink, Sigma Aldrich) was used in order to amplify the NBCe2 antibody’s binding, but without success apart from the choroid plexus control labeling. Therefore, we were unable to assess the degree of NBCe2 knockout in NBCe2B1–VATPase cre mice.



Kidney Cell-Specific NBCe2 Deletion Causes Significant Changes in Expression of Renal Membrane Transporters

As it was impossible to evaluate the knockdown degree in the cre model, we evaluated whether the mouse model showed a transporter expression phenotype similar to the global knockout mouse. The expression of some ion transporters, typical for principal and intercalated cells was assessed by semi-quantification from immunoblotting. Unlike the global NBCe2 ko, a significant decrease in cleaved (p = 0.005), uncleaved (p = 0.04), and total (p = 0.011) α-ENaC protein was observed (n = 6 for both genotypes) in NBCe2B1–VATPasecre (Figure 4). The uncleaved (p = 0.037) and total γ-ENaC (p = 0.049) expression was increased at the protein level, whereas the H+-ATPase protein expression was decreased (p = 0.030) in NBCe2B1–VATPasecre. Thus, the NBCe2B1–VATPasecre ko model offers a renal expression pattern separate from that of kidneys from control and global NBCe2 ko mice.
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FIGURE 4. Expression of renal α and β-ENaC as well as H+–ATPase in NBCe2B1–VATPasecre mice. Immunoblotting analysis of kidney protein samples from wildtype (white bars) and NBCe2B1–VATPasecre (black bars). Blots show immunoreactivity for α and β-ENaC, AE2, pendrin, H+-ATPase, and β-actin (A). Semi-quantitative analysis of uncleaved (95 kDa band), cleaved (65 kDa band), and total α-ENaC relative to β-actin (B); uncleaved (93 kDa band), cleaved (75 kDa band), and total β-ENaC relative to β-actin (C), AE2 (D), pendrin (E), and H+-ATPase (F) relative to β-actin. Data is presented as mean intensity normalized to the control mice ± SEM.




Kidney Cell-Specific NBCe2 Deletion Causes Minor Alterations in Water and Electrolyte Handling

The baseline renal function was studied in the global NBCe2 ko mice by measuring the basic urine and blood electrolyte parameters. We have previously reported that global NBCe2 ko results in elevated blood pCO2 and HCO3– (Hofmeister et al., 2009), yet no other parameters statistically differed in this ko model (Table 1).


TABLE 1. Baseline parameters in the full NBCe2 ko mice.

[image: Table 1]In order to evaluate the cell-type specific NBCe2 knockout effect on renal function, we placed NBCe2B1–VATPasecre mice in metabolic cages to assess baseline water and food intake, urine output and pH, and urine and blood electrolyte composition. NBCe2B1–VATPasecre mice had significantly elevated blood potassium levels with no signs of hemolysis in the samples, whereas the urine potassium level showed a decreaseing tendency (Table 2). NBCe2B1–VATPasecre mice had a numerical but non-statistically significant change in base excess and anion gap in same direction as the global NBCe2 ko.


TABLE 2. Baseline blood and urine parameters in the NBCe2B1–VATPase cre mice.
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Increased Blood Pressure in Global NBCe2 Knockout Mice Is Absent in Kidney Cell Targeted ko

To ensure that the tail cuff method is sensitive enough to detect NBCe2 mediated increase in BP, we assessed the BP in NBCe2 ko. As expected, a significantly increased BP was observed in the global NBCe2 ko model (83 ± 1.8 mmHg for wt, 117 ± 7.0 mmHg for ko, n = 12 in both groups, p = 1.8 × 10–11, Figures 5A,B). We then determined the average BP in NBCe2B1–VATPasecre mice by the same method. The mean arterial BP was not increased in the kidney cell-targeted ko model (119 ± 2.0 mmHg for wt, n = 9; 120 ± 2.3 mmHg for NBCe2B1–VATPasecre, n = 8; p = 0.569, Figures 5C,D).
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FIGURE 5. Blood pressure measurements of NBCe2 mice. (A) Blood pressure was determined by tail cuff in WT (white dots) and NBCe2 ko mice (black dots). (B) Summarized results of mean arterial pressure over the entire 12-day period. (C) Blood pressure was determined by tail cuff in control (white dots) and NBCe2B1–VATPasecre (black dots) for eight consecutive days. Dots indicate the mean values ± SEM. (D) Summarized results of the mean arterial pressure (MAP) over the entire 8-day period.




DISCUSSION

In the present study, we show that the renal cortical NBCe2 expression is restricted to the CNT and CD in mice. Exploiting a cell-specific cre mouse model, we targeted deletion of NBCe2 to cells of the CNT/CCD of mouse kidney. The genetic manipulation resulted in altered expression of various sodium and acid-base transporting proteins expressed in the kidney tubules in question. We did, however, not find evidence for increased BP in these mice or changes in basic physiological parameters. This suggests that other organs or cell types are mediating the hypertension observed in the global NBCe2 ko mouse.

We exploited a method for the selection of renal tubules by combining manual tubule collection by morphology, and by FACS sorting of the eGFP expressing tubules. We assessed the purity of the samples by evaluating the expression of tubule segment specific transporters. Previous studies have reported NBCe2 expression in both the proximal part of nephron [PT (Gildea et al., 2015), TAL (Xu et al., 2003)] and in distal nephron and CDs (Damkier et al., 2007; Groger et al., 2012; Wen et al., 2015a), perhaps representing inter-species variation. In the current study, we show that renal cortical NBCe2 is not expressed in the mouse PT, TAL, or DCT, but is only detected in the CNT/CD fractions. Our experiments suggest that it should be a prerequisite to evaluate isolated tubule purity, as only a small fraction of collected samples showed segment-specific expression of transporter mRNA. Although we did not achieve completely pure fractions, we can at least exclude NBCe2 expression in the proximal part of the nephron and confirm its expression in the CNT and CD.

Our functional data indicate that NBCe2 in the CNT/CCD has a similar transport direction as in the choroid plexus: a net outward transport of Na+ and HCO3–. Base extrusion is greatly diminished in alkalized cells and net acid extrusion is numerically increased in acidified cells (however, the latter not significantly). The phenotype could be a result of increased or decreased activity of other acid-base transporters in the cells. In fact, we also found that the abundance of the electroneutral Na+;HCO3– importer NBCn1 is increased similar to previous publications. NBCn1 is expressed in the basolateral membrane of intercalated cells where it is responsible for the import of HCO3– from the blood to the cell (Vorum et al., 2000). The previous study also showed that AE1 is increased in NBCe2 knockout mice (Groger et al., 2012). These two transporters have opposite effects on basolateral base extrusion.

Our RT-PCR results suggest that renal cortical NBCe2 expression is confined to the CNT and CDs. We thus generated a kidney cell specific NBCe2 ko model to further explore the role of NBCe2 by crossing our floxed NBCe2 mouse with a mouse expressing cre recombinase driven by the H+-ATPase B1 subunit. This model expresses cre recombinase in all intercalated cells and approximately 50% of the principal cells of the CNT (Ramkumar et al., 2018). Unfortunately, both quantitative PCR and immuno-based techniques failed to detect NBCe2 in the kidney and we were not able to determine the degree of NBCe2 knockdown in the mice. We speculate that the reason why we cannot detect NBCe2 using QPCR and immunohistochemistry is that the abundance of NBCe2 in the kidney is very low. If only a few copies of mRNA are present in the tubules, it would be difficult to get a valid and comparable result with the QPCR from a whole kidney. In comparison, QPCR from the choroid plexus which also expresses NBCe2 gives a stable signal (Christensen et al., 2018). Using RT-PCR of isolated tubules, we are able to detect the level of NBCe2 only with a high cycle number in the PCR. The immunohistochemistry using a previously validated anti-NBCe2 antibody did not detect specific NBCe2 signal in the renal tubules. Increasing the antibody concentration resulted in more background staining and several antigen retrieval methods did not get rid of the background. With a low amount of protein, it would be impossible to detect specific NBCe2 immunoreactivity. In contrast using the same antibody for the choroid plexus revealed intense anti-NBCe2 staining, supporting the notion of a low renal NBCe2 expression level.

Although we cannot estimate how much NBCe2 was excised in our model, we do see changes in the expression of some sodium and acid-base transporters in the kidneys from the NBCe2B1–VATPasecre mouse. This suggests that recombination events have taken place and accounts for the observed expression changes. The cre recombinase in the B1 cre mouse is active in both intercalated cells of the CD as well as principal cells in the CNT (Miller et al., 2009). Previous publications using this cre model has resulted in up to 55–80% reduction in the target protein (Poulsen et al., 2016; Ramkumar et al., 2018). The fact that the NBCe2B1–VATPasecre mouse presents with a phenotype suggests that functionally relevant NBCe2 could be expressed in the intercalated cells as well as in principal cells of the CNT.

The NBCe2B1–VATPasecre mice show a different expression pattern of transporters compared to the global knockout. The α-ENaC expression is decreased, whereas uncleaved and total γ-ENaC are increased. The full knockouts, however, show decreased expression of γ-ENaC but normal levels of the α and β subunits of ENaC. In the previously reported NBCe2 knockout mice α-ENaC was found to be increased. The discrepancy between the two knockout mice could be explained by differences in the knockout strategy or differences in animal housing (e.g., sodium content in the chow) in the laboratories.

Additionally in the NBCe2B1–VATPasecre mouse, we observed a significant decrease in V-ATPase expression, which is opposite to the effect observed in previously published full NBCe2 ko mice on an acidic diet (Wen et al., 2015a) where an increased expression is observed. We also found a decreased abundance of two of the anion exchangers, AE2 and pendrin. Both of these are found to be expressed at normal levels in the global NBCe2 knockout mouse. The difference in expression pattern of other proteins could potentially explain the lack of a BP phenotype increase in the NBCe2B1–VATPasecre. For example, a decrease in pendrin could potentially have an opposing effect on BP (López-Cayuqueo et al., 2018). Ablation of pendrin is known to result in lowering of BP (Trepiccione et al., 2017) as pendrin is known to affect ENaC mediated by changing urinary HCO3 (Pech et al., 2010). We cannot explain the discrepancy in pendrin expression in the full knockout and the NBCe2B1–VATPasecre mouse. The possible interplay between NBCe2 expression in principal cells of the CNT and pendrin in the intercalated cells needs to be further investigated.

The metabolic cage data showed only minor changes in water and electrolyte parameters. We observed increased plasma K+ in the NBCe2B1–VATPasecre model, which is opposite to what was seen in the study by Wen et al. (2015a). Stimulation with aldosterone or increased ENaC activity in the principal cells usually results in potassium wasting, as increased sodium uptake via apical ENaC channels stimulates basolateral Na+ excretion into the blood in exchange for K+. We observe the opposite effect, i.e., an increase in plasma K+ and a decreased cleaved α-ENaC expression in the global NBCe2 ko model, which might suggest a reduction of ENaC activity as a response to the increase in BP. No significant differences were observed during baseline metabolic assessment in the global NBCe2 ko model, apart from the previously reported decrease in blood pCO2 and HCO3–.

In accordance to previous studies, full NBCe2 ko resulted in significantly increased BP, as measured by the tail-cuff method, whereas kidney-targeted NBCe2 ko did not present with this trait. We did not assess the BP in our kidney ko models on an acidic diet. Although the BP assessment by tail-cuff is not as accurate as telemetric measurements, the difference between the full NBCe2 ko and kidney cell-targeted NBCe2 ko is clearly evident.

It is possible that the discrepancy between the full ko and the B1-cre model is caused by insufficient knockdown of NBCe2 in the kidney. This would result in a different phenotype than that of a global NBCe2 knockout. Another explanation is that dysfunctional kidney NBCe2 might not be the only cause of the increased BP observed in full NBCe2 ko, as NBCe2 expression is close to undetectable in the mouse kidney, and kidney cell targeted NBCe2 ko had no apparent BP phenotype. In addition to the kidney, NBCe2 is expressed in the liver and in especially high abundance in the choroid plexus of the brain. The choroid plexus secretes the majority of the cerebrospinal fluid. Changes in cerebrospinal fluid electrolytes have previously been shown to affect the central regulation of BP through activation of the sympathetic nervous system. While this study clearly shows that the renal NBCe2 may play a role in local regulation of HCO3– in the kidney tubule cells, further investigations are necessary to understand the pathogenesis and possible treatment of this particular cause of hypertension in relation to dysfunctional NBCe2.

In conclusion, renal NBCe2 expression seems to be confined to CNT and CD, and thus, we cannot confirm previous reports of NBCe2 expression in proximal or distal tubules. In isolated CNT and CCD, NBCe2 mediates outward Na+-dependent HCO3– transport from either the basolateral or luminal membrane. Targeted knockout of NBCe2 in intercalated cells led to a different pattern of changes in renal transport protein expression levels than observed in global NBCe2 knockout mice. The targeted knockout of NBCe2 in CNT/CCD did not lead to the hypertensive phenotype observed in the global NBCe2 knockout. Thus, we speculate that the BP elevation in NBCe2 knockout mice does not arise from lack of NBCe2 expression in the CNT and CD, but indicate that other cell types or potentially other organ systems are involved in the NBCe2 dependent BP regulation.
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Background: Spontaneously Hypertensive Rats (SHR) have chronically elevated blood pressures at 30 weeks of age (systolic: 191.0 ± 1.0, diastolic: 128.8 ± 0.9). However, despite this chronic malignant hypertension, SHR kidneys remain relatively free of pathology due to having an augmented myogenic constriction (MC). We hypothesized that the enhanced MC in the SHR preglomerular vessels was due to increased prostaglandin and decreased nitric oxide (NO) synthesis, providing renal protection.

Methods: SHR and Wistar Kyoto (WKY) arcuate and mesenteric arteries were treated with indomethacin (prostaglandin synthesis inhibitor), N omega-nitro-L-arginine (L-NNA, NO synthase inhibitor), and nifedipine (L-type calcium channel blocker); and MC was measured in these vessels. The role of endothelium in MC was examined by removing endothelium from WKY and SHR preglomerular and mesenteric arteries using human hair, and measuring MC. We also studied the source of prostaglandin in the SHR by treating endothelium-removed arcuate arteries with indomethacin and furegrelate (thromboxane synthase inhibitor).

Results: MC was enhanced in the SHR preglomerular vessels but not the mesenteric arteries. Indomethacin and LNNA removed the enhanced MC in the SHR. Nifedipine also inhibited MC in both WKY and SHR arcuate and mesenteric arteries. Removing endothelium did not change MC in either arcuate or mesenteric arteries of WKY and SHR rats; and did not remove the augmented MC in the SHR arcuate arteries. Indomethacin and furegrelate decreased MC in endothelium-removed SHR arcuate arteries and obliterated the enhanced MC in the SHR.

Conclusion: The enhanced MC in the SHR arcuate arteries was due to thromboxane A2 synthesis from the tunica media and/or adventitia layers. MC was not dependent on endothelium, but was dependent on L-type calcium channels. Nevertheless, SHR arcuate arteries displayed differential intracellular calcium signaling compared to the WKYs.

Keywords: myogenic constriction, renal autoregulation, preglomerular arteries, hypertension, prostaglandin, thromboxane A2, nitric oxide, endothelium


INTRODUCTION

In 1901, Bayliss observed that small resistant arteries from different vascular beds of rabbits, cats, and dogs decreased in diameter when he increased intraluminal pressure, and increased diameter with decreasing pressure. Bayliss believed that this response was “myogenic in nature,” and thus later this phenomenon was termed myogenic constriction (MC) (Bayliss, 1902; Saboliæ et al., 1995). MC is stretch-induced reduction in small arteriole diameters in order to regulate the amount of intraluminal blood flow (Kaplan and Palmer, 2001). In the kidneys, renal blood flow autoregulation is an important homeostatic mechanism that protects the delicate glomerular capillaries from fluctuations in the systematic blood pressure, allowing the kidneys to maintain a constant blood flow and glomerular filtration rate (GFR). MC is one of the two mechanisms through which kidneys autoregulate their blood flow (the other mechanism is tubuloglomerular feedback). The significance of MC can be realized from consequences of its’ dysfunction or augmentation. Impaired MC has been observed in variety of diseases such as diabetes, low-renin and salt-sensitive hypertensions (i.e., in African Americans), and chronic kidney disease (CKD) (Carlström et al., 2015; Atala, 2016; Le Goff et al., 2016). On the Contrary, enhanced myogenic constriction protects the kidneys from renal injury. It has been observed that some chronically hypertensive human (i.e., essential hypertensives) and rats (i.e., Spontaneously hypertensive rats, SHR) do not develop significant renal injuries despite highly elevated blood pressures. It appears that this renal protection is due to an augmented MC response in the pre-glomerular vessels (Arendshorst and Beierwaltes, 1979; Imig et al., 1996; Griffin et al., 2001; Loutzenhiser et al., 2002, 2004, 2006; Bidani and Griffin, 2004). We hypothesized that the enhanced MC found in the SHR rats is due to increased prostaglandin H2 (PGH2) and decreased nitric oxide (NO) synthesis in the endothelium compared to their normotensive controls, Wistar Kyoto (WKY) rats. To test this hypothesis, we treated SHR and WKY arcuate and mesenteric arteries with indomethacin and N omega-nitro-L-arginine (LNNA, NO synthase inhibitor) and measured MC. We also examined the role of endothelium in the SHR enhanced MC by removing the endothelium, based on a method that was described by Osol involving the use of human hair (Osol et al., 1989), and measured MC in SHR and WKY arcuate and mesenteric arteries. We utilized both younger and older animals since the augmentation of MC in the SHR may be the result of endothelial dysfunction. We hypnotized this dysfunction would be more severe in the old animals, since they would have been exposed to elevated blood pressure for a longer period of time.



MATERIALS AND METHODS


Animal Studies

Older (30 to 40 weeks old) and younger (12 to 16 weeks old) male WKY and SHR rats were utilized for the vessel studies. Rats’ blood pressure was measured using tail cuff plethysmography (Kent Scientific, CODA system) and their body weights were recorded (Table 1). All rats were bred at McMaster University Central Animal Facility and maintained at St Joseph’s Healthcare Hamilton Animal Facility. All animal work was performed with McMaster University Animal Research Ethics Board’s approval and in accordance with their guidelines. Animals were housed with a 12-hour light-dark cycle and had free access to food and drinking water. After anesthetizing the rodents with isoflurane and perfusing the vasculature with Hank’s basic salt solution (HBSS) to remove blood, arcuate and second branch mesenteric arteries were dissected out of their kidneys and mesenteries, respectively, to conduct vascular studies, as previously (Dickhout and Lee, 1997).


TABLE 1. Average age and characteristics of the rats that were used in this study.
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Myogenic Response Measurements in Endothelium-Intact Arteries

Renal arcuate and second-branch mesenteric arteries were dissected out of their tissues and transferred into a pressure myograph chamber (PMC) containing 37°C oxygenated HBSS. The PMC was connected to a PS-200 system and a peristaltic pump with a servo-controller to pressurize the arteries (Living Systems, Burlington, VT, United States), and a Leica WILD M3C microscope and Hitachi KP-113 CCD camera to video-record the vessels. In the PMC, the arteries were mounted on a glass micropipette, a blind-sac was created, and the vessels were allowed 30 min to equilibrate to 80 mmHg pressure (P80 mmHg) as previously described (Dickhout and Lee, 1997). To test the functional presence of the endothelium, 3 μM phenylephrine (endothelium-independent vasoconstrictor) was added to pre-constrict the arteries followed by 10 μM carbachol (endothelium-dependent vasodilator), and the diameter-changes were recorded. The chamber was subsequently washed with HBSS and vessels were re-allowed 30 min to equilibrate at P80 mmHg. MC was measured by increasing intraluminal pressure in 20 mmHg increments until 180 mmHg with 5-minute-intervals between each pressure change and the lumen diameters were recorded (E-intact MC). To investigate the effects of prostanoid and NO synthesis, 10 μM indomethacin and 100 μM LNNA, respectively, and independently were added to the PMC, the vessels were allowed 30 min to equilibrate, and MC was measured as described. Passive diameter at each pressure point was measured by replacing HBSS with Ca2+-Free HBSS containing 5 mM Ca2+ chelator, ethylene glycol tetraacetic acid (EGTA), and re-measuring MC as aforementioned. MC measurements in this study were conducted serially in the following order: normal HBSS (control), drug-treated HBSS, and Ca2+-Free HBSS (passive diameter). To investigate the dependency of MC on endothelium, the tunica intima was denuded from the arteries using a human hair.



Removing Endothelium Using Human Hair

A human hair was glued to a small petri dish and the arteries were moved through the length of the hair about 10 times, according to a method that was described by Osol et al. (1989). The arteries were then re-mounted in the PMC, remnant endothelium was flushed out for 5 min with HBSS, the blind-sac was re-created, and the vessels were allowed 30 min to equilibrate at P80 mmHg. To test the functional absence of the endothelium, 3 μM phenylephrine was added to pre-constrict the arteries followed by 10 μM carbachol and the diameter-changes were recorded. MC was then re-measured (E-removed MC) as described above.



Myogenic Response Measurements in Endothelium-Removed Arteries

To investigate the effects of prostaglandin and thomboxane A2 (TXA2) synthesis on endothelium-removed vessels, 10 μM indomethacin and 100 μM furegrelate, respectively, and independently were added to the PMC, the vessels were allowed 30 min to adjust, and MC was measured as previously explained. Passive diameter at each pressure point was measured at the end of each experiment by replacing HBSS with Ca2+-free HBSS (5 mM EGTA). Physical absence of the endothelium was further investigated.



Scanning Electron Microscopy (SEM) to Ensure Physical Absence of Endothelium

Endothelium-removed and -intact arcuate arteries were cut in half, fixed with 2% glutaraldehyde (in 0.1 M sodium cacodylate buffer), post-fixed with 2% osmium tetroxide, dehydrated with increasing ethanol concentration, critical point dried, mounted onto microscope stubs, and examined under SEM.



Data and Statistical Analysis

Percent diameter change was calculated by subtracting lumen diameter at each pressure point in Ca2+-free HBSS (Dn (Ca2+free)) from the lumen diameter at the same pressure point in normal HBSS (Dn), divided by the diameter in Ca2+-free HBSS (Dn (Ca2+free)), and multiplied by 100 (% Diameter Change [image: image]); this is illustrated in Figures 1A,B. Percent relaxation due to carbachol was calculated by subtracting lumen diameter at P80 mmHg after adding carbachol (Dafter) from lumen diameter before adding carbachol (Dbefore), divided by diameter before carbachol (Dbefore), and multiplied by 100 (% Carbachol Relaxation = [image: image]). Paired t-test was used to compare carbachol-induced responses before and after endothelium removal. Independent t-test was used to compare WKY and SHR population means. Two-way ANOVA was used to compare MC from different rat strains or treatments. If differences were found by ANOVA, post hoc comparisons at different pressure points (Holm-Sidak post hoc test) were conducted to determine differences in the means. Significant differences were evaluated using GraphPad prism and 95% confidence intervals. P-values less than or equal to 0.05 were deemed statistically significant.


[image: image]

FIGURE 1. Demonstration of how figures in this manuscript were generated. (A) Vessel diameters were recorded at different intraluminal pressures (P80 to P180 mmHg) in the presence of normal HBSS (control) or calcium (Ca2+)-free HBSS. The area in between the two graphs (graph of normal HBSS and Ca2+-free HBSS) represents myogenic tone. (B) Myogenic tone was calculated as percent diameter change by subtracting lumen diameter at each pressure point in Ca2+-free HBSS (Dn (Ca2+free)) from the lumen diameter at the same pressure point in normal HBSS (Dn), divided by the diameter in Ca2+-free HBSS (Dn (Ca2+free)), and multiplied by 100 (% Diameter Change [image: image]). Two-way ANOVA and Holm-Sidak post hoc test were used to assess significance between two population means at each pressure point; denoted by *P ≤ 0.05. Graphs were made using WKY arcuate arteries. NWKY = 5, nWKY = 5 (“N”: number of vessels, “n”: number of animals).




Reagents

The following reagents were purchased from Sigma-Aldrich: phenylephrine (P6126), carbachol (C4382), furegrelate (F3764), indomethacin (I7378), LNNA (N5501), and EGTA (E3889).



RESULTS


Effects of Inhibiting PGH2 and NO Synthesis on Endothelium-Intact Vessels Derived From Older Rats

We used indomethacin, a non-selective cyclooxygenase (COX-1 and COX-2) inhibitor, to block PGH2 synthesis (Lucas, 2016). Indomethacin reduced MC in the SHR but not the WKY arcuate arteries (Figures 2A,B). SHR arcuate arteries demonstrated an enhanced MC compared to the WKY arteries (Figure 2C), and the augmented MC in the SHR was abolished by indomethacin treatment (Figure 2D). Comparably, indomethacin decreased MC in both SHR and WKY mesenteric arteries (Figures 3A,B). Nevertheless, an enhanced MC was not observed in the SHR mesenteric arteries compared to the WKY (Figure 3C). Also, indomethacin-treated SHR and WKY mesenteric vessels showed similar MC (Figure 3D). We also investigated the effects of blocking nitric oxide synthase (NOS) by LNNA on MC in the SHR and WKY rats. Similar to the indomethacin, LNNA reduced MC in the SHR arcuate arteries at P80, P160, and P180 mmHg; but did not change MC in the WKY pre-glomerular vessels (Figures 4A,B). LNNA also removed the augmented MC in the SHR arcuate arteries compared to the WKY (Figure 4C). In mesenteric arteries, LNNA treatment did not change MC in either WKY or SHR, and there were no differences between WKY and SHR LNNA-treated vessels (Figures 5A–D).
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FIGURE 2. Effects of inhibiting cyclooxygenase 1 and 2 (prostaglandin H2 synthesis) in WKY and SHR preglomerular arteries (30–40 weeks-old rats). (A) Effect of indomethacin (10 μM) on WKY arcuate artery myogenic constriction (MC). (B) Effect of indomethacin (10 μM) on SHR arcuate artery MC. (C) Comparison of MC between WKY and SHR arcuate arteries. (D) Comparison of MC between WKY and SHR arcuate arteries that were treated with 10 μM indomethacin. Two-way ANOVA and Holm-Sidak post hoc test were used to assess significance; denoted by *P ≤ 0.05. NWKY = 9, NSHR = 5, nWKY = 7, nSHR = 5 (“N”: number of vessels, “n”: number of animals).
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FIGURE 3. Effects of inhibiting cyclooxygenase 1 and 2 (prostaglandin H2 synthesis) in WKY and SHR mesenteric arteries (30–40 weeks-old rats). (A) Effect of indomethacin (10 μM) on WKY mesenteric artery myogenic constriction (MC). (B) Effect of indomethacin (10 μM) on SHR mesenteric artery MC. (C) Comparison of MC between WKY and SHR mesenteric arteries. (D) Comparison of MC between WKY and SHR mesenteric arteries that were treated with 10 μM indomethacin. Two-way ANOVA and Holm-Sidak post hoc test were used to assess significance; denoted by *P ≤ 0.05. NWKY = 8, NSHR = 17, nWKY = 5, nSHR = 6 (“N”: number of vessels, “n”: number of animals).
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FIGURE 4. Effects of nitric oxide synthase inhibition on MC of preglomerular arteries in WKY and SHR rats (30–40 weeks-old rats). (A) Effect of N omega-nitro-L-arginine (LNNA, 100 μM) on myogenic constriction (MC) of WKY arcuate arteries. (B) Effect of LNNA (100 μM) on MC of SHR arcuate arteries. (C) Comparing MC in WKY and SHR arcuate arteries that were treated with LNNA (100 μM). Two-way ANOVA and Holm-Sidak post hoc test were used to assess significance; denoted by *P ≤ 0.05. NWKY = 7, NSHR = 6, nWKY = 7, nSHR = 6 (“N”: number of vessels, “n”: number of animals).
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FIGURE 5. Effects of nitric oxide synthase inhibition on MC of mesenteric arteries in WKY and SHR rats (30–40 weeks-old rats). (A) Effect of N omega-nitro-L-arginine (LNNA, 100 μM) on myogenic constriction (MC) of WKY mesenteric arteries. (B) Effect of LNNA (100 μM) on MC of SHR mesenteric arteries. (C) Comparison of MC between WKY and SHR mesenteric arteries. (D) Comparing MC in WKY and SHR mesenteric arteries that were treated with LNNA (100 μM). Two-way ANOVA and Holm-Sidak post hoc test were used to assess significance; denoted by *P ≤ 0.05. NWKY = 7, NSHR = 6, nWKY = 5, nSHR = 6 (“N”: number of vessels, “n”: number of animals).




Effects of Inhibiting L-Type Calcium Channels on MC in Endothelium-Intact Vessels

L-type Ca2+ channel blocker, nifedipine, significantly reduced MC in both WKY and SHR arcuate (Figures 6A,B) and mesenteric arteries (Figures 7A,B) of older rats. Nonetheless in older rats, nifedipine-treated SHR arcuate arteries showed significantly more MC compared to the WKY arcuate arteries (Figure 6C) at P140 to P180 mmHg; this difference was not observed in the SHR and WKY mesenteric arteries (Figure 7C). Further, we also investigated the effects of nifedipine in arcuate arteries from younger WKY and SHR rats (12–16 weeks old). Similar to the older rats (30–40 weeks old), nifedipine blocked MC in both WKY and SHR arcuate arteries of the younger rats (Figures 8A,B). However, there were no differences between nifedipine-treated WKY and SHR arcuate arteries (Figure 8C).
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FIGURE 6. Effects of L-type calcium channel blockade on arcuate arteries of WKY and SHR older rats (30–40 weeks-old). (A) Effect of nifedipine (10 μM) on myogenic constriction (MC) of WKY arcuate arteries. (B) Effect of nifedipine (10 μM) on MC of SHR arcuate arteries. (C) Comparing MC in WKY and SHR preglomerular arteries that were treated with nifedipine (10 μM). Two-way ANOVA and Holm-Sidak post hoc test were used to assess significance; denoted by *P ≤ 0.05. NWKY = 7, NSHR = 5, nWKY = 4, nSHR = 4 (“N”: number of vessels, “n”: number of animals).



[image: image]

FIGURE 7. Effects of L-type calcium channel blockade on mesenteric arteries of WKY and SHR older rats (30–40 weeks-old). (A) Effect of nifedipine (1 μM) on myogenic constriction (MC) of WKY mesenteric arteries. (B) Effect of nifedipine (1 μM) on MC of SHR mesenteric arteries. (C) Comparing MC in WKY and SHR mesenteric arteries that were treated with nifedipine (1 μM). Two-way ANOVA and Holm-Sidak post hoc test were used to assess significance; denoted by *P ≤ 0.05. NWKY = 9, NSHR = 8, nWKY = 5, nSHR = 4 (“N”: number of vessels, “n”: number of animals).



[image: image]

FIGURE 8. Effects of L-type calcium channel blockade on arcuate arteries of WKY and SHR younger rats (12–16 weeks-old). (A) Effect of nifedipine (10 μM) on myogenic constriction (MC) of WKY arcuate arteries. (B) Effect of nifedipine (10 μM) on MC of SHR arcuate arteries. (C) Comparing MC in WKY and SHR arcuate arteries that were treated with nifedipine (10 μM). Two-way ANOVA and Holm-Sidak post hoc test were used to assess significance; denoted by *P ≤ 0.05. NWKY = 5, NSHR = 5, nWKY = 5, nSHR = 5 (“N”: number of vessels, “n”: number of animals).




Endothelium Was Successfully Removed Using Human Hair

Scanning Electron Microscopy micrographs showed complete physical absence of the endothelium in WKY arcuate arteries. The endothelium was oriented longitudinally, whereas the smooth muscle cell (SMC) layer was oriented cross-sectionally (Figure 9A). WKY and SHR pre-constricted arcuate arteries (by 3 μM phenylephrine) showed almost no relaxation to 10 μM carbachol after removing the endothelium. WKY endothelium-intact arcuate vessels showed significantly more relaxation compared to SHR endothelium-intact vessels (Figure 9B). Pre-constricted mesenteric arteries (by 3 μM phenylephrine) in WKY and SHR also showed lack of relaxation to 10 μM carbachol after removing the endothelium. There were no statistically significant differences between WKY and SHR endothelium-intact carbachol-induced relaxation (Figure 9C).
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FIGURE 9. Scanning Electron Micrographs and carbachol treatments demonstrating physical and functional removal of endothelium. (A) Scanning Electron Microscopy (SEM) showing intact tunica intima (consisting of endothelium, E) and media (consisting of smooth muscle cells) in untreated, but only tunica media in hair-disrupted WKY arcuate arteries. Micrographs were magnified between 700 to 15000 times. (B) Percent carbachol-induced relaxation (10 μM) in WKY and SHR arcuate arteries that were pre-constricted with 3 μM phenylephrine at P80 mmHg. (C) Percent carbachol-induced relaxation (10 μM) in WKY and SHR mesenteric arteries that were pre-constricted with 3 μM phenylephrine at P80 mmHg. Paired t-test was used to compare endothelium-intact (E+) and endothelium-removed (E-) arteries in the same animal strain. Unpaired t-test was used to compare E + and E- arteries in different animal strains. *P ≤ 0.05; for arcuate arteries: NWKY = 10, NSHR = 10, nWKY = 5, nSHR = 4; for mesenteric arteries: NWKY = 11, NSHR = 5, nWKY = 5, nSHR = 4; (“N”: number of vessels; “n”: number of animals).




Effects of Removing Endothelium on Myogenic Constriction in the WKY and SHR

Removing endothelium did not change MC in the WKY and SHR arcuate (Figures 10A,B) and mesenteric arteries (Figures 11A,B). Moreover, SHR endothelium-intact arcuate arteries demonstrated enhanced MC compared to the WKY endothelium-intact arcuate arteries at P140 to P180 mmHg (Figure 10C), but this enhancement was absent in the SHR mesenteric arteries (Figure 11C). Denuding endothelium did not remove the augmented MC in the SHR arcuate arteries (Figure 10D). Furthermore, MC was similar in endothelium -removed WKY and SHR mesenteric arcades (Figure 11D).
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FIGURE 10. Effects of removing endothelium from WKY and SHR preglomerular arteries using human hair (30–40 weeks-old rats). (A) Effect of removing endothelium in WKY arcuate arteries. (B) Effect of removing endothelium in SHR arcuate arteries. (C) Comparison of myogenic constriction (MC) in endothelium-intact (E-intact) WKY and SHR arcuate arteries. (D) Comparison of MC in endothelium-removed (E-removed) WKY and SHR arcuate arteries. Two-way ANOVA and Holm-Sidak post hoc test was used to assess significance; denoted by *P ≤ 0.05. NWKY = 10, NSHR = 10, nWKY = 5, nSHR = 4; (“N”: number of vessels; “n”: number of animals).
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FIGURE 11. Effects of removing endothelium from WKY and SHR mesenteric arteries using human hair (30–40 weeks-old rats). (A) Effect of removing endothelium in WKY mesenteric arteries. (B) Effect of removing endothelium in SHR mesenteric arteries. (C) Comparison of myogenic constriction (MC) in endothelium-intact (E-intact) WKY and SHR mesenteric arteries. (D) Comparison of MC in endothelium-removed (E-removed) WKY and SHR mesenteric arteries. Two-way ANOVA and Holm-Sidak post hoc test was used to assess significance; denoted by *P ≤ 0.05. NWKY = 11, NSHR = 5, nWKY = 6, nSHR = 4; (“N”: number of vessels; “n”: number of animals).




Effects of Inhibiting Prostaglandin H2 and Thromboxane A2 Synthesis in Endothelium-Removed Arcuate Arteries of Younger SHRs

Similar to the older rats (30–40 weeks old), arcuate arteries of younger SHR rats (12–16 weeks old) showed enhanced MC at P140, P160, and P180 mmHg (Figure 12A). Inhibiting PGH2 synthesis by indomethacin in endothelium-removed arcuate arteries significantly decreased MC at P160 and P180 mmHg in the SHR (compared to both E-intact and E-removed vessels) but did not change MC in the WKY (Figures 12B,C). Similarly, inhibiting TXA2 synthesis by furegrelate in endothelium-removed arcuate arteries also significantly decreased MC at P120 to P180 mmHg (compared to both E-intact and E-removed vessels), but did not change MC in the WKY (Figures 12D,E). There were no differences in endothelium-removed arcuate arteries that had been treated with indomethacin or furegrelate in either WKY or SHR (Figures 12F,G). Similar to the older rats (Figure 10D), MC was still enhanced in the endothelium-removed SHR arcuate arteries compared to the endothelium-removed WKY arcuate arteries (Figure 13A). Treating SHR endothelium-removed preglomerular arteries with indomethacin and furegrelate obliterated the enhanced MC in these vessels compared to the WKY arcuate arteries (Figures 13B,C).


[image: image]

FIGURE 12. Effects of inhibiting cyclooxygenase 1 and 2 (prostaglandin H2 synthesis) and thromboxane synthetase on arcuate arteries of young WKY and SHR rats (12–16 weeks-old). (A) Myogenic constriction (MC) comparison between endothelium-intact (E-intact) WKY and SHR arcuate arteries. (B,C) Comparing WKY and SHR arcuate arteries with E-intact, endothelium-removed (E-removed), and E-removed that were treated with indomethacin (prostaglandin H2 synthesis inhibitor, 10 μM). Star,“*”, depicts significant differences between indomethacin-treated vessels with when they had their E-removed and E-intact (P ≤ 0.05). (D,E) Comparing WKY and SHR arcuate arteries with E-intact, E-removed, and E-removed that were treated with furegrelate (thromboxane A2 synthesis inhibitor, 100 μM). Star,“*”, depicts significant differences between furegrelate-treated vessels with when they had their E-removed and E-intact (P ≤ 0.05). (F,G) Comparing WKY and SHR E-removed arcuate arteries that were treated with either indomethacin or furegrelate. Two-way ANOVA and Holm-Sidak post hoc test was used to assess significance. NWKY = 9, NSHR = 10, nWKY = 6, nSHR = 9; (“N”: number of vessels; “n”: number of animals).
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FIGURE 13. Enhanced myogenic constriction (MC) in the young SHR arcuate arteries, compared to the WKY, was abolished with inhibiting prostaglandin H2 synthesis (by indomethacin) and thromboxane A2 synthesis (by furegrelate) independent from endothelium. (A) MC is enhanced in the endothelium-removed (E-removed) SHR arcuate arteries compared with E-removed WKY arcuate arteries at high intraluminal pressures. (B) Treating E-removed SHR arcuate arteries with 10 μM indomethacin abolished the enhanced MC compared to the WKY arcuate arteries. (C) Treating E-removed SHR arcuate arteries with 100 μM furegrelate abolished the enhanced MC compared to the WKY arcuate arteries. Two-way ANOVA and Holm-Sidak post hoc test was used to assess significance; denoted by *P ≤ 0.05. NWKY = 9, NSHR = 10, nWKY = 6, nSHR = 9; (“N”: number of vessels; “n”: number of animals).




DISCUSSION

We observed an augmented MC in the SHR pre-glomerular arteries compared to the WKY pre-glomerular arteries of both younger and older rats (Figures 2C, 4C, 10C, 12A). This augmented MC was absent in the SHR mesenteric vessels (Figures 3C, 5C, 11C). We also found that inhibiting prostaglandin synthesis (by indomethacin) obliterated the enhanced MC that was observed in the SHR preglomerular arteries (Figure 2D) by reducing MC in these vessels (Figure 2B). L-type Ca2+ channel blocker, nifedipine, reduced MC in all vessels (Figures 6A,B, 7A,B, 8A,B), although SHR arcuate arteries of older rats showed more myogenic tone than WKY arcuate arteries after treating with nifedipine (Figure 6C). Our work showed that MC in WKY and SHR arcuate and mesenteric arteries is independent of endothelium as removing endothelium did not change MC (Figures 10A,B, 11A,B). As well, removing endothelium did not eradicate the enhanced MC in the SHR preglomerular vessels (Figure 10D), suggesting that this augmentation is endothelium-independent. Our results also showed that indomethacin (PGH2 synthesis inhibitor) and furegrelate (TXA2 synthase inhibitor) abolished the enhanced MC in the SHR independently from endothelium (Figures 12C,E) suggesting that the source of TXA2 synthesis in the SHR pre-glomerular arteries is the tunica media and/or adventitia layers, and not the endothelium (Figure 14). In omental arteries, thromboxane synthase has been found in both the tunica media and adventitia layers in both normal and preeclamptic women (Mousa et al., 2012). This is the first study, to our knowledge, to show that MC is independent of endothelium in arcuate and mesenteric arteries of WKY and SHR rats. We were also the first to show that the enhanced MC in the SHR arcuate arteries was due to increased TXA2 synthesis.
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FIGURE 14. Proposed mechanism for the enhanced myogenic constriction in the SHR arcuate arteries. Tunica intima, Tunica media, and tunica adventitia are composed of endothelial cells, smooth muscle cells, and connective tissue, respectively.



The Enhanced Myogenic Constriction in the SHR

Several studies investigated the reason for the observed enhanced MC during chronic hypertension in different vascular beds. Huang et al. (1993) examined WKY and SHR cremaster muscle arteriole responses to indomethacin (PGH2 synthesis inhibitor) and SQ 29,548 (PGH2 receptor blocker), as well as the effects of endothelium removal (Huang et al., 1993). Contrary to our results, they suggested that increased PGH2 production from endothelium was responsible for the observed enhanced MC in the SHR cremaster muscle arterioles. This could be because different vascular beds display different vasoactive mechanisms in the endothelium and vascular SMCs (Ferrer et al., 1995; Thorin et al., 1997; Hill et al., 2001). Other studies conducted in skeletal muscle arterioles and aorta showed that in hypertension, endothelium synthesizes endothelin (Schiffrin and Thibault, 1991; Lemne et al., 1994; Schiffrin et al., 1997) and TXA2 (formed from PGH2) (Mayhan, 1992; Ungvari and Koller, 2000) which increase sensitivity of smooth muscle contractile apparatus, inducing greater contractions in response to similar raise in intracellular calcium in the SHR SMC layer compared to the Wistar Rats (WR) (Ungvari and Koller, 2000). This is consistent with our findings that also suggest a heightened intracellular calcium response in the SHR preglomerular arteries versus the WKY, as nifedipine-treated SHR vessels showed higher myogenic tone compared to the WKY nifedipine-treated vessels (Figure 6C). This enhanced sensitivity of SHR pre-glomerular arteries to intracellular calcium-rise may be due to activation of Rho-kinase pathway in SMCs (Uehata et al., 1997; Homma et al., 2013). Moreover, diminished NO signaling in skeletal muscle arterioles of hypertensive rats (i.e., Zucker Diabetic Fatty rats) has been shown to contribute to the exaggerated MC (Lesniewski et al., 2008), which is contrary to our finding that NO synthesis may have a small constrictor effect on the SHR arcuate arteries at high intraluminal pressures (P160 and P180 mmHg) (Figure 4B). No is predominantly produced by the endothelium and is very unstable with a half-life of seconds (Butler et al., 1995; Schini, 1996; Jeremy et al., 1999). After being produced, NO can rapidly react with oxygen species (O2, O2– and H2O2) and thiol groups to produce nitrite, nitrate, peroxynitrite (ONOO), and nitrosothiols. The effects of NO on vessels can be mediated by the potential presence of thiol and oxygen species (Darley-Usmar et al., 1995; Jeremy et al., 1999). The small vasoconstrictor effects of NO (at high intraluminal pressures) that was observed in this study may be due to the reaction of NO with superoxide to create peroxynitrite in the SHR vessels (Carlisle et al., 2016) and thereby augmenting constrictor responses (Bagi et al., 2002). The resulting peroxynitrite may promote the release of TXA2 leading to arteriolar constriction, as was shown in gracilis muscle arterioles of hyperhomocysteinemia (induced by methionine diet) mouse model (Bagi et al., 2002). As well, in rat models of high-fat high-sucrose (HFHS) and levothyroxine (L-T4) diets, endothelium-denuded thoracic aortic rings from HFHS + LT4 rats showed stronger vasoconstriction than HFHS rats due to increase NO and superoxide production that led to peroxynitrite formation, independent from the endothelium (Hu et al., 2014). Other contributing mechanisms to the enhanced MC have also been reported such as increased superoxide generation through activation of Nicotinamide Adenine Dinucleotide Phosphate (NADPH) oxidase in afferent arterioles (Ren et al., 2010); increased activation of angiotensin II type 1 receptor in cremaster muscle arteries (Hong et al., 2017); and increased production of 20-hydroxyeicosatrienoic acid (20-HETE) through activation of cytochrome P450 in afferent and cerebral arterioles (Imig et al., 1993, 1994, 1996; Szarka et al., 2017). Consistent with our observation of an augmented MC in the SHR arcuate arteries, (Imig et al., 1993), found an enhanced MC in the SHR (4-week-old prehypertensive SHRs) interlobular as well as proximal and distal portions of the afferent arterioles of juxtamedullary glomeruli. The researchers also discovered that inhibiting cytochrome P-450 enzyme (with ketoconazole or 7-ethoxyresorufin) had variable effects in different segments of the preglomerular arteries. In interlobular, proximal afferent, and distal afferent arterioles, inhibiting cytochrome P-450 did not remove, removed, and partially removed the enhanced MC in the SHR arterioles, respectively, compared to the WKY arteries (Imig et al., 1993). These findings suggest that cytochrome P-450 metabolites of arachidonic acid have a critical role in the enhanced MC in the SHR preglomerular vessels (Imig et al., 1996). To investigate if the enhanced MC in the SHR vessels is endothelium-dependent, we removed the endothelium using human hair.



Removing the Endothelium

Endothelium can be removed from blood vessels by chemical or physical means. Chemical methods include using collagenase, elastase, or antibodies. Collagenase and elastase are enzymes that dissolve intercellular matrix between endothelium, but might also damage the vascular SMC layer (Osol et al., 1989). Antibodies against specific endothelial antigens may also not completely remove the endothelium (Juncos et al., 1995). Physical methods of denuding endothelium involve abrading the inner surface of the vessel by an applicator such as cotton, filter paper (Molina et al., 1992), wood, wire, air bolus, or human hair; most of which are fragile or difficult to apply to small arteries (Osol et al., 1989) such as preglomerular vessels. Air bolus injections also are appropriate methods for large arteries, but may not completely remove the endothelium in small arterioles (Ralevic et al., 1989). In 1989, Osol et al. suggested an effective method for removing endothelium from small arteries involving human hair, which provided sufficient degree of abrasion to damage the endothelium but not the vascular SMC layer. After reviewing the aforementioned methods, we decided to use human hair to mechanically abrade endothelium from preglomerular and mesenteric arteries in order to investigate the role of endothelium in MC.



Role of Endothelium in MC

Even though MC is essential in renal autoregulation, its dependency on endothelium is controversial. Studies in different species and tissues have reported that endothelium removal abolished (Harder, 1987; Katusic et al., 1987; Rubanyi, 1988; Kuo et al., 1990; Hughes and Bund, 2002), enhanced (Garcia-Roldan and Bevan, 1990; Juncos et al., 1995; Scotland et al., 2001; Gschwend et al., 2003; Huang et al., 2005; Chaston et al., 2013), reduced (Huang et al., 2005), or did not change (Hwa and Bevan, 1986; Falcone et al., 1991; Scotland et al., 2001; Daneshtalab and Smeda, 2010) MC. This controversy may be because endothelial cells can release different vasoactive substances in variable quantities in different vascular beds or even different sections of the same vascular bed (Ferrer et al., 1995; Thorin et al., 1997; Hill et al., 2001). Thus, it is important to investigate the function of endothelium in different vascular beds. In rabbit afferent arterioles, (Juncos et al., 1995) reported that removing endothelium enhanced MC in free-flow vessels but did not change MC in no-flow arteries. Nevertheless, the authors used factor VIII-related antigen antibodies which did not completely remove the endothelium, revealed in their transmission electron micrographs (Juncos et al., 1995). Another study conducted by Harder demonstrated a dependency of MC on endothelium in cat cerebral arteries. Harder subjected these arteries to 40 to 60 mmHg pressure and recorded a depolarization of 0.35 mV/mmHg, which was abolished when he removed the endothelium (Harder, 1987). In mesenteric arteries, endothelial cells may have roles in MC under hypoxic conditions. Earley and Walker (2002) exposed Sprague-Dawley rats to chronic hypoxia and found that myogenic responsiveness in their mesenteric arteries was abolished. This obliteration was restored by removing the endothelium.



NSAIDs in Hypertension and CKD

Non-steroidal anti-inflammatory drugs (NSAIDs) are a class of drugs that block prostaglandins synthesis by inhibiting COX-1 and COX-2 enzymes. While healthy people rarely have adverse renal side effects upon using NSAIDs, individuals (particularly elderly patients) who have hypertension and CKD may develop acute kidney failure (Hörl, 2010). In fact, administering indomethacin to renal failure rat models (Sprague–Dawley rats that have been administered adenine to have chronic renal failure) significantly decreased their survival rate (Kadowaki et al., 2012). Every year, about 2.5 million Americans who use NSAIDs experience renal-related side effects (Sandhu and Heyneman, 2004).



CONCLUSION

Myogenic constriction is augmented in the SHR preglomerular arteries but not the mesenteric arteries, compared to the WKY respective vessels. The augmented MC in the SHR pre-glomerular vessels appears to be due to increased prostanoid production, particularly TXA2 synthesis, from the tunica media and/or adventitia layers. Moreover, MC is not dependent on the endothelium in the WKY and SHR pre-glomerular and mesenteric arteries, as removing endothelium did not change the MC. L-type Ca2+ channels are critical to MC as inhibiting them tremendously decreases MC in both WKY and SHR arcuate and mesenteric arteries. Nevertheless, SHR pre-glomerular arteries seem to have a differential intracellular Ca2+ signaling at higher intraluminal pressures (P140-P180 mmHg) compared to the WKY vessels.
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Trimetazidine (TMZ), as a metabolic regulator, is effective in treatment of coronary atherosclerotic heart disease with rare side effects in the clinic for long years. Interestingly, studies have shown that TMZ protects against several acute kidney injuries (AKI). However, the effect of TMZ on chronic kidney diseases (CKD) remains unknown. This study aimed to investigate the role of TMZ in diabetic nephropathy (DN) and its potential mechanisms. A rat model of DN was established in male Sprague-Dawley rats by streptozotocin (STZ) intraperitoneal injection. Experimental rats were separated into three groups: control, DN and DN + TMZ treatment. Metabolic parameters, pathological features and renal function markers were evaluated after 20 weeks of diabetes induction. In vitro experiments, the effect of TMZ on high fat and high glucose (HFG) induced or TGFβ1-induced epithelial-to-mesenchymal transition (EMT) was examined in HK-2 cells. Our results showed that TMZ could maintain renal function without affecting hemodynamic and plasma metabolic levels in diabetic rats. The effect was associated with a reversion of pathological progression of DN, especially for tubulointerstitial fibrosis. EMT is an important contributor to renal fibrosis. In this study, we investigated the role of TMZ in the process of EMT in DN. Mechanistically; TMZ attenuated HFG-induced EMT by relieving oxidative stress via deacetylation forkhead box O1 (FoxO1) in a Sirt1-dependent pathway. And it suppressed TGFβ1-induced EMT by deacetylating Smd4 in a Sirt1-dependent manner. Moreover, our study found that TMZ upregulated Sirt1 expression by increasing the expression of nicotinamide phosphoribosyl transferase (Nampt), which is a rate limiting enzyme for nicotinamide adenine dinucleotide (NAD+) generation by salvage pathway. And the increased NAD+ promoted Sirt1 expression. In conclusion, TMZ can prevent renal dysfunction and pathogenesis of tubulointerstitial fibrosis in DN, partly by inhibition of EMT via FoxO1/ROS pathway and TGFβ/Smad pathway in a Nampt/NAD+/Sirt1 dependent manner.
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Introduction

Diabetic nephropathy (DN) is the leading cause of end-stage renal disease and increases the risk of death (Tuttle et al., 2014; Webster et al., 2017; Li et al., 2019). Glomerular lesions were previously considered the primary cause of renal function decline in the process of DN. However, the kidney is mainly composed of renal tubules, and the renal tubules are more sensitive to the injury of metabolic disorders than glomeruli (Gilbert, 2017). Emerging evidence suggests that renal tubular lesions play an important role in the occurrence and progression of this disease (Vaidya et al., 2011; Gilbert, 2017; Zeni et al., 2017). For example, tubulointerstitial fibrosis, which is the common final outcome of tubular lesions, is the most important predictor of the progression of DN (Taft et al., 1994; Grgic et al., 2012; Okada et al., 2012).

Renal tubular epithelial cells (TECs) can convert to myofibroblasts via a process known as epithelial-to-mesenchymal transition (EMT), which is characterized by the loss of an epithelial marker and an increased mesenchymal phenotype, results in increased production of extracellular matrix (ECM) and contributes to the development of chronic kidney diseases (CKD) (Hay and Zuk, 1995). Studies have shown that renal fibrosis could be ameliorated by blunting EMT in a variety of kidney diseases (Yang and Liu, 2002; Grande et al., 2015). In diabetes, high fat and high glucose (HFG) led to elevated levels of reactive oxygen species (ROS), transforming growth factor-β1 (TGFβ1), and other factors, thereby inducing EMT in TECs (Ha and Lee, 2003; Hills and Squires, 2011; Chen et al., 2018). And inhibition of EMT could alleviate renal dysfunction and the progression of tubulointerstitial fibrosis in DN (Shi et al., 2017; Zhao et al., 2017).

Trimetazidine (TMZ), a piperazine derivative, has been widely used in the treatment of coronary atherosclerotic heart disease via shifting cardiac energy metabolism from fatty acid oxidation to glucose oxidation (Kantor et al., 2000; Ferrari et al., 2019). TMZ can also alleviate fibrosis in diabetic cardiomyopathy (Zhang et al., 2016) or inhibit cardiac fibrosis induced by pressure-overload (Liu et al., 2010). Other than the beneficial effects on the heart, studies have shown the protective effects of TMZ on acute kidney injuries (AKI), such as contrast nephropathy, drug-induced nephrotoxicity, and ischemia/reperfusion injury (Hauet et al., 2000; Satyanarayana and Chopra, 2002; Onbasili et al., 2007). However, whether TMZ has a positive effect on CKD, specifically in cases of renal fibrosis and EMT, is rarely studied.

Sirt1, a protein deacetylase, is an essential modulator of cellular energy metabolism and aging (Rahman and Islam, 2011; Catana et al., 2018; Vasquez and Tomanek, 2019). It has been shown to suppress oxidative stress in kidney injuries (Wu et al., 2012; Dong et al., 2014) and is capable of inhibiting multiple organ fibrosis (Simic et al., 2013). Previous article showed that TMZ had an anti-ROS effect in sepsis-induced myocardial dysfunction via the activation of Sirt1 (Chen et al., 2016). We suspected that TMZ may affect the expression level of Sirt1 in DN and had a protective effect. ROS pathway and TGFβ/Samd pathway play a crucial role in the process of organ fibrosis (Xu et al., 2009; Wu et al., 2012). Transcriptional factor FoxO1 is regulated by Sirt1 and plays a role in anti-oxidative stress in DN (Wu et al., 2012), and Sirt1 inhibits the TGFβ/Smad pathway by deacetylating Smad2/3/4/7 (Garcia-Vizcaino et al., 2017; Wang et al., 2018). We speculated that Sirt1/FoxO1/ROS pathway and Sirt1/TGFβ/Smad pathway may be involved in the regulation of DN by TMZ. In the current study, we confirmed that TMZ could ameliorate renal fibrosis by inhibiting EMT and prevent the progression of CKD in a STZ-induced diabetic rat model. To further study the underlying mechanism, we investigated the role of Sirt1 in the process of EMT and how TMZ affects Sirt1 expression. Sirt1/FoxO1/ROS pathway and Sirt1/TGFβ/Smad pathway were involved in the inhibitory effect of TMZ on EMT in DN. In addition, our findings revealed that TMZ upregulates Sirt1 expression through the Nampt/NAD+ pathway.



Materials and Methods


Reagents

Streptozotocin (STZ, V900890) was purchased from Sigma-Aldrich (St. Louis, MO). TMZ was provided by Servier (Tianjin China). Sirt1 siRNA and non-targeted siRNA were purchased from RiboBio (Guangzhou China). Lipofectamine™ 2000 Transfection Reagent (11668019) was from Invitrogen (Carlsbad, CA, USA). Antibodies against Sirt1 (A11267), FN (A12932), Sirt3 (A5718), and pan-acetyl lysine (A2391) were purchased from Abclonal (Cambridge, MA, USA). Antibodies against E-cadherin (20874-1-AP), Col1a1 (A1352), α-SMA (55135-1-AP), TGFβ1 (21898-1-AP), FoxO1 (18592-1-AP), Smad4 (10231-1-AP), Nampt (11776-1-AP), and β-actin (60008-1-Ig) were purchased from Proteintech Group (Wuhan, China). Antibody against TGFβRI (sc-518018) was from Santa Cruz Biotechnology (Dallas, TX, USA). Antibody against p-Ampk (50081) was from Cell Signaling Technology (Danvers, MA, USA). Dihydroethidium (DHE, S0063), N-acetyl-L-cysteine (NAC, S0077), hydrogen peroxide detection kit (S0038), Sod activity detection kit (S0101), and NAD+/NADH detection kit (S0175) were from Beyotime Biotechnology (Shanghai China). NAD+ (HY-B0445), FK866 (HY-50876), and Compound C (CC, HY-13418) were purchased from MedChemExpress (Shanghai China).



Animals and Experimental Protocol

Male Sprague-Dawley rats (8 weeks old, 200–220 g) were purchased from Hubei Research Centre of Laboratory Animals (Wuhan, China). Diabetes was induced by intraperitoneal injection of STZ (55 mg/kg in 0.1 mol/L citrate buffer, adjusted to pH 4.5). Rats in the control group received equal volumes of citrate buffer (n = 7). Diabetes was verified 72 h later after STZ injection by measuring blood glucose levels. Rats with fasting blood glucose > 11.1 mmol/L were selected as qualified diabetic models and used in the study (n = 15). Two weeks after the onset of diabetes, diabetic rats were randomly divided into two groups: rats in the DN group (n = 8) received vehicle (0.9% saline solution), and rats in the DN + TMZ group (n = 7) received TMZ (5 mg/kg/day), respectively. The medications were given by oral gavage. After 20 weeks of treatment, blood and urine samples were taken for metabolite measurements. The rats were then sacrificed, and tissue samples were collected and stored at −80°C for paraffin embedding or snap frozen. All animal studies were approved by the Animal Research Committee of Tongji Medical College and followed the guidelines of the National Institutes of Health.



Analysis of Plasma and Urine Metabolites

Plasma levels of glucose, triglyceride, cholesterol, creatinine, and urea nitrogen and urine levels of albumin, creatinine, and N-acetyl-β-D-glucosaminidase (β-NAG) were detected using assay kits from Nanjing Jiancheng Bioengineering Institute (Nanjing, China) following the manufacturer’s instructions.



Histology and Immunohistochemical Staining

Kidney tissues were ﬁxed with 4% paraformaldehyde, then dehydrated and embedded in paraffin. Sections (4 mm thick) were subjected to hematoxylin-eosin (HE), periodic acid Schiff (PAS), and Sirius Red staining. Glomerular area, mesangial area/glomerular area, and proximal tubular inner diameter were measured as previously described (Gotoh et al., 2010; Wu et al., 2015; Irsik et al., 2018). Glomerular collagen content percentage was calculated by comparing the Sirius Red staining positive area in glomeruli to the total glomerular area. Tubulointerstitial collagen content percentage was calculated by comparing the Sirius Red staining positive area in the renal tubulointerstitium to the total renal tubular interstitial area. The ultrastructure of the kidney was observed using a transmission electron microscope (TEM; Hitachi, Tokyo, Japan), according to the method described previously (Kalimuthu et al., 2018). Immunohistochemistry and immunofluorescence staining were conducted as described previously (Oshimori and Fuchs, 2012; Wang et al., 2019).



Cell Culture, Transfection, and Treatment

HK-2 cell lines were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China), and grown in DMEM/F12 supplemented with 10% FBS. Cells were transfected with siRNA against human Sirt1 (si-Sirt1, 100 nM) or negative control (si-NC, 100 nM), using Lipofectamine 2000, according the manufacturer’s protocol. After transfection, cells were incubated with normal glucose (5 mM) or high fat (100 μM Palmitic acid) and high glucose (30 mM) for 48 h and then collected.



Western Blotting

Kidney tissues and cells were collected using Protein or IP lysate (Beyotime Technology, Shanghai, China). The protein concentration was measured by BCA kit (Boster, Wuhan, China). A total of 10% gradient gels were used. The α-SMA antibody was diluted at 1:3,000, the β-actin antibody at 1:5,000, and the others at 1:1,000. Density analysis of the bands was performed using Gel Pro analysis software.



Detection of Oxidative Stress Indexes

In order to reflect the degree of oxidative stress in tissues and cells under different treatment conditions, H2O2 levels, Sod activity, and DHE staining were all used for detection, according to the kit instructions.



Protein Acetylation Assay

Forkhead box O1 (FoxO1) and Smad4 acetylation were measured by immunoprecipitation of collected protein lysate using antibody against FoxO1 and Smad4 respectively. Thereafter, acetylated-FoxO1 and acetylated-Smad4 were assessed with anti-pan acetyl lysine antibody.



Detection of NAD+/NADH

The levels of nicotinamide adenine dinucleotide (NAD+) and NADH in kidney tissue and HK-2 cells were detected by the NAD+/NADH assay kit, according to the manufacturer’s instructions. In brief, renal cortex (10 mg/sample) and HK-2 cells (1×106 cells/sample) were lysed with 200 μl of NAD+/NADH extraction reagent. In order to detect the total amount of NAD+ and NADH, 20 μl of lysate was added to a 96-well plate. To determine the content of NADH, the lysates was incubated at 60°C for 30 min to remove NAD+, and then 20 μl of supernatant was added to a 96-well plate. Subsequently, 90 μl of alcohol dehydrogenase working solution was added and incubated at 37°C for 10 min. Finally, 10 μl of color reagent was added to the 96-well plate and incubated at 37°C for 30 min. The absorbance was measured at 450 nm. According to the standard curve, the total content of NAD+/NADH and the content of NADH were calculated. The NAD+ content was equal to the total content minus the NADH content.



Statistics

Results were expressed as mean ± SEM. One-way analysis of variance (ANOVA) with Newman-Keuls post analysis was used to compare the means of three or more different treatment groups. A P < 0.05 was considered to be significant.




Results


TMZ Mitigated Renal Dysfunction in STZ-Induced Diabetic Rats

After 20 weeks of STZ injection, metabolic indices associated with diabetes were measured. The weight gain of these rats was significantly reduced, but blood glucose, serum triglyceride and cholesterol levels were markedly increased. Treatment with TMZ in diabetic rats did not change these metabolic indices or blood pressure (Table 1). All renal function parameters measured in the study, including plasma creatinine, blood urea nitrogen, urine albumin to urine creatinine ratio, and urine β-NAG to urine creatinine ratio were significantly increased in diabetic rats compared with normal control rats. Interestingly, treating with TMZ blunted these changes markedly (Figures 1A–D).


Table 1 | Biochemical and physical parameters of diabetic rats after TMZ treatment.






Figure 1 | Trimetazidine (TMZ) preserved renal function in streptozotocin (STZ)-induced diabetic rats. Plasma and urine were collected before the experimental rats sacrificed. (A, B) Plasma creatinine and BUN determined after 20 weeks of TMZ treatment. (C, D) Calculated values of UACR and β-NAG/creatinine in urine samples. BUN, blood urea nitrogen; UACR, urine albumin to urine creatinine ratio; β-NAG, N-acetyl-β-D-glucosaminidase; Con, control group; DN, diabetic nephropathy group; DN + TMZ, TMZ-treated DN group. Data in (A–D) were expressed as mean ± SEM (n = 7–8). *P < 0.05 (one-way ANOVA with Newman-Keuls post analysis).



These results indicate that diabetic rats induced by STZ injection experience a remarkable decline in renal function, which can be mitigated by treating with TMZ independent of affecting blood pressure and systemic metabolic levels.



TMZ Attenuated Glomerular and Tubulointerstitial Remodeling in STZ-Induced Diabetic Rats

To investigate the effects of TMZ on renal pathological changes in STZ-induced diabetic rats, tissue sections of glomeruli and renal tubules were assessed. Glomerular area, ratio of mesangial area to glomerular area, and ratio of glomerular collagen fiber area to glomerular area (glomerular collagen content percentage) were calculated to evaluate glomerular remodeling. In HE-stained tissue sections, the glomerular area was significantly increased in STZ-injected rats compared to control rats, and treating with TMZ had no effect on glomerular enlargement induced by STZ injection (Figure 2A-a). Glomerular mesangial expansion was evaluated by PAS staining. Compared with the control group, the ratio of mesangial area to glomerular area increased significantly in diabetic rats, and was ameliorated by treatment of TMZ (Figure 2A-b). Sirius Red staining was used to assess the deposition of glomerular collagen fibers. STZ injection significantly increased the glomerular collagen area, while TMZ treatment partially reversed the collagen deposition (Figure 2A-c). To observe the changes of glomerular ultrastructure, transmission electron microscopy (TEM) was used in the experiment. In diabetic rats, the shape of podocytes was irregular and flattened. TMZ treatment alleviated these changes (Figure 2A-d).




Figure 2 | Trimetazidine (TMZ) attenuated glomerular and tubular interstitial remodeling in streptozotocin (STZ)-induced diabetic rats. (A) Pathological examination of glomeruli. (a–c) Representative images of HE, PAS, and Sirius Red staining of glomeruli from different groups (left panel). Scale bar, 50 μm. Bar graphs representing analyzed glomerular area, the ratio of mesangial area to glomerular area, glomerular collagen content percentage (right panel). Data were expressed as mean ± SEM (n = 5, the value of each variable was derived from the average of 20 glomeruli per rat). *P < 0.05 (one-way ANOVA with Newman-Keuls post analysis). (d) Representative images of TEM of glomeruli from different groups. Scale bar, 1 μm. (B) Pathological detection of tubulointerstitium. (a–c) Representative images of HE, PAS and Sirius Red staining of tubulointerstitium from different groups. Scale bar, 50 μm (left panel). Bar graphs representing analyzed proximal tubule inner diameter, tubulointerstitial collagen content percentage. Data were expressed as mean ± SEM (n = 5, the value of each variable was derived from the average of 20 analyses per rat). *P < 0.05 (one-way ANOVA with Newman-Keuls post analysis). (d) Representative images of TEM of renal tubules from different groups. Scale bar, 1 μm. HE, hematoxylin-eosin staining; PAS, periodic acid schiff staining; Con, control group; DN, diabetic nephropathy group; DN + TMZ, TMZ-treated DN group.



To evaluate pathological changes of the renal tubules, renal tubular vacuolization, proximal tubule inner diameter, renal interstitial collagen deposition, and renal tubule ultrastructure were investigated. Compared with the control rats, a large number of vacuolated TECs were observed in STZ-induced diabetic rats. This morphological alteration in renal tubular cells was ameliorated by the administration of TMZ (Figure 2B-a). In addition, there was a notable increase of the inner diameter of the tubules in the kidneys of diabetic rats, while it was apparently reduced following TMZ treatment (Figure 2B-b). On the other hand, collagen deposition increased distinctly in the tubulointerstitial of diabetic rats. This change was also significantly ameliorated in the TMZ treated group (Figure 2B-c). The mitochondria were elongated and the mitochondrial crest was clear in the normal group. While in the DN group, the mitochondria were small and round, and the mitochondrial crest was unclear. TMZ treatment improved the mitochondrial morphological changes (Figure 2B-d).

These data suggest that STZ-induced diabetic rats experience significant pathological alterations on both glomeruli and renal tubules. TMZ treatment can effectively reverse these changes, at least in part. Particularly, the protective effects of TMZ on DN may be more prominent on the renal tubules than glomeruli.



TMZ Suppressed Renal Tubular EMT

To investigate whether the beneﬁcial effect of TMZ against tubulointerstitial ﬁbrosis was via inhibiting EMT in renal tubule, markers of fibrosis and EMT were measured. Immunohistochemical staining of renal tissue sections showed that the expression levels of FN and Col1a1 were predominantly increased in renal tubules of rats that had experienced STZ-injection, while these were markedly decreased after TMZ treatment (Figure 3A). Immunofluorescent staining of EMT markers, including E-cadherin and α-SMA, showed that expression of E-cadherin was decreased and expression of α-SMA was increased in renal tubules of rats with STZ-injection, whereas these changes were reversed by TMZ treatment (Figure 3B). In vitro experiments, HFG-induced EMT in HK-2 cells, characterized by decreased E-cadherin and elevated α- SMA. However, as the treatment concentration of TMZ increased, these alterations were gradually reversed (Figure 3C). Vimentin is another marker of cells of mesenchymal origin; β-catenin and E-cadherin are connected in the cytoplasm, and the reduction of E-cadherin will cause the translocation of β-catenin from the cytoplasm to the nucleus (Simic et al., 2013). Vimentin and β-catenin are two other markers of EMT. In this study, their changes were consistent with E-cadherin and α-SMA (Supplementary Figure 1).




Figure 3 | Trimetazidine (TMZ) suppressed renal tubular EMT. (A) Relative FN and Col1a1 expression levels in renal cortex measured by immunohistochemical staining. Scale bar, 50 μm. The bar graph illustrated the quantitative analysis of FN and Col1a1 staining. (B) Representative images of immunofluorescence staining for E-cadherin (green), α-SMA (red), and Hoechst (blue). Scale bar, 50 μm. The bar graph on the right showed the quantitative analysis of E-cadherin and α-SMA staining. (A, B) Con, control group; DN, diabetic nephropathy group; DN + TMZ, TMZ-treated DN group. (C) Western blots analysis of the expression of E-cadherin and α-SMA in HK-2 cells treated with different concentrations of TMZ and exposed to HFG for 48 hours. Con, normal control; HFG, high fat and high glucose. Data are expressed as mean ± SEM (n = 3), *P < 0.05 (one-way ANOVA with Newman-Keuls post analysis).



These results suggest that EMT in tubulointerstitial fibrosis is involved in STZ-induced DN and that treating with TMZ could attenuate this pathological progression.



TMZ Suppressed EMT by Reducing ROS Production

Oxidative stress has been shown to be associated with EMT. Therefore, DHE staining, H2O2 level, and Sod activity were performed to investigate the effect of TMZ treatment on ROS production. Results showed that ROS production greatly increased in the kidney tissues of diabetic rats, while TMZ treatment ameliorated the generation of ROS (Figures 4A–C). Similarly, TMZ treatment could also inhibit the production of ROS induced by HFG in cultured HK-2 cells (Figure 4D). Furthermore, a ROS scavenger called NAC was used to verify whether ROS played a key role in HFG-induced EMT in HK-2 cells. The results showed that NAC could significantly reverse HFG-induced EMT (Figure 4E). Therefore, we propose that TMZ may inhibit EMT in DN by reducing ROS levels.




Figure 4 | Trimetazidine (TMZ) suppressed HFG-induced EMT by reducing ROS levels in diabetic nephropathy. (A) Images of DHE fluorescence in renal cortex from different groups. Scale bar, 200 μm. (B) H2O2 content in renal cortex from different groups. (C) Sod activity in renal cortex from different groups. (A–C) Con, control group; DN, diabetic nephropathy group; DN + TMZ, TMZ treated DN group. Data were expressed as mean ± SEM (n = 3), *P < 0.05 (one-way ANOVA with Newman-Keuls post analysis). (D) Images of DHE fluorescence in HK-2 cells treated with HFG and/or TMZ. Scale bar, 50 μm. (E) Western blots analysis of E-cadherin and α-SMA in HK-2 cells treated with HFG and/or NAC. (B, C) Con, normal control; HFG, high fat and high glucose; HFG + NAC, high fat and high glucose group treated with NAC. Data were expressed as mean ± SEM (n = 3), *P < 0.05 (one-way ANOVA with Newman-Keuls post analysis).





TMZ Reduced HFG-Induced ROS Generation and EMT Depending on Upregulation of Sirt1

Previous studies have shown that Sirt1 and Sirt3 have anti-oxidant activity (Wu et al., 2012). We wondered if they were involved in EMT in DN. In addition, they are regulated by the energy state (Noriega et al., 2011), and TMZ is an energy regulator. Therefore, we suspect that TMZ may affect the expression level of them. In our study, both Sirt1 and Sirt3 were significantly down-regulated in DN, and TMZ intervention could significantly restore the expression level of Sirt1. Although the level of Sirt3 was increased in the TMZ treatment group, it was not as obvious as that of Sirt1 (Figure 5A-a). Therefore, we mainly study from the perspective of Sirt1. In vitro experiments, the Sirt1 protein level was significantly decreased in HK-2 cells when exposed to the HFG environment, and this change was ameliorated by TMZ incubation in a dose-dependent manner (Figure 5A-b). DHE fluorescence revealed that the inhibitory effect of TMZ on the ROS production was weakened when Sirt1 was silenced (si-Sirt1) in HFG treated HK-2 cells (Figure 5B). After silencing Sirt1, upregulation of E-cadherin and downregulation of α-SMA by TMZ treatment were reversed. This suggested that silencing Sirt1 blunted the role of TMZ in the inhibition of the EMT program induced by HFG (Figure 5C). Transcriptional factor FoxO1 is regulated by Sirt1 and plays a role in antioxidative stress (Wu et al., 2012). Therefore, acetylated FoxO1 and the expression level of Sod2, the downstream of antioxidant gene of FoxO1, were examined. While HFG increased the level of acetylated FoxO1, TMZ could inhibit acetylation of FoxO1 and this effect was reversed by silencing Sirt1 (Figure 5D). Furthermore, the elevated expression of downstream gene Sod2 was seen by TMZ treatment but diminished after silencing Sirt1 (Figure 5E).




Figure 5 | Trimetazidine (TMZ) reduced HFG-induced ROS generation and EMT depending on upregulation of Sirt1. (A-a) Western blots analysis of Sirt1 and Sirt3 in the kidneys of diabetic rats and TMZ treated rats. (A-b) Western blots analysis of Sirt1 in HK-2 cells treated with HFG and different concentrations of TMZ for 48 h. (B–E) HK-2 cells were treated with or without HFG, TMZ, si-NC and si-Sirt1 for 48 h. (B) Images of DHE fluorescence. Scale bar, 50 μm. (C) Western blots analysis of E-cadherin, α-SMA and Sirt1. (D) The relative expression level of acetylated-FoxO1 measured by IP. (E) Western blots analysis of Sod2 and Sirt1. Con, normal control; HFG, high fat and high glucose; IP, immunoprecipitation; WB, western blot; Ac-lys, acetyl lysine level. Data were expressed as mean ± SEM (n = 3), *P < 0.05 (one-way ANOVA with Newman-Keuls post analysis).



These data suggest that HFG induces EMT program in HK-2 cells by enhancing FoxO1 acetylation and reducing expression of its downstream antioxidant proteins, whereas TMZ reverses this process through Sirt1/FoxO1/ROS pathway, specifically by inhibiting the acetylation of FoxO1.



TMZ Reduced TGFβ1-Induced EMT Depending on Sirt1 Upregulation

TGFβ1 serves as one of the most important cytokines in the process of EMT in kidney (Xu et al., 2009; Iwano, 2010). We then investigated whether TMZ played the role in inhibition EMT through Sirt1/TGFβ1 pathway. We first assessed the expression levels of TGFβ1 and TGFβRI in HK-2 cells after exposure to HFG. The results showed HFG could apparently increase the expression level of TGFβ1 and TGFβRI. However, TMZ had no effect on the elevation of TGFβ1 and TGFβRI induced by HFG (Figure 6A). TGFβ1 could induce EMT in HK-2 cells, verified by the decreased expression of E-cadherin and the increased expression level of α-SMA that was seen in a dose dependent manner. These results were accompanied with downregulation of Sirt1 protein levels (Figure 6B). Although TMZ had no effect on expression of TGFβ1 and TGFβRI, TMZ intervention could alleviate TGFβ1-induced EMT verified by corresponding changes of E-cadherin and α-SMA expression. Moreover, the effect of TMZ on TGFβ1-induced EMT declined after silencing Sirt1. It suggested that TMZ affected TGFβ1-induced EMT via upregulating Sirt1 (Figure 6C). Further experiments found TGFβ1 could increase the level of acetylated Smad4, which was reversed after TMZ treatment. However, the effect of TMZ on acetylation of Smad4 was declined after silencing Sirt1 (Figure 6D).




Figure 6 | Trimetazidine (TMZ) reduced TGFβ1 induced EMT by a restoration of Sirt1 expression. (A) Western blots analysis of TGFβ1 and TGFβRI in HK-2 cells treated with HFG and/or TMZ. (B) Western blots analysis of E-cadherin, α-SMA and Sirt1 in HK-2 cells treated with different concentrations of TGFβ1. (C, D) HK-2 cells were treated with or without TGFβ1, TMZ, si-NC and si-Sirt1 for 48 h. (C) Western blots analysis of E-cadherin, α-SMA and Sirt1. (D) The relative expression level of acetylated-Smad4 measured by IP. Con, normal control; IP, immunoprecipitation; WB, western blot; Ac-lys, acetyl lysine level. Data were expressed as mean ± SEM (n ≥ 3), *P < 0.05 (one-way ANOVA with Newman-Keuls post analysis).



These results indicate that HFG can induce EMT via the TGFβ1 pathway. TMZ doesn’t affect TGFβ1 or TGFβRI but rather through deacetylation of Smad4 in a Sirt1 dependent way, thereby attenuating TGFβ1-induced EMT.



TMZ Upregulated Sirt1 Expression in a Nampt/NAD+ Dependent Manner in DN

Nicotinamide adenine dinucleotide (NAD+) is known for as an essential coenzyme that mediates redox reactions. In addition, it is a substrate for NAD+-dependent enzyme such as sirtuins and PARPs (Garten et al., 2015). It has been reported that NAD+ affects not only Sirt1 activity, but also its expression level (Revollo and Li, 2013). NADH is the reduced state of NAD+, which has the opposite effect on Sirt1 expression (Hayashida et al., 2010). As a metabolic regulator, TMZ may regulate intracellular NAD+ level by affecting cellular redox status. In this study, we detected the levels of NAD+ and NADH in TMZ treated diabetic rats. The results showed that TMZ increased the content of NAD+ and the ratio of NAD+ to NADH (NAD+/NADH) in diabetic rats (Figure 7A). There are many factors that can regulate the NAD+ content in cells, of which Nampt and p-Ampk are two important ones (Belenky et al., 2007; Canto et al., 2009). Therefore, we tested their expression. The results showed that TMZ treatment increased the expression of both (Figures 7B, C). Inhibiting their activity could significantly reduce the content of NAD+, and FK866 (an inhibitor of Nampt) was more effective than Compound C (CC, an inhibitor of Ampk) (Figure 7D). Administration of different concentrations of NAD+ in HFG-treated HK-2 cells could increase the expression of Sirt1 in a concentration-dependent manner (Figure 7E). After the administration of Nampt and Ampk inhibitor, respectively, the up-regulation effect of TMZ on Sirt1 was weakened by FK866 rather than CC (Figure 7F). A possible explanation is that CC raised NAD+/NADH (Figure 7D). Correspondingly, NAD+ supplementation rescued the inhibitory effect of FK866 on Sirt1 expression (Figure 7F).




Figure 7 | Trimetazidine (TMZ) upregulated Sirt1 expression depending on Nampt/NAD+ pathway in diabetic nephropathy. (A) The content of NAD+ and NADH in TMZ treated DN, and the ratio of NAD+ and NADH. (B) Western blots analysis of Nampt and p-Ampk in TMZ treated DN. (C) Western blots analysis of Nampt and p-Ampk in HK-2 cells treated with different concentrations of TMZ and exposed to HFG for 48 hours. (D) The content of NAD+ and NADH in HK-2 cells with different treatment, and the ratio of NAD+ and NADH. HK-2 cells were treated with 10 μM TMZ and exposed to HFG for 48 h. Nampt activity and Ampk activity were inhibited by FK866 and CC, respectively. (E) Western blots analysis of Sirt1 in HK-2 cells treated with different concentrations of NAD+ and exposed to HFG for 48 hours. (F) Western blots analysis of Sirt1 in HK-2 cells with different treatment. CC, Compound c. Data were expressed as mean ± SEM (n ≥ 3), *P < 0.05 (one-way ANOVA with Newman-Keuls post analysis).



These results indicated that regulation of TMZ on Sirt1 expression is dependent on the Nampt/NAD+ pathway.




Discussion

In this study, we aimed to investigate the effects of TMZ on DN, specifically on EMT and renal fibrosis. We found that treatment with TMZ could alleviate renal insufficiency and renal pathological remodeling in rats experiencing DN by STZ. This worked partially by the inhibition of EMT. Sirt1/FoxO1/ROS and Sirt1/TGFβ1/Smad4 pathways were involved in the inhibition of EMT by TMZ treatment, and Nampt/NAD+ pathway was related to how TMZ affects Sirt1 expression in DN (Figure 8).




Figure 8 | Schematic of pathways involved in Trimetazidine (TMZ)-mediated EMT inhibition in DN. In diabetic environment, ROS pathway and TGFβ/Smad pathway together induce tubule epithelial cells (TECs) to produce EMT. TMZ inhibits EMT generation by suppressing these two pathways via upregulating Sirt1 expression in TECs in DN (Sirt1 inhibits the ROS pathway by deacetylating FoxO1, and inhibits TGFβ/Smad pathway by deacetylating Smad4). Both the expression and activity of Sirt1 are regulated by NAD+. The generation of NAD+ depends on de novo synthesis and salvage pathway, and the latter is its main source. Nampt is the rate-limiting enzyme of the salvage pathway. TMZ promotes NAD+ production in DN by up-regulating Nampt expression. In conclusion, TMZ inhibits EMT generation by upregulating Sirt1 expression depending on Nampt/NAD+ pathway in DN.



TMZ is recognized as an anti-ischemic agent because of its metabolic benefits in treating myocardial ischemia. Studies also suggest the beneficial effect of TMZ on other heart diseases, including ischemia reperfusion injury, hypertrophic cardiomyopathy, diabetic cardiomyopathy, and chronic heart failure (D’Hahan et al., 1997; Zhang et al., 2012; Liu et al., 2016; Zhang et al., 2016). The possible role of TMZ in kidney diseases has been suggested by a few studies, which indicate that TMZ may have protective effects on drug or contrast induced nephrotoxicity (Satyanarayana and Chopra, 2002; Chander et al., 2003; Onbasili et al., 2007) and kidney transplant reperfusion injury (Hauet et al., 2000; Faure et al., 2003). The mechanisms are related to the inhibition of inflammatory reactions, reductions in oxidation stress, anti-apoptosis, and improvements in endothelial dysfunction (Onay-Besikci and Ozkan, 2008; Chrusciel et al., 2014). All of these studies were conducted with a focus on AKI. However, the role of TMZ in CKD has rarely been reported. We speculated that TMZ may also have protective effects on CKD. In this study, we observed that early administration of TMZ could alleviate renal insufficiencies and pathological remodeling in STZ-induced diabetic rats. Interestingly, the beneficial effects of TMZ on DN were more prominent in renal tubules than glomeruli. A previous study by Tugba Karadeniz et al. reported similar effects of TMZ on DN as well as the finding that TMZ was more protective of the renal tubular and interstitial region by reducing FN and i-NOS expression (Karadeniz et al., 2014). Different from their work, our study focused on the inhibition of tubulointerstitial fibrosis by TMZ.

Our results indicated that TMZ could inhibit tubulointerstitial fibrosis dramatically in diabetic rats. Renal fibrosis represents the final common pathway of CKD, which is mediated by fibroblast activation and their subsequent transformations into myofibroblasts. This results in excessive secretion of ECM, including FN, Col1a1, and ColIV (Eddy, 2014). Other than residual renal fibroblasts, myofibroblasts originated from TECs via a process called as EMT also plays an important role in the deposition of ECM (Stahl and Felsen, 2001; Kalluri and Neilson, 2003). We then specifically examined the role of TMZ on EMT program. Our findings suggest that the administration of TMZ can inhibit EMT in diabetic rats and in cultured cells exposed to HFG. Previous study has shown that ROS makes great contribution to EMT program in DN (Ha and Lee, 2003). Meanwhile, TMZ has been shown to have an evident antioxidant effect by inhibiting NADPH oxidase (Liu et al., 2010) or activating the Nrf2/Ho-1 pathway (Wan et al., 2017). These findings suggest that TMZ may inhibit EMT in DN through its antioxidant effect. In our study, TMZ treatment reduced ROS level in DN (Figure 4), and TMZ inhibited HFG-induced ROS and EMT production depending on Sirt1 protein level in HK-2 cells (Figure 5). Sirt3 also plays an important role in anti-ROS (Morigi et al., 2018). In our study, although Sirt3 decreased significantly as Sirt1 in DN, it increased slightly after TMZ intervention (Figure 5A-a). Therefore, Sirt3 may play a weak antioxidant role here. Mitochondria are the main place where cells produce ROS. Due to abnormal mitochondrial morphology and dysfunction, excessive ROS are produced in DN (Sharma, 2016). In present study, TMZ improved mitochondrial morphological abnormalities in renal tubular cells in DN. PGC1α plays an important role in regulating mitochondrial production and function (Scarpulla, 2008). Our results showed that TMZ reduced the acetylation level of PGC1α (Supplementary Figure 3). Therefore, TMZ may partially improve the mitochondrial function through the PGC1α pathway, thereby reducing intracellular ROS level.

Down-regulation of Sirt1 expression in proximal tubules has been found in diabetic rats and over-expressing Sirt1 in proximal tubules could prevent kidney injury (Hasegawa et al., 2013). Moreover, Sirt1 inhibits organ fibrosis (Simic et al., 2013) and suppresses oxidative stress (Wu et al., 2012; Zhu et al., 2019), and is regulated by the energy status of the cells (Noriega et al., 2011). TMZ as a metabolic regulator through inhibiting fatty acid oxidation (Kantor et al., 2000; Lopaschuk et al., 2003), so it may regulate Sirt1 expression. In this study, we examined whether Sirt1 could be the action target of TMZ. First, TMZ administration could reverse the decline of Sirt1 in vivo and in vitro (Figure 5A). Second, the effect of TMZ on inhibiting the ROS production and subsequently EMT program induced by HFG in vitro was mediated via upregulating Sirt1 (Figures 5B, C). Third, TMZ reduced the acetylation level of FoxO1 via a restoration of Sirt1 expression and then increased the expression of the downstream antioxidant protein Sod2 (Figures 5D, E). Therefore, the Sirt1/FoxO1 pathway was involved in the inhibition of ROS production by TMZ. Forth, Although TMZ treatment did not affect HFG-induced upregulation of TGFβ1 and TGFβRI expression, we found it could relieve TGFβ1-induced EMT by reducing acetylated Smad4 level via upregulating Sirt1 (Figure 6). Therefore, Sirt1/TGFβ1/Smad4 pathway was also involved in the inhibition of EMT by TMZ. In conclusion, our results suggest that Sirt1 may be the key player for the anti-fibrotic effect of TMZ in DN.

In TGFβ/Smad pathway, TGFβ stimulated receptor complex leads to phosphorylation activation of Smad2 and Smad3. Phosphorylated Smad2 and Smad3 form a complex with Smad4 and enter the nucleus, and act as a transcriptional regulator to promote the expression of pro-fibrotic genes. In contrast, the inhibitory Smad6 and Smad7 suppress Smad2/3 activation (Xu et al., 2009). To date, Smad2/3/4/7 have been reported to be deacetylated by Sirt1 (Kume et al., 2007; Simic et al., 2013; Garcia-Vizcaino et al., 2017; Bugyei-Twum et al., 2018). A previous study showed Sirt1 inhibited TGFβ-induced apoptosis in glomerular mesangial cells via Smad7 deacetylation (Kume et al., 2007). There are some reports about the deacetylation of Smad2/3 by Sirt1 (Garcia-Vizcaino et al., 2017; Zhang et al., 2017; Bugyei-Twum et al., 2018). However, the deacetylation of Sirt1 on Smad2 is controversial (Simic et al., 2013; Chen et al., 2014). What is clearer is that Sirt1 can obviously deacetylate Smad4 (Simic et al., 2013; Chen et al., 2014). And Smad4, as a common mediator Smad, is necessary for the translocation of TGFβ/Smad family signals into the nucleus. In this study, in order to illustrate the effect of Sirt1 on TGFβ/Smad pathway in DN, we selected only Smad4 for this study. Other Smads, such as Smad2/3/7 may also be involved in the regulation of EMT by TMZ.

It has been reported that NAD+ affects both Sirt1 activity and its expression level (Hayashida et al., 2010; Revollo and Li, 2013). In our study, TMZ increased NAD+ content in DN. In order to investigate how TMZ affects NAD+ content, we conducted a study on Nampt and p-Ampk. The generation of NAD+ depends on de novo synthesis and salvage pathway, and the latter is its main source. Nampt is the rate-limiting enzyme of the salvage pathway (Belenky et al., 2007). Previous literature reported that Ampk increased NAD+ content by increasing mitochondrial β-oxidation (Canto et al., 2009). In our study, only the effect of Nampt on Sirt1 expression was observed, Probably because Ampk reduced NAD+/NADH (Figure 7D), or because of TMZ inhibition of β-oxidation. In previous studies, although inhibition of Nampt showed deleterious effects, the expression of Nampt was elevated in DN (Yilmaz et al., 2008; Benito-Martin et al., 2014). However, in our study, the expression of Nampt was decreased in DN (Figures 7B, C). This may be due to the decreased expression of Nampt in the later stages of DN. The study by Muraoka et al. explained this phenomenon (Muraoka et al., 2019).

In our study, TMZ showed a deacetylation effect by promoting Sirt1 expression. In order to observe whether the combination of TMZ and Sirt1 agonist has a synergistic effect, we administrated both TMZ and RSV in diabetic rats. The results showed both TMZ and RSV could relieve renal insufficiency, ROS, and EMT. However, the combination of the two showed no obvious synergistic effect (Supplementary Figure 2). The possible explanation is that, because they have the same mechanism of action, and the dosage of TMZ and RSV has reached the highest concentration of their effect in our experimental design, therefore, the combination of the two does not see a stronger anti-EMT effect.

Currently, the treatment of DN mainly consists of four parts: glycemic control, blood pressure control, inhibition of the renin-angiotensin system, and cardiovascular risk reduction (Umanath and Lewis, 2018). To date, no therapy specifically targeted at renal fibrosis is known. Although new hypoglycemic drugs with additional mechanisms are being tested for DN, such as SGLT2 inhibitor and GLP-1 activator (Warren et al., 2019), drugs targeting at renal fibrosis are needed to be used as adjuvant treatments to prevent the development and progression of DN. Our study demonstrates the renal protective effect of TMZ in relieving tubulointerstitial fibrosis in diabetic rats. Moreover, TMZ rarely has side effects in clinical practice in the past years. Therefore, TMZ is promising as a new adjuvant therapy for DN in the future. In our study, we found that TMZ was a potential Sirt1 agonist. Sirt1 has a protective effect on multiple organs, especially the heart (Gomes et al., 2019). Most patients with chronic renal failure are accompanied by cardiac insufficiency. Therefore, long-term use of TMZ in patients with DN may benefit from multiple organs and display a better result.

In conclusion, our study provides experimental evidences suggesting that TMZ can attenuate the development and the progression of renal dysfunction in DN. The underlying mechanism comes from TMZ’s inhibition of tubulointerstitial fibrosis by blunting EMT. In detail, TMZ inhibits ROS pathway and TGFβ/Smad pathway to relieve EMT in a diabetic environment by upregulating Sirt1. Further clinical research will be needed to verify if TMZ is an effective adjuvant drug, in combination with hypoglycemic agents and other treatments, against DN.



Limitations

Our study focused on the effect of TMZ on diabetic renal tubular EMT. We did not examine the possible effect of TMZ on other pathological processes, such as apoptosis and inflammation. We also did not investigate the mechanisms of fibroblasts activation other than EMT. Future studies should consider these aspects in order to better understand the role of TMZ in DN.
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Urine parameters Sham (10-weeks) STNXx (10-weeks)

Na excretion 131.94 +£24 uM/18 h 166.77 + 20 uM/18 h

K excretion 271.78 £28 uM/18 h 164.45 + 21 uM/18 h

Cl excretion 270.84 25 pM/18 h 225.75 + 11 pM/18 h
Total albumin 3.39 +0.48 ng/18 h 418.16 & 89 png/18 h ***
Osmolality 1347 £+ 89 mOsm 914.5 + 63 mOsm ***

lon excretion, total albumin and osmolality was measured in 18 h-timed
urine collection from mice 10-weeks post-surgery or age-matched sham mice.
***P < 0.007 unpaired t-test.
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Experimental SREBP in Expression of Lipid content Renal pathology Metabolic References
condition kidney target genes in kidney changes
TYPE 1 DIABETES MELLITUS
STZ*-induced SD* P: 1 P: ¢+ FAS TG t2-fold 4 Proteinuria Sun et al., 2002
rats P: 4 COL4A1, FN1*
Ins2 Akita mice P: 41,2 TC* 11.6-fold, 4 Urinary Proctor et al., 2006
TG 11.4-fold albumin/creatinine
P: 4 COL4A1, FN1*
R: 1 Tgfb, Pail, Vegf*, Tnfa
R: | Synpo*, Nphs2*
OVE26 mice R: t1c, 2 R: tAcc, Fas, R: 1 Fn1*, Coldal, lI6, Tnfa Proctor et al., 2006
Hmgcr R: | Synpo*, Nphs2*
R: 1 Pparg
TYPE 2 DIABETES MELLITUS
FVBab/®mice P:4ni2 R: 1 Fas, Acc, TC* 12.2-fold 4 Urinary Bw* Wang et al., 2005
Hmagcr, LdIr TG t2.4-fold albumin/creatinine TC* 12.1-fold
4 GBM* thickness, TG 11.6-fold
podocyte foot process
length
R: 1+ Tgfb, Pail, Vegf*
C57BL/6J mice P:tn1,2 R: 4 Fas, Acc, TC* +1.2-fold 4 Urinary BW* Jiang et al., 2005¢
with HFD* R: t1a, 1c, 2 Hmger TG 13-fold albumin/creatinine TC* 11.4-fold
P: 4 COL4A1, FN1*, PAI1, TG 11.2-fold
VEGF* Insulin
113.4-fold
STZ*-induced SD* P: 42, n2 P: + HMGCR, 4 Serum Creatinine, BUN*, TC* 16.8-fold Sun et al.,, 2013
rats fed with HFD*& R: 12 LDLR Albuminuria, Urinary NGAL* TG 15-fold
sucrose diet LDL* 16.2-fold
HYPERTENSION
Angll infused SD* P: 1 TC* 11.5-fold P: 4+ TGFB BP* Saito et al., 2005
rats TG 11.5-fold TC* 11.3-fold
TG t2-fold
AGING
C57BL/6 mice, 23 P: 4n1, n2 P: + HMGCR TC* 4+3-fold 4 Urinary Jiang et al., 2005a
months vs. 3 R: 4fe R: 4 Hmgcer, Ldlr TG 13-fold albumin/creatinine
months 1 GBM* thickness,
podocyte width and
effacement
P: 4 COL4A1, FN1*
F344BN rats, 24 P: tn1, n2 P: 4 HMGCR TC* 11.5-fold 4 Urinary TC* 11.5-fold Jiang et al., 2005b
months vs. 4 TG t2.6-fold albumin/creatinine TG t2-fold
months P: 4+ COL4A1, FN1* Leptin
CTGF, PAI1, VEGF* 15.6-fold
SD* rats, 24 P: 1 TG t2-fold 4 Serum Urea, Serum Chung et al., 2018
months vs. 6 KIM1*
months P: 4+ COL1A1, COL4AT,
FN1*
GENETICALLY MODIFIED MICE
Transgenic P F1 R: tFas, Acc TC* 411.2-fold 4 Urinary Liver TG Sun et al., 2002
SREBP1a TG 12.5-fold albumin/Creatinine 120-fold
P: 4 COL4A1, FN1* TC* 13.5-fold
TGFB, VEGF*
SREBP1¢ knockout TG | 1.7-fold R: | Coldal, Fn1*, Pail, TG | tM.7-fold Jiang et al., 2005¢c
(vs WT* in Vegf*(vs WT* in HFD* TC* |1.2-fold
HFD* group) group) (vs WT* in ND*
group)

*BR, blood pressure; BUN, blood urea nitrogen; BW, body weight; FN1, fibronectin, GBM, glomerular basement membrane; HFD, high-fat diet; KIM1, kidney injury
molecule; LDL, low-density lipoprotein; n,nucleus; ND, normal diet; NGAL, neutrophil gelatinase-associated lipocalin, NPHS2, stomatin family member, podocin; B, protein;
R, mRNA; SD rats, Sprague Dawley rats; STZ, streptozotocin;, SYNPO,synaptopodin; TC, total cholesterol; VEGF, vascular endothelial growth factor; WT, wild-type.
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Baseline parameters

Control NBCe2B1-VATPasecre
Mouse weight (g) 25.0 £ 0.1 252 +0.6 n.s.
Food intake, g/day 50407 556+04 n.s.
Water intake, g/day 48+04 35+04 n.s.
Urine output ml/g body weight ~ 0.06 + 0.02 0.06 £ 0.01 n.s.
Urine parameters
Sodium, mmol/24 h 0.08 £ 0.01 0.12 £0.02 n.s.
Potassium, mmol/24 h 0.38 £ 0.01 0.45 £ 0.04 n.s.
Chloride, mmol/24 h 0.22 £ 0.02 0.26 £ 0.02 n.s.
pH 7.37 £0.55 7.46 £0.17 n.s.
Osmolality (mosm/I) 1990 + 414 1948 + 140 n.s.
Plasma parameters
Sodium, mmol/l 147 £ 2 144 +1 n.s.
Potassium, mmol/l 6.1 £0.3 71+£02 p=0.03
Chloride, mmol/I 110+ 2 112 +£1 n.s
Calcium, mmol/I 1.3+ 0.01 1.3+ 0.02 n.s.
pH 7.42 £0.01 7.45 £ 0.01 n.s.
Hematocrit, % 40+ 2 33+4 n.s.
Base excess -0.77 £1.22 -1.32 £ 0.91 n.s.
Anion gap 204 £1.3 16.14 £ 2.8 n.s.

n 3 5
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Baseline parameters

WT KO

Food intake, g/day 3.33+0.21 3.29 £0.25 n.s.
Water intake, g/day 6.28 + 0.86 6.14 £0.94 n.s.
Urine output (ml/day) 1.41 £0.39 1.47 £0.37 n.s.
Urine pH 7.50+0.24 7.80 +£0.20 n.s.
Plasma parameters

Potassium, mmol/l 6.05 £ 0.14 6.18 £0.72 n.s.
Blood pH 7.43 £0.02 7.43 £0.01 n.s.
pCOy, kPa (mmHg) 444+£03@B3+23) 34+03((255+23) 0.035
StHCO3_, mM 231 +08 20.2 £0.7 0.004
Base excess 228 +1.12 -4.32 £ 0.85 n.s.

n 5 5
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Variables B P OR 95% CI

Lower border Upper border
Age 0.070 0.026* 1.072 1.008 1.140
Predialysis Potassium ion 1.281 0013* 3.425 1.297 9.040
EPOA OD 1.990 0007 527 2577 6733

The regressions were performed using the Q1 interval as the reference, with Q4 as the higher EDI. The regressions between Q3 and Q1 were appended in the Appendix.
EDI, erythropoistin demand index; EPOA, erythropoietin antibody; OD, optical density.

' <0.05.

v < 0.01.
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Variables B P OR 95% CI

Lower border Upper border
DDEMOGRAPHICS

Age (years) 0.068 0.005"* 1.071 1.021 1123
BMI (kg/m?) ~0011 0899 0990 0841 1.165
BBASELINE DATA IN THE INITIAL OF THE STUDY

Blood routine examination parameters

RBC (10'211) -0642 0.129 0526 0230 1.205
Hb (g/di) -0.023 0.146 0.977 0.948 1.008
Het (L)) ~0.055 0239 0947 0864 1,087
mev () 0.057 0.156 1.058 0979 1.145
MCH (pg) 0.084 0.409 1.087 0891 1326
MCHC (g/cl) ~0.023 0316 0977 0933 1.023
RDW (%) 0.025 0902 1.026 0686 1535
WBC (10%) -0.020 0893 0980 0730 1817
PCT (%) -0,587 0916 -0556 0,000 32,673.031
PLT (10%) ~0.000 1.000 1.000 0991 1.009
MPV (1) ~0.042 0825 0957 0659 1,894
PDW (%) 0.025 0902 1.026 0686 1535
Clinical data

Serum iron (wmolL) 0048 0302 1.049 0958 1.149
Fenitin (wg/L) 0.001 0.038" 1.001 1.000 1.003
PTH (pg/ml) -0.001 0.137 0.999 0.998 1.000
Dialysis parameters

Dialysis duration (month) 0.025 0.030" 1.025 1.002 1.048
Ultafitration volume (L) —0071 0708 0931 0646 1.342
Predialysis

Urea (umol/L) 0816 0989 0903 1.084
Cr (umolrL) 0.055 0998 0995 1.000
Uric acid (umolrL) 0541 0998 0993 1.004
Calcium fon (mmol/L) 0272 0302 0036 2553
Serum phosphate (mmol/L) 0.712 1.147 0.554 2376
Potassium ion (mmol/L) 0.012* 2.781 1.265 6.162
Serum sodium (mmol/L) 0987 0999 0847 1478
TCO, (mmol/L) 0.765 0974 0817 1.160
Postdialysis

Urea (mmol/L) -0.048 0.606 0.953 0.793 1.144
Cr (umolL) ~0.002 0215 0997 0993 1.001
Uric acid (wmol/L) 0.004 0572 1.004 0991 1017
Caloium fon (mmol/L) —1.142 0304 0319 0028 4407
Serum phosphate (mmol/L) 0569 0587 1.767 0227 13.751
Potassium ion (mmol/L) 0.790 0237 2204 0594 8.175
Serum sodium (mmol/L) ~0.123 0210 0884 0729 1.072
TCO, (wmollL) -0.038 0.608 0963 0834 1412
Weight (k) -0015 0549 0985 0937 1.085
KTV 0338 0.707 1396 0246 7.981
EPO and EPOR antibodies

EPORA OD 0.008 0.937 1.103 0.097 12.596
EPOAOD 2.126 0004 7.604 2.109 67.277

The regressions were performed using the Q1 interval as the reference, with Qd as the higher EDI. The regressions between Q3 and Q1 were appended in the Appendix.

Cr, creatinine; ED, erythropoietin demand index; EPO, erythropoietin, miU/mi; EPOA, EPO antibody; EPOA+, EPO antibody positive; EPORA, EPOR antibody; EPORA+, EPOR antibody
positive; Hb, hemoglobin; Het, hematocrit; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MCY, mean corpusculer volume; OD, optical
density; PCT, plateletcrit; PDW, platelet distribution width; PLT, pletelet; PTH, parathyroid hormone; RBC, red blood cel; RDY, red blood cell distribution widith; WBC, white biood cel.
<005,
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Covariate

Age (vear)

Sex (male)

Diabetes melitus
Hypertension
Congestive heart failure
Coronary artery disease
Stroke

Indweling Foley catheter
Afebrie

Uroseptic shock

Acute Kidney injury
Urolithiasis

Baseline eGFR (mL/min/1.73 m2)
White blood cell (10%/pL)
Platelets (10%/pL)

eGFR, estimated glomerular filtration rate.

OR (95% Cl)

1.00 (0.99-1.01)
0.95 (0.68-1.33)
1.32 (0.97-1.81)
1.26 (0.92-1.71)
0.99 (0.46-2.12)
1.18 (0.70-1.98)
0,66 (0.46-0.96)
0.73 (0.42-127)
0.34 (0.24-0.47)
1.95 (1.28-2.96)
211 (1.50-2.99)
2.01(1.33-3.03)
1.00 (0.99-1.00)
1.03 (1.01-1.06)
1.00 (1.00-1.00)

Univariate

P-value

0.499
0.755
0.077
0.146
0.970
0533
0.030
0.262
<0.001
0.002
<0.001
0.001
0.519
0.017
<0.001

Multivariate

OR (95% CI)

1.30 (0.91-1.85)
1.41(0.99-2.00)

0.70 (0.46-1.06)

032 (0.22-0.46)
1.42 (0.89-2.26)
1.87 (1.26-2.78)
1.68(1.08-2.64)

1.04 (1.01-1.07)
1.00 (0.99-1.00)

P-value

0.146
0.059

0.088

<0.001
0.138
0.002
0.022

0.008
<0.001
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DEMOGRAPHICS
Age (years)
BMI (kg/m?)

EPOA - group
(=91

47.69 + 12.90
21.65 +3.06

BASELINE DATA IN THE INITIAL OF THE STUDY

Routine blood examination parameters

RBC (10'2/1)

Hb (g/dl)

Hot (L)

MoV (f)

MCH (pg)

MCHC (g/dl)
RDW-CV (%)

WBC (10°/1)

PCT (%)

PLT (109L)

MPV (i)

PDW (%)

Clinical data

Serum iron (wmol/L)
Feritin (1g/L)

PTH (pg/mi)

Dialysis parameters
Dialysis duration (month)
Utteafitration volume (L)
Predialysis

Urea (mol/L)

Gr (wmol/L)

Uric acid (umol/L)
Galcium ion (mmol/L)

Serum phosphate
(mmoliL)

Potassium fon (mmol/L)
Serum sodium (mmol/L)
TCO, (mmol/L)
Postdialysis

Urea (mmol/L)

Cr (umolrL)

Uric acid (umolL)
Calcium fon (mmol/L)

Serum phosphate
(mmoliL)

Potassium ion (mmol/L)
Serum sodium (mmol/L)
TCO (wmol/L)

Weight (k)

KTV

344+058
104.00 (92.00-116.00)
33.58 +£5.36
98,60 (93.60-102.90)
31.00 (29.40-32.30)
314.00 (308.00-322.00)
14.28 + 1.31
632 1.65
0.160 (0.130-0.200)
178.00 (135.00-223.00)
9.12+1.36
16.30 (16.00-16.50)

13.30 (10.00-15.80)
877.70 (151.26-618.55)
431,00 (237.00-772.00)

35.0(22.0-59.0)
200 (0.00-2.80)

26.02 +£5.74
1,028.62  241.80
506.80 + 94.92
224 (2.07-2.35)
223 (1.74-2.64)

5.17 £0.80
137.88 £ 3.06
20.25 £3.27

890292
38512+ 138.25
140.39 + 42.93
238 (2.26-2.46)
0.830 (0.650-0.980)

352039
138.70  2.67
26.21:4£3.48
58.57 % 10.09

1.22 (1.09-1.45)

EPOA + group
(n=29)

49.67 + 15.55
22.96 + 3.66

3.49.+0.69
100.00 (87.00-114.00)
33.31+£6.62
95.70 (93.00-102.10)
30.50 (28.60-31.85)
311.00 (304.50-321.00)
14.87 £ 1.57
609+ 1.70
0.150/0.105-0.180)
176.73 (122.50-195.00)
9.19+1.34
16.40 (16.10-16.70)

13.45 (9.65-13.70)
483.24 (170.46-765.79)
536,00 (238.00-981.00)

34.00 (22.00-70.50)
2.40 (0.00-2.85)

27.65+6.24
1,050.86 + 272.01
505.42 & 74.92
222 (2.08-2.31)
220 (1.74-2.61)

5.08 £ 0.69
137.78 £ 2.84
20.80 +2.34

965 +3.39
397.85 + 150.48
146.98 + 33,51
237 (2.26-2.56)
0847 (0.705-1.080)

3.48£035
138.60 £ 2.22
26912301
60.57 & 11.61
1.21(1.01-1.45)

P

0.494
0.059

0.720
0.308
0813
0.445
0.343
0.447
0.046"
0.525
0.218
0.186
0811
0.286

0.773
0.405
0.654

0.832
0.744

0.196
0.609
0.943
0.773
0.806

0.546
0.881
0.327

0.254
0.673
0.452
0.734
0.334

0.609
0.990
0.334
0372
0.963

EPORA - group
(n=87)

46.95 £ 12.81
21.74 £3.12

351061
104.00 (93.00-117.00)
34.04 £ 6.31
98.30 (94.00-102.20)
3100 (20.10-32.10)
313,00 (308.00-320.00)
14.32 £ 1.33
628+ 173
0.150 (0.130-0.190)
177.00 (136.00-216.00)
894+1.14
16.30 (16.00-16.60)

10.10 (13.45-15.80)
344.85 (165.85-524.19)
406,00 (233.00-710.00)

34.00 (22.00-59.00)
220 (0.00-2.80)

26.43+5.68
1,038.00 & 243.08
507.83 + 87.80
222 (2.08-2.35)
220 (1.74-2.64)

5.21 £ 0.80
137.80 +2.87
19.85+2.91

9.06.+3.04
388,50 + 142.43
189.20 4 87.67
239 (2.28-2.50)

0.830 (0.660-0.980)

3544039
138.72 £ 2.63
25994322
58,81+ 1035

1.28 (1.11-1.46)

EPORA + group
(=33

51.07 £+ 15.06
22.66 + 3.62

3.30 0,59
103.00 (86.00-115.00)
38214 £5.39
97.90 (92.65-102.45)
3050 (20.25-32.85)
316,00 (305.50-323.50)
1470 £ 1.53
623+ 1.50
0.160 (0.110-0.205)
179.00 (114.50-204.50)
9.65 £+ 1.70
16.30 (15.65-16.65)

12.50 (9.50-14.25)
524,19 (182.50-1,183.17)
641.73 (363.50-1,028.50)

39.00 (22.00-71.50)
1.00 0.00-2.85)

26.36 + 6.46
1,009.64  265.12
502.80 + 97.55
2.25 (2.05-2.38)
2.35 (1.74-2.63)

4.99 £ 0.67
138.00 + 3.36
21.63 £3.20

9.15£3.10
387.30 + 138.42
149.32 + 48.03
2.35 (2.17-2.47)

0.920 (0.560-1.045)

3.43:+£034
138.63 + 2.40
27.42 3,60
59.69  10.89
1.15 (1.04-1.37)

0.109
0.220

0.099
0.389
0.085
0.624
0.911
0.379
0.182
0.887
1.000
0.389
0.010
0.699

0.530
0.026*
0.088

0.352
0.223

0950
0.579
0.790
0.962
0.791

0.162
0.744
0.007*

0.889
0.969
0.227
0.448
0.881

0.188
0.863
0.037*
0.683
0.090

Cr, creatinine; EPO, erythropoietin, miU/ml; EPOA, EPO antibody; EPOA+, EPO antibody positive; EPORA, EPOR antibody; EPORA+, EPOR antibody positive; Hb, hemoglobin; Het,
hematocrit; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume; OD, optical density; PCT, plateletcrit; PDW,
platelet distribution width; PLT, platelet; PTH, parathyroic hormone; RBC, red blood cel: RDW, red blood cell distribution width; WBC, white blood cell.

< 0.05 between two groups.
p < 0.01 between two groups.
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Covariate

Age (year)

Sex (male)

Diabetes melitus
Hypertension
Congestive heart failure
Coronary artery disease
Stroke

Indwelling Foley catheter
Afebrile

Bacteremia

Uroseptic shock
Urolithiasis

Baseline eGFR (mL/min/1.73 m2)
White blood cell (10%/L)
Platelets (10%/pL)

eGFR, estimated glomerular filtration rate.

OR (95% Cl)

1.03 (1.02-1.04)
0.80 (0.55-1.18)
219 (1.55-3.10)
1.95 (1.38-2.77)
273 (1.27-5.84)
1.77 (1.04-3.02)
1.02(0.68-1.51)
0.99 (0.54-1.81)
1.45 (1.03-2.04)
211 (1.50-2.99)
2.76 (1.80-4.22)
2,04 (1.34-3.12)
0.98 (0.98-0.99)
1.04 (1.01-1.07)
1.00 (1.00-1.00)

Univariate

P-value

<0.001
0.260
<0.001
<0.001
0.010
0.036
0941

0.970
0.035
<0.001
<0.001
0.001

<0.001
0.004

0.568

Multivariate

OR (95% Cl)

1.01(0.99-1.03)

1.78 (1.21-2.60)
1.30 (0.87-1.95)
1.84 (0.78-4.32)
1.13 (0.62-2.05)

1.63 (1.08-2.44)
219 (1.47-3.26)
2.44 (1.61-3.93)
1.95 (1.22-3.12)
0.99 (0.98-0.99)
1.04 (1.00-1.07)

P-value

0.206

0.003
0.197
0.161
0.698

0.019
<0.001
<0.001

0.005
<0.001

0.025
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Overall Qi Q2 Q3 Q4 p-value

(n=120) (n=30) (n=30) (n=30) (n=30) (among
four
intervals)
DEMOGRAPHICS
Age (years) 4847 £ 1355 4301+ 12.52 46.00 + 1410 51.33 + 15.08" 52.34 + 1058 0.020
BMI (kg/m?) 21.97 £3.24 21.74£3.16 2251 £3.10 21.99 +362 21.63£3.15 0730

BASELINE DATA IN THE INITIAL OF THE STUDY
Blood routine examination parameters

RBC (10'2/1) 345 +0.61 350+ 0.64 3.48 +0.51 3.40 064 3.34.+063 0.407
Hb (g/cl) 10.40 (9.02-11.58) 10.95 (9.82-12.02) 10.45 (9.12-11.18) 1020(0.08-11.42) 1030 B38-11.65* 0012
Het (L) 33524538 34.61+6.13 3331£5.10 3331497 32854536 0623
MCV (f) 98.10(93.60-102.27)  96.65(93.025-99.05)  96.60 (92.75-208.77)  98.95(92.70-102.15)  99.25(95.00-108.27) 0520
MCH (pg) 30.95 (29.15-32.27) 30.50 (29.25-31.20) 30.95 (28.95-32.35) 31.30 (29.62-32.67) 31.05 (29.70-32.95) 0.542
MCHC (g/dl) 313.00 (307.25-321.75) 313,50 (309.75-321.25) 311.00 (307.00-321.50) 315.00 (308.75-322.26) 311.50 (303.00-320.60) ~ 0.227
RDW-CV (%) 14.43 £1.39 14.62 +1.32 14.41 £ 1.34 1412+ 1.26 14.56 + 1.64 0512
WBC (10°/1) 626+ 1.66 636+ 1.82 620 1.45 620+ 1.78 630+ 165 0.997
PCT (%) 0.155(0.122-0.190)  0.160(0.120-0.190)  0.165(0.125-0.192)  0.140(0.117-0210)  0.160(0.130-0.190)  0.970
PLT (10°1) 177.50 (134.00-215.75) 163.00 (135.75-219.25) 185.50 (132.50-212.50) 156.50 (121.75-221.75) 185.50(131.00-214.50)  0.988
MPV (i) 914135 920+ 1.38 912 1.42 908+ 1.81 9.12:+1.87 0988
PDW (%) 1630 (16.00-16.60) 1630 (15.90-16.50)  16.30(16.00-1650) 16,45 (16.07-1677)  1625(16.00-1652 0865
Clinical data

Serum iron (umol/L) 1337 (10.00-15.30)  13.45(10.77-16.25)  11.25(8.67-1345)  1220(10.07-17.45)  13.45(1025-17.82)  0.113
Ferritin (kg/L) 383.28 (161.10-656.76) 344.80 (91.56-560.51) 208.30 (162.85-524.19) 414.53 (213.26-631.64) 524.17 (265.50-838.53)  0.069
PTH (pg/mi) 4995 (237.75-800.5)  433.00 (243.75-846.5)  414.5 (228.75-849.75) 641.73 4315 (229.25-671.75) 0509

(247.5-1,065.25)
Dialysis parameters

Dialysis duration 34.5 (22.0-65.0) 26.0(16.25-46.5) 37.5(23.75-52.75) 34.0 (21.75-66.25) 475 (22.75-75.0)" 0479
(months)

Ultrfitration volume ()~ 2.00 (0.00-2.80) 255 (0.00-2.92) 2.40 (0.00-3.00) 1.70(0.00-2.72) 2,00 (0.00-2.800) 0640
Predialysis

Urea (umol/L) 26.42 +5.88 2685 +5.19 2684 +6.70 25.45 +5.68 26,52 +6.03 0772
Cr (wmol/L) 1,030.20  248.52 1,001.82  230.90 1,086.84 + 298,61 967.02 + 219.54 975.12 + 219,66 0076
Uric acid (umol/L) 506.47 + 90.20 519.92 + 9962 519,67 £ 101.75 481.23 + 62.02 505.06 & 90.74 0302
Calcium fon (mmol/L) 224 (2.07-2.35) 225 (2.07-2.35) 225 (2.11-2.35) 224 (2.07-2.39) 215 (2.00-2.33) 0.496
Serum phosphate 2.21(1.74-2.63) 2.42 (1.98-2.70) 2.08(1.74-2.56) 1.94 (1.66-2.50) 231(1.73-2.66) 0240
(mmol/L)

Potassium ion (mmol/L) 515077 500068 501076 508+0.79 552+076" 0.024
Serum sodium 137.86 % 8.00 187.27 +2.69 18810 +2.34 13881 +8.20 137.25 +8.50 0.182
(mmolL)

TCO; (mmolrL) 20.41 £8,07 20,55 332 19.78 £2.62 2099 +3.72 2033 2,51 0500
Postdialysis

Urea (mmol/L) 9.093.04 926264 964+3.74 853 %269 889 +3.00 0853
Cr (wmol/L) 388.20 £ 140.76 40251 £ 137.07 42047 £ 157.01 371.64 + 130.28 358.47 + 135.73 0309
Uric acid (umol/L) 141.99 & 40.82 188,97 + 44.22 145.83 + 42.70 188,89 + 41.98 144.75 + 35.37 0853
Calcium fon (mmol/L) 2.38 (2.26-2.49) 2.40 (2.27-2.45) 2.40 (2.28-2.50) 232 (2.16-2.45) 235 (2.47-2.51) 0509
Serum phosphate 0.83 (0.65-1.01) 0.84(0.71-0.97) 0.82 (0.60-0.98) 0.82 (0.62-1.01) 0.91(0.66-1.11) 0.877
(mmol/L)

Potassium ion (mmol/L) 351038 349037 343035 351037 361042 0310
Serum sodium 188.70 + 2.56 188.88 + 2.55 188.83 + 2.16 13907 £ 2.67 187.99 +2.90 0369
(mmol/L)

TCO; (umolrL) 26.38 +8.37 26.34 +3.89 26,06 +2.78 27.25+£8.44 25.87 £3.20 0.403
Weight (kg) 59.06 + 1046 58,64 + 1098 62.15 £ 1143 3838933 57.05+9.83 0275
KTV 1.22 (1.08-1.45) 1.20 (1.04-1.49) 1.24 (1.05-1.45) 1.21(1.08-1.43) 1.24 (1.14-1.46) 0879
EPO and EPOR antibodies

EPOAOD 0.428(0314-0.542) 0357 (0.266-0.447)  0.426(0.316-0574)"  0.468 (0.367-0.546)  0.456 (0.382-0.616)  0.006
EPORA OD 0359 (0226-0.662)  0413(0.336-0577)  0.305(0.208-0.445)  0.413(0.187-0.613)  0.421(0.289-0578)  0.387

Cr, creatinine; EDI, erythropoetin demand indiex; EPO, erythropoietin, mil/mi; EPOA, EPO antibody; EPOA+, EPO antibody positive; EPORA, EPOR antibody; EPORA-+, EPOR antibody
positive; Hb, hemoglobin; Het, hematocrit; MCH, mean compuscular hemoglobin; MGHC, mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume; OD, optical
density; PCT, plateletcrit; PDW, platelet distribution width; PLT, platelet; PTH, parathyroid hormone; RBC, red blood cell; RDW, red blood cell distribution wicith; WBC, white blood cel.
*p < 0.05 compared with Q1.
#p < 0.05 compared with Q2.
Ap < 0.05 compared with Q3.
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Covariate

Age (year)

Sex (male)

Diabetes melitus
Hypertension
Congestive heart failure
Coronary artery disease
Stroke

Indwelling Foley catheter
Afebrile

Bacteremia

Acute kidney injury
Urolithiasis

Baseline eGFR (mL/min/1.73 m2)
White blood cell (10%/L)
Platelets (10°/uL)

eGFR, estimated glomerular filtration rate.

OR (95% Cl)

1.01 (1.00-1.03)
1.48 (0.96-2.29)
093 (0.61-1.42)
083 (0.55-1.26)
3.08 (1.38-6.86)
2.04 (1.12-3.71)
1.31(0.82-2.09)
0.95 (0.45-1.99)
066 (0.43-1.03)
1.95 (1.28-2.96)
2.76 (1.80-4.22)
222 (1.37-3.59)
1.00 (0.99-1.00)
1.02 (0.99-1.06)
1.00 (1.00-1.00)

Univariate

P-value

0.038
0077
0.736
0.382
0.008
0.019
0.252
0.889
0.065
0.002
<0.001
0.001
0.292
0.157
0.024

OR (95% Cl)

1.01 (0.99-1.02)
1.49 (0.94-2.37)

2.43(1.03-5.77)
1.54 (0.80-2.94)

062 (0.38-1.02)
1.34 (0.84-2.15)
2.30 (1.45-3.65)
1.80 (1.08-3.02)

1.00 (1.00-1.00)

Multivariate

P-value

0.230
0.093

0.043
0.195

0.060
0216
<0.001
0.025

0.166
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Basic information of the patient (n = 120)

Age (years)
BMI (kg/m?)

Gender (female)

Smoker (cases and %)

Alcohol use (cases and %)
Dialysis duration (month)

Anemia (cases and %)
Hypertension (cases and %)
ACEV/ARB (cases and %)

CCB (cases and %)

B receptor blocker (cases and %)

4847+ 13.55
21.97 324
48 (40%)

7 (5.8%)
5(3.3%)
34.50 (22-65)
77 (64.2%)
38(31.7%)
18 (15.0%)
30 (26%)
19 (15.8%)

ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; CCB,

calcium channel blockers.
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Age (year)
Sex (male)
Diabetes melltus.
Hypertension
Congestive heart failure
Coronary artery disease
Stroke
Prior history of UTI
None
Once
Twice
Thrice or more
Indwelling Foley catheter
Afebrile
Bacteremia
Uroseptic shock
Acute kidney injury
Acute kidney injury stage
Stage 1
Stage 2
Stage 3
Baseline serum creatinine (mg/dL)
Baseline eGFR (mlL/min/1.73 m?)
Hospitalized serum creatinine (mg/dL)
Hospitalized eGFR (mL/min/1.73 m?)
White blood cell (10%/uL)
Platelets (10%/puL)
Escherichia coli
Proteus species
Klebsiella species
Enterococcus species
Pseudomonas species
MDR isolate

All (0 = 662)

67 17
194 (29.3)
282 (42.6)
335 (50.6)
28(42)
64(9.7)
157 (23.7)

433 (65.4)
123 (18.6)
59(8.9)
477.9)
58(8.8)
270 (40.8)
286 (43.2)
107 (16.2)
184 (27.8)

99(15.0)
58(8.8)
27 (4.9)
11+08

705287

16+14

6582 +36.4

13.4£6.1
207 + 124
485 (73.3)
26(3.9)
52(7.9)
29 (4.4)
48 (7.3)
234 (35.3)

“Student's t-test; ¥ Chi-square test or Fisher's exact test.
Date are expressed as mean + SD or number (percentage).

MDR, multiple drug resistance; eGFR, estimated glomerular filtration rate.

Non-urolithiasis (n = 549)

67+18
148 (27.0)
232 (42.3)
275 (50.1)
23(42)
55(10.0)
134 (24.4)

357 (65.0)
105 (19.1)
50 (9.1)
3767)
46(8.4)
231 (42.1)
221 (40.3)
77 (14.0)
138 (25.1)

78(14.2)
)
19 35)
11+08
70.4£29.7
16+14
56.0 322
13.4£59
200+ 130
416 (75.8)
1426)
42(7.7)
25 (4.6)
39(7.1)
190 (34.6)

Urolithiasis (n = 113)

67+ 15
46 (40.7)
50 (44.2)
60 (53.1)
5(4.4)
9(8.0)
23(20.4)

76 (67.9)
18 (15.9)
9(8.0)
10(8.8)
12(10.6)
39(34.5)
65(57.5)
30(26.5)
46 (40.7)

21(18.6)
17 (15.0)
8(7.1)
11£08
712236
17414
50.9:+27.4
13773
202492
69 (61.1)
12(10.6)
10(8.8)
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9(80)
44 (38.9)

P-value

0.608*
0.008¥
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0.001¥
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AKI model

Depletion method

Outcomes

Impact of global M¢$ depletion on AKI and its outcomes: beneficial

uuo

uuo

uuo

Unilateral IRI
Hypertension (high
dose angiotensin Il

injections)

uuo

Clodronate (before and at
day 2 and 4 of UUO)

Small molecule CSF-1R
inhibitor (Fms-I; starting
before UUO and 2x daily)
CSF1 deficiency
(knockout)

IL-34 deficiency
(knockout)

Clodronate (before and
every 3 days till the end
of the experiments)

Clodronate (every 2 days
starting day 1 before
uuo)

Reduced tubular apoptosis
and fibrosis (Kitamoto et al.,
2009)

Reduced tubular apoptosis;
no change in fibrosis (Ma
et al., 2009)

Reduced tubular apoptosis
(Lenda et al., 2003)
Improved kidney function;
reduced fibrosis (Baek

et al., 2015)

Reduced renal injury and
fibrosis; lowered blood
pressure (Huang et al.,
2018)

Reduced fibrosis (Liu et al.,
2018)

Impact of global M¢ depletion on AKI and its outcomes: harmful

DT-induced depletion
of Ggt1-expressing
proximal tubules
DT-induced depletion
of Ggt1-expressing
proximal tubules or
unilateral IRI

Clodronate or DT-induced
depletion of CD11ct cells

Proximal tubule-specific
CSF1 deficiency
(conditional knockout)

Reduced survival (Zhang
etal, 2012)

Delayed

functional + structural
recovery from AKI;
increased fibrosis (Wang
etal, 2015)
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AKI model Depletion method Outcomes

Impact of M1 M¢ depletion on AKI and its outcomes: beneficial

Bilateral IRl Clodronate (before IRI) Reduced tubular necrosis,
apoptosis; reduced
inflammation (Day et al.,
2005; Jo et al., 2006)

Bilateral IRI Clodronate (before IRI) Reduced tubular injury;
improved kidney function;
but also reduced tubular
regeneration (at day 3 of
IRI) (Vinuesa et al., 2008)

Unilateral IRI plus  Clodronate (before IRI) Reduced tubular injury;
contralateral improved kidney function
nephrectomy (Lee et al,, 2011)
Unilateral IRI plus  Immunotoxin H22(scFv)-ETA Improved histology; less
contralateral (at 6 h of IRI) oxidative stress; improved
nephrectomy kidney function (Fet et al.,
2012)
Unilateral IRI Clodronate (before IRI) Improved kidney function;

reduced tubular apoptosis
(Ferenbach et al., 2012; Lu
etal, 2012)

Glycerol injection Clodronate (before injection) Reduced tubular apoptosis;
reduced inflammation (Kim
etal., 2014)

Bilateral IRI Neutralizing anti-CSF1R Improved kidney function

antibody (before + at 30 min)  (Clements et al., 2016)

Impact of M1 M¢ depletion on AKI and its outcomes: none
Cisplatin injection  Clodronate (before + at day 1)  None (Lu et al., 2008)
Unilateral IRI Conditional (DT/DTR) ablation ~ None (Ferenbach et al.,

of CD11b™ cells & clodronate  2012; Lu et al., 2012)
(before IRI)
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AKI model

Depletion method

Outcomes

Impact of M2 M¢ depletion on AKI and its outcomes: beneficial

Unilateral IRI plus
contralateral
nephrectomy

uuo

Unilateral IRI

Unilateral IRI

Clodronate (starting on day 3)

Conditional (DT/DTR) ablation
of CD11b™ cells (at day 7-9)

Clodronate (starting on day 3)

Clodronate (starting on day 1)

Improved kidney function;
reduced production of
inflammatory and
pro-fibrotic cytokines (Ko
et al., 2008)

Reduced fibrosis (Lin et al.,
2009)

Reduced fibrosis (Kim

et al., 2015)

Improved histology;
reduced kidney injury;
reduced fibrosis (Yang

et al., 2019)

Impact of M2 M¢ depletion on AKI and its outcomes: harmful

Bilateral IRI

Unilateral IRI plus
CSF-1 injection

Unilateral IRI plus
contralateral
nephrectomy

Unilateral
IRI + contralateral
nephrectomy

Bilateral IRI

CLP

Clodronate (at day 6)

Conditional (DT/DTR) ablation
of CD11b* cells (at day 1-3)

Clodronate (at day 2 and 3)

Conditional (DT/DTR) ablation
of CD169™ cells (24-36 h
before IRI)

Neutralizing anti-CSF1R
antibody (at day 1-3)
Clodronate

Increased tubular damage;
increased oxidative stress;
delayed recovery from AKI
(?) (Jang et al., 2008)
Increased fibrosis;
decreased kidney function;
increased apoptosis
(Menke et al., 2009)

Less improvement in
glomerular filtration;
impaired tubular
regeneration (Lee et al.,
2011)

Lethality, failed kidney
function, increased
inflammation (Karasawa
et al., 2015)

Increased apoptosis
(Clements et al., 2016)
Worsening AKI; decreased
kidney function (Li et al.,
2018)

Impact of M2 M¢ depletion on AKI and its outcomes: none

Unilateral IRI

Conditional (DT/DTR) ablation
of CD11b* or CD11c* cells
(starting on day 3)

No change in fibrosis (Kim
et al., 2015)
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SBP (mmHg) 1206 = 63 1225+ 19
Water intake (mL 100 g~ 24 h™") 546:+3.1 50.4:£1.9
Urinary volume (mL 100 g~ 24 h=") 35725 353 1.4
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Los
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o
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1329+ 19
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Data are expressed as means  SEM. *P < 0.05 vs. SUC;
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Target gene

GAPDH F
GAPDH R
AQP2F
AQP2 R
IL-1B F
IL-1B R
KIM-1F
KIM-1 R
V2RF
V2RR

Primer sequence

TGACCTCAACTACATGGTCTACA
CTTCCCATTCTCGGCCTTG
GGACCTGGCTGTCAATGCTC
GCGGGCTGGATTCATGGAG
GAAATGCCACCTTTTGACAGTG
TGGATGCTCTCATCAGGACAG
ACATATCGTGGAATCACAACGAC
ACTGCTCTTCTGATAGGTGACA
GCTGTGGCTCTGTTTCAAGTG
CCAGGATCATGTAGGAAGAGGC

Target gene

AGTF
AGTR
Renin F
Renin R
ReninR F
ReninR R
NGAL F
NGAL R

Primer sequence

ATGCACAGATCGGAGATGACT
CATGCAGGGTCTTCTCATTCAC
CACACTCAGCAGTACGGACTACGT
CAGTGGGTGGTGGGATGTC
CCGTAAACGCCTGTTTCAAG
TAGCACTTGCAGTTCGGAGA
ACGGACTACAACCAGTTCGC
AATGCATTGGTCGGTGGGG

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; AQP, aquaporin; IL, interleukin; AGT, angiotensinogen; reninR, renin receptor; KIM-1, kidney injury molecule-1;
NGAL, neutrophil gelatinase-associated lipocalin; V2R, vasopressin type 2 receptor; F, forward; R, reverse.
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KIM-1 NGAL

Sham 1+03 1+£03
BUO 446 + 45.2* 167 £ 51.65*
BUO + Ali 236 + 3.2+ 152 + 10.6*
Sham 1401 1402
B-R1D 1652 +6.9* 192 421 4%
B-R1D + Ali 126+ 184 34.5 + 5.8+
Sham 1402 1+02
B-R3D 19.4 + 2.6* 16.6 + 3.9*
B-R3D + Ali 18.9 + 1.6* 1884 1.4%

KIM-1, kidney injury molecule-1; NGAL, neutrophil gelatinase-associated lipocalin;
Sham, sham-operated groups; BUO, bilateral ureteral obstruction for 24 h; B-R1D,
bilateral ureteral obstruction for 16 h followed by 1 day release; B-R3D, bilateral
ureteral obstruction for 16 h followed by 3 days release. *p < 0.05 compared with
Sham group; *p < 0.05 compared with obstructed kidney group.
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Sham BUO BUO + Ali Sham B-R1D
BW (g) 225410 225406 228405 220408 227406
Py (mmol/L) 33+009 58+033* 55+£015* 352005 45+048°
Cor (LL/min/g bw) 4934+1.03 227 +051*
UO (/24 h/g bw) 34.0+£47 241.1+9.7*
Uosm (MOsm/kg-H;0) 2403 +£244 413 £19*

B-R1D + Ali Sham B-R3D B-R3D + Ali
224405 212404 216+03 205405
46+0.34* 35+£004 374002 4.3 +0.04**
270 £0.20* 4914013 4324054 3.67 £0.20
206.4 +10.9*% 482452 1557 £10.2* 103.7 & 14.1*#
531 £26*% 2684 +321 1215+ 103* 1333 + 135*

BW, body weight; Pk, plasma potassium; Cc, creatinine clearance rate; UO, urine output; Uosm, urine osmolality; Sham, sham-operated groups; BUO, bilateral ureteral
obstruction for 24 h; B-R1D, bilateral ureteral obstruction for 16 h followed by 1 day release; B-R3D, bilateral ureteral obstruction for 16 h followed by 3 days release.

*p < 0.05 compared with Sham group; *p < 0.05 compared with obstructed kidney group.
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