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Cardiorenal syndrome type 2 is characterized by kidney failure as a consequence of heart failure that affects >50% of heart failure patients. Murine transverse aortic constriction (TAC) is a heart failure model, where pressure overload is induced on the heart without any systemic hypertension or its consequences. Whether renal function is altered in this model is debated, and if so, at which time post-TAC renal dysfunction starts to contribute to worsening of cardiac function. We therefore studied the effects of progressive heart failure development on kidney function in the absence of chronically elevated systemic blood pressure and renal perfusion pressure. C57BL/6J mice (N = 129) were exposed to TAC using a minimally invasive technique and followed from 3 to 70 days post-TAC. Cardiac function was determined with 3D ultrasound and showed a gradual decrease in stroke volume over time. Renal renin expression and plasma renin concentration increased with progressive heart failure, suggesting hypoperfusion of the kidney. In addition, plasma urea concentration, a surrogate marker for renal dysfunction, was increased post-TAC. However, no structural abnormalities in the kidney, nor albuminuria were present at any time-point post-TAC. Progressive heart failure is associated with increased renin expression, but only mildly affected renal function without inducing structural injury. In combination, these data suggest that heart failure alone does not contribute to kidney dysfunction in mice.
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INTRODUCTION
Cardiorenal syndrome (CRS) is a clinical characterization of patients with both heart and kidney failure where CRS type 2 describes chronic kidney disease (CKD) as consequence of heart failure (Zannad and Rossignol, 2018; Rangaswami et al., 2019). Especially in the non-ischemic heart failure population, patients often suffer from CKD (van Deursen et al., 2014; Schefold et al., 2016). Indeed, over 50% of all heart failure patients show a certain degree of CKD which has been associated with increased mortality rates (Hillege et al., 2006; van Deursen et al., 2014).
A generally accepted model to study adverse cardiac remodeling in heart failure is transverse aortic constriction (TAC). Cardiac remodeling in this model is characterized by early structural changes due to inflammation and fibrosis, and results in left ventricular hypertrophy (Furihata et al., 2016; Gross, 2019). Consequently, the functional capacity of the heart deteriorates as end systolic and diastolic volumes increase and stroke volume is reduced (Hampton et al., 2017). As the kidneys are downstream of the heart, it is reasonable to assume that they experience hypoperfusion in the TAC model, due to a reduced stroke volume. From the two kidney one clip model (2K1C) it has been established that renal hypoperfusion leads to local renin-angiotensin system (RAS) stimulation, consequently leading to various systemic effects, including aldosterone release (Krebs et al., 2007). Little information is available on the progressive deterioration of kidney function in the TAC model, although RAS stimulation has been documented to exacerbate heart failure progression after TAC (Rockman et al., 1994; Li et al., 2018).
TAC has been proven to be a relevant preclinical model for chronic non-ischemic heart failure; however, for CRS Type 2 this is debated (Kamal et al., 2017; Li et al., 2018; Tan et al., 2018; Richards et al., 2019; Zhao et al., 2019). Based on the reduced stroke volume in the TAC model and increased renin expression in the 2K1C model, we hypothesized that in the TAC model, hypoperfusion in the kidneys directly leads to renin activation and in the long-term renal hypofiltration, fibrosis and atrophy, as has been shown by us and others for the clipped kidney in the 2K1C model (Krebs et al., 2007; Cheng et al., 2009). To identify acute and progressive effects of heart failure on the kidney, we aimed to establish the structural and functional deterioration of the kidney in a mouse TAC model. Since systemic hypertension, and thus increased renal perfusion pressure, is absent in the TAC model, it enables us to distinguish the direct effects of acute and chronic heart failure on acute and chronic kidney injury (Han and Ryu, 2011; ter Maaten et al., 2016).
MATERIALS AND METHODS
Animals
Male and female C57BL/6J mice were used, originally obtained from the Jackson laboratory and kept in our breeding facility. Animals were conventionally housed, separated on sex, in groups of maximum six animals at room temperature in type III filter top cages with Aspen Woodchip bedding, a plastic shelter with a light/dark cycle of 12/12 h under strict DM1 regulations and received standard chow and water ad libitum. Mice were visually monitored daily and cages were cleaned once weekly. Researchers and technicians were blinded for animal groups, experimental procedures, data acquisition and analysis. Mice, aged 9–12 weeks, were included in the study with a starting weight between 20 and 30 g. All mice were randomly assigned to follow-up time after TAC as described (De Haan et al., 2017). To determine group size, we used kidney function based on increased urea levels as primary outcome measure. For the power calculation we used G*power software (version 3.1.9, Heinrich Heine University Dusseldorf, Germany), we calculated a minimum of five animals per sex and per timepoint. Given the progressive development of cardiac dysfunction over time in this model combined with the number of timepoints (9 timepoints during follow-up) included in this study, this should allow us to dissect changes in kidney function. These changes will be assessed up to an endpoint of 70 days, this specific end point correlates to the timeline manifestations of CRS2 previously observed in TAC mice (Kamal et al., 2017; Zhao et al., 2019). Furthermore, beyond 70 days TAC we risk the loss of a substantial number of experimental animals due to the development of severe heart failure. An experimental group without TAC terminated at day 0 of the study was included as control group. Supplementary Figure S1A shows a flowchart with animals (experimental unit) used per experimental group, mice excluded based on flow ratios (n = 10), and mice lost during follow up (n = 12). Mortality only occurred within 7 days post-TAC and was most likely a direct consequence of the TAC surgery and not of the development of heart failure. We included a total of 129 mice and finally analyzed 13 baseline (no surgery) and 94 TAC mice.
Transverse Aortic Constriction
All animal experiments were performed according to the “Guide for the care and use of Laboratory Animals”. Experiments were approved by the Animal Experiments Committee of the University Medical Center Utrecht (Utrecht, Netherlands) and reported according to the Arrive guidelines (Sert et al., 2019). Surgery was performed by an experienced surgeon in a dedicated mouse operation room. Mice were anesthetized by intraperitoneal (i.p.) injection of medetomidine hydrochloride (SEDAStart, 1.0 g/kg body weight, AST Farma, Netherlands), midazolam (1.0 mg/kg body weight, Actavis Group PTC, Iceland) and fentanyl (0.1 mg/kg, Bipharma, Netherlands). Mice were intubated and ventilated on a rodent ventilator (Minivent, Hugo Sachs Electronics, Germany) with an oxygen-air ratio of 1:1 (175 strokes/minute, 250 μl stroke volume). Via a thoracic incision between the upper left sternal border in the second intercostal space, a ligature was placed around the transverse aorta between the right and left common carotid arteries. Constriction was standardized by placing a 7–0 silk suture around a blunt 27-gauge needle which was subsequently removed. Surgery time is kept as short as possible and a subcutaneous injection of anesthetic antagonist Atipam (1.0 mg/kg, Dechra Veterinary Products, Netherlands), Flumazenil (0.5 mg/kg, B. Braun, Germany) and pain killer Buprenorphine (0.1 mg/kg, Temgesic, Indivior United Kingdom) is directly provided upon finalizing the surgical procedure. Post-surgery the animals return to their cages and were kept on a heating pad for 24 h. Mice received Buprenorphine up till two days post-surgery with a 12 h time interval for optimal pain relieve.
Echocardiography
For transthoracic 3D-echocardiography, we used the Vevo 2100 System with a 22–35 MHz transducer (MS550D; VisualSonics Inc., Toronto, Canada), to assess cardiac function by structural and functional parameters. The mice underwent echocardiography at baseline, day 7 and at termination, under the inhalation of 2% isoflurane in a mixture of oxygen/air of 1:1. Induction of anesthesia is conducted with an induction chamber to minimize stress and discomfort. At day 7 echocardiography was performed to confirm correct placement of the ligation by Doppler flow measurements on the carotid arteries (Supplementary Figure S1B). Only animals with a flow ratio (between left and right carotid) >5 were included in the study. At baseline and termination, two-dimensional echocardiography images were recorded on the short and long axis of the heart at multiple levels in both end systole and end diastole with use of respiratory triggering. The VevoLab software (Fujifilm; VisualSonics Inc.) was used for analyses on cardiac flow and volumes.
Tissue Collection
Mice were sacrificed at baseline, 3, 7, 14, 21, 28, 35, 42, 56, or 70 days after TAC (Supplementary Figure S1C). When possible, urine was collected directly before termination, by fixation of the mice and bladder stimulation by hand, and stored at −20oC until further analysis. Mice were terminated by exsanguination after i.p. administration of overdose sodium pentobarbital (60 mg/kg, Veterinary Medicine Pharmacy, Utrecht, Netherlands). Blood was collected in EDTA-coated tubes via orbital puncture for plasma collection and stored at −80oC until further analysis. The vascular system was flushed with 5 ml phosphate-buffered saline (PBS) via right ventricular puncture. Heart weight and tibia length was assessed. The kidneys were cut in half longitudinally, and half of the kidney was snap-frozen in liquid nitrogen for RNA isolation. The other half was fixed in 4% paraformaldehyde for 24 h and subsequently embedded in paraffin for histology.
Urea and Renin Measurements in Plasma
In the plasma samples we determined urea levels with the Urea CT* FS** according to manufacturer’s protocol (DiaSys Diagnostic Systems, GmbH, Germany). Renin concentrations in plasma were determined by enzyme-kinetic assay, by quantifying Ang I generation in the presence of excess angiotensinogen (van Thiel et al., 2017).
Albumin Measurements in Urine
In order to measure albumin levels in urine animals were placed in metabolic cages, allowing separate collection of urine overnight (15 h, from 17:00 to 08:00) to collect urine at day 3, 7, and 14. Before placement in metabolic cages animals underwent a TAC procedure as described above. Mice put on 15% glucose supplemented water overnight in order to increase drinking and consequential urine secretion. Mice were also deprived of food during this period. On day 14 animals were sacrificed and urine was collected and stored at −20oC. Albumin levels were determined using a Mouse Albumin Elisa kit according to manufacturer’s protocol (Bethyl laboratories Inc., Bioke, Leiden, Netherlands). To correct for variation in urine concentration, urine creatinine levels were measured with the Creatinine PAP FS* according to the manufacturer’s protocol (DiaSys Diagnostic Systems, GmbH, DE).
Histology
From the paraffin embedded kidneys, 3 μm sections were cut and fixed on glass slides (X-tratm Adhesive, Surgipath, Leica Biosystems, United Kingdom). Sections are deparaffinized and stained for Periodic Acid-Schiff (PAS) to evaluate glomerular and tubular morphology. Furthermore, sections were stained for renin as described previously (Krebs et al., 2007). Both PAS and renin immunohistochemistry analysis was performed on the scanned slides with Image Scope (v12.3.2.8013 Aperio, Leica Biosystems Imaging, Inc., Buffalo Grove, IL, United States). Renin positive cells were counted in all glomeruli of one renal cross section. Subsequently, the number of renin positive cells were corrected for the total number of glomeruli per renal cross section, since the juxtaglomerular apparatus was not visible in all glomeruli. Analysis was performed in a blinded fashion by two independent observers.
qPCR Analysis
For total RNA extraction, murine kidneys were mechanically disrupted in 1 ml TriPure (Roche), further processed to obtain RNA. 500 ng of RNA was reverse transcribed using RevertAid First Strand cDNA Synthesis Kits (Biorad, Veenendaal, Netherlands). Quantitative PCR (qPCR) experiments were performed using SYBR Green (Bio-Rad, Veenendaal, Netherlands) and a Bio-Rad CFX Connect device. Threshold cycle values (Ct) were analyzed and expression was quantified using the 2−∆∆Ct method. GAPDH is used as household gene (Forward primer “gccttccgtgttcctacc” Reverse primer “gcc​tgc​ttc​acc​acc​ttc”) to correct for the expression of relative levels of Renin (Forward primer “cac​tct​tgt​tgt​ctg​gac​ct” Reverse primer “ggg​gta​cca​atg​ccg​atc​tc”), AT1 (Forward primer “aac​agc​ttg​gtg​gtg​atc​gtc” Reverse primer “cat​agc​ggt​ata​gac​agc​cca”), NGAL (Forward primer “ggg​aaa​tat​gca​cag​gta​tcc​tc” Reverse primer “cat​ggc​aac​tgg​ttg​tag​tc”), CTGF (Forward primer “gga​cac​cta​aaa​tcg​cca​agc” Reverse primer “act​tag​ccc​tgt​atg​tct​tca​ca”), ACE1 (Forward primer “cgc​acg​aca​cca​aca​tca​c” Reverse primer “gcc​aaa​tgg​act​cat​aca​act​cc”), ACE2 (Forward primer “tcc​aga​ctc​cga​tca​tca​agc” Reverse primer “gct​cat​ggt​gtt​cag​aat​tgt​gt”, AGT (Forward primer “tct​cct​tta​cca​caa​caa​gag​ca” Reverse primer “ctt​ctc​att​cac​agg​gga​ggt”) (P)RR (Forward primer “ctg​gtg​gcg​ggt​gct​tta​g” Reverse primer “gct​acg​tct​ggg​att​cga​tct”).
Statistics
For statistical analysis, we used one-way ANOVA followed by Dunnett’s multiple comparisons test (all TAC groups were compared to the baseline group) performed with GraphPad (Prism 8.0.1 for Windows, GraphPad Software, San Diego, Canada). A one-way ANCOVA was conducted to determine a statistically significant difference between gender on cardiac and renal function over time post-TAC. Data is shown as mean ± SD. For associations we used linear regression. p < 0.05 was considered significant.
RESULTS
Gradual Adverse Cardiac Remodeling Upon TAC
To induce heart failure, mice were subjected to pressure overload by TAC. Heart weight to tibia length ratio, determined as an indication of cardiac remodeling, was progressively and significantly increased compared to control (baseline) mice from 21 days post-TAC (p < 0.0001, Figure 1A). Stroke volume decreased, starting at day 3 up to day 70, but did not show a statistically significant progressive deterioration over time (Figure 1B). In line, increased end systolic volume, end diastolic volume and reduced contraction (measured as global longitudinal strain) together with a gradually decreased EF (baseline 67.99 vs. 22.17 at termination, p < 0.001) confirm structural remodeling with progressively reduced cardiac function over time after TAC (Table 1). We were unable to reliably calculate cardiac output in our model, as heart rate is known to be influenced by the used anesthetics and body temperature during image acquisition. Besides a deteriorating heart function, no clear signs such as cachexia (Supplementary Figure S2) or lung edema, reflected by the presence of lethargy or dyspnea, were present. We observed no sex-differences in EDV (F (1,74) = 0.241, p = 0.63), ESV (F (1,74) = 0.220. p = 0.64), EF (F (1,14) = 0.085, p = 0.77), and SV(F (1,92) = 0.013, p = 0.91).
[image: Figure 1]FIGURE 1 | Cardiac weight and function in TAC mice over time. A gradual increase in heart weight to tibia length ratio over time, indicating the presence of cardiac remodeling post-TAC (A). Stroke volume decreases over time post TAC vs. baseline (B). Mean ± SD. & = p < 0.0001. HW/TL; Heart weight/Tibia length.
TABLE 1 | Echocardiography variables.
[image: Table 1]Renin Expression and Its Association to Cardiac Function
A decrease in stroke volume can lead to hypoperfusion of the kidney and consequently affect renal function. With immunohistochemistry, renin expression in renal juxtaglomerular cells was evaluated to establish RAS activation in response to the possible reduced blood flow upon TAC (Figure 2A, black arrows indicate renin staining). Analysis showed a mild but progressive increase of renin in the juxtaglomerular apparatus, reaching statistical significance from 35 days post-TAC vs. control (day 35, 56, and 70 p = < 0.05) (Figure 2B). With qPCR we found a trend of increased renin mRNA expression over time (Figure 2C). To see whether a local increase in renin also resulted in a systemic increase in renin (and thus RAS upregulation), we measured the plasma renin concentration and observed a significant increase after 56–70 days (p = < 0.01) (Figure 2D). Importantly, the systemic levels of renin correlated to the local increase in renal renin expression post-TAC (r = 0.52, R2 = 0.27, p = < 0.001) (Figure 2E). Taken together, these results are suggestive for gradually increased renal renin expression, leading to the release of more renin into the systemic circulation, and thus increased RAS activity. qPCR analysis of other RAS components in the kidney showed no significant differences in angiotensin two receptor type 1 (AT1), angiotensin-converting enzyme 1 (ACE1), angiotensin-converting enzyme 2 (ACE2), the (pro)renin receptor ((P)RR) or angiotensinogen (AGT) (Supplementary Figure S3), implying that renin upregulation was the main driver of the increased RAS activity, at least in the kidney.
[image: Figure 2]FIGURE 2 | Renal renin expression after TAC. Representative pictures of renin expression at baseline and after 3–70 days of TAC (A). Renin expression (depicted in brown) is visible in the juxtaglomerular cells close to the glomeruli (arrows). Renin expression, corrected for the number of glomeruli present in the section, is increased from day 35 compared to baseline (B). qPCR analysis of renin expression showed a trend of increased renin over time (C), 20 mice were excluded from the renin qPCR analysis as the levels were below the detection limit. In line with renal renin, the plasma renin concentration is increased significantly at 56–70 days post-TAC (D). A significant association between local and systemic renin is observed (r = 0.52, R2 = 0.27, p = < 0.001) (E). Mean ± SD, * = p < 0.05.
Next, we investigated the relation between renin expression and cardiac function in order to associate the presence of renal hypoperfusion with decreasing stroke volume. A significant positive association is present for the plasma renin concentration with decreasing stroke volume (p = 0.0009) (Figure 3). Although both sexes were included in our study, we did not observe any differences in renin expression between males and females (F (1,66) = 3.484, p = 0.07).
[image: Figure 3]FIGURE 3 | Plasma renin concentration increases upon reduced cardiac function. In line, the plasma renin levels are significantly correlated to a lower stroke volume after TAC (R2 = 0.45 and p = < 0.0001). SV; Stroke volume.
Kidney Function and Structure
As a measure for kidney function, we assessed glomerular function, morphological changes and albuminuria in mice exposed to TAC. From day 7 onwards mildly increased urea levels were observed, without further increase over time after TAC compared to baseline (day 7, p < 0.01; day 28, 35, and 70, p < 0.05) (Figure 4A). The increase in urea suggests a mildly reduced renal glomerular filtration as a possible consequence of heart failure development. Analyzing the PAS staining, no fibrosis, sclerosis or an indication of infiltrating immune cells was observed in either the glomerular or tubulo-interstitial compartments upon TAC at any timepoint (Figure 4B and Supplementary Figure S4). To elaborate, qPCR analysis of fibronectin (FN), connective tissue growth factor (CTGF), neutrophil gelatinase-associated lipocalin (NGAL), transforming growth factor-β (TGF-β), kidney injury molecule-1 (KIM-1) confirmed our histology data and showed no significant indications of kidney injury over time Figure 5. Incidentally, we did observe some random protein casts in the kidney medulla with no apparent relation to duration of TAC (n = 28/107, ranging from day 0 till day 70). No differences in albuminuria could be observed between early and late timepoints after TAC (Figure 4C). Because we were unable to obtain enough urine from all mice and were not in possession of baseline samples, we included 10 additional TAC mice to collect urine using metabolic cages during a 14 days follow-up. Again, no differences were observed for albumin excretion post-TAC compared to baseline (Figure 4D). Although both sexes were included in our study, we did not observe any differences in kidney function (F (1,84) = 2.217, p = 0.14) and structure between males and females. To summarize, despite the severe cardiac remodeling after prolonged exposure to TAC, there is no indication of structural damage or kidney dysfunction after prolonged exposure to TAC.
[image: Figure 4]FIGURE 4 | Kidney morphology, signs of damage and albumin levels. Urea levels in plasma were significantly upregulated over time after TAC versus baseline (A). No structural abnormalities were observed in glomeruli and tubuli (PAS staining) (B). No increase in urinary albumin (µg corrected for mM urinary creatinine) levels could be observed after TAC (C). Urine albumin levels (µg corrected for mM urinary creatinine) post-TAC were not different from baseline (metabolic cages) (D). Mean ± SD. #p < 0.05; & p < 0.01.
[image: Figure 5]FIGURE 5 | No kidney injury present based on qPCR analysis. Figure displays the relative expression of KIM-1 (A), CTGF (B), NGAL (C), TGF-β (D), and FN (E) at baseline (0) and over time post-TAC. No significant increase or decrease in mRNA expression is present, comparing post-TAC time points to the baseline animals.
DISCUSSION
The influence of the cardiorenal axis in the TAC heart failure model (Tan et al., 2018) is debated. We evaluated renal function and structure in relation to renin expression in the TAC model over time. We are the first to provide an elaborate TAC study of progressive heart failure that assesses both, acute and progressive effects of heart failure on renal function in relation to renin expression in the absence of systemic hypertension. Our results indicate that in the TAC model, increased renin levels are significantly associated with reduced stroke volume. Despite very severe heart failure upon prolonged TAC we did not detect any significant functional or structural abnormalities in the kidneys. Taken together, our results indicate that in the murine TAC model, the kidneys remain intact independent of worsening cardiac function, possibly as a consequence of renin activation. Stimulation of the RAS and aldosterone by a direct reduction in renal perfusion will increase effective circulating volume and therefore to some extent maintain renal perfusion and filtration, offsetting the decrease in SV (and CO) chronically induced by TAC.
It has previously been shown that a strongly reduced stroke volume can activate RAS, leading to increased inflammation and severe renal fibrosis (Rudomanova and Blaxall, 2017; Zhao et al., 2019). For example Li et al, reported RAS activation due to cardiac pressure overload 18 weeks post-TAC (Li et al., 2018), where Zhao already reported increased albuminuria and structural abnormalities in the kidneys after 8 weeks of TAC (Zhao et al., 2019). The lack of appropriate numbers for statistical analysis of the urinary albumin measurements is a limitation of our study and might explain why we were unable to reproduce these results. However, slightly contradictory results have also been described. For instance Tan et al., show that after 10 weeks of TAC mild renal pathology is present, represented by modest albuminuria with mainly healthy glomeruli present. This mild renal pathology did not associate with the progressive cardiac remodeling post-TAC (Tan et al., 2018). This is in line with others who showed no signs of kidney fibrosis 4 weeks post TAC in a model with mild, moderate and severe aortic constriction (Richards et al., 2019). None of these studies included sequential time series to evaluate the start and progression of renal dysfunction in TAC mice. Here, in a longitudinal study, we show that kidney function and structure remain normal up till 10 weeks post-TAC. Nevertheless, our model might be too mild to already induce renal dysfunction after 70 days, therefore to observe this we might have to considerably extend our follow-up beyond 10 weeks. But with longer follow-up we risk loss of animals as mice already suffer from severe cardiac dysfunction.
Although we observe preserved renal function after TAC, we cannot ignore the consequences that high renin levels may have on the heart and kidney via RAS activation (Li et al., 2018). For example, angiotensin II (Ang II) is known to induce renal and cardiac fibrosis. Direct measurement of angiotensin II in tissue is very challenging and requires direct homogenization of fresh tissue (Verhagen et al., 1999), which was not feasible in the present study. Nevertheless, as renin plays an important role in the Ang II production, increased renin levels can directly stimulate cardiac fibrosis formation, and renin is reported to affect renal perfusion (Passier et al., 1996; Schroten and Gaillard, 2012; Chinnakkannu et al., 2018). Therapeutic intervention of RAS can interrupt this vicious circle. Indeed, treatment with angiotensin-converting enzyme inhibitors (ACEi) and angiotensin II receptor blockers (ARB) are proven to be protective for heart failure and prevent left ventricular stiffness in humans, most likely as a direct consequence of reduced angiotensin II levels (Wright et al., 2008). In addition ACE inhibition results in an improved cardiac and renal function in mice after TAC (Wang et al., 2016; Chinnakkannu et al., 2018).
It can be debated that the resistance of C57BL/6 mice to develop hypertension and kidney failure including proteinuria and glomerulosclerosis (Rabe and Schaefer, 2016) might have influenced our findings. For further research into the cardiorenal axis, 129/Sv mice that are susceptible for kidney failure may provide more insight; however, these mice show a very severe cardiac phenotype and are more prone to cardiac rupture after MI (Pei et al., 2017). Besides strain, high estrogen levels in female mice might help protect against kidney injury and vascular dysfunction (Dubey and Jackson, 2001; Pei et al., 2017). Estrogens have various established protective effects against oxidants, uremic toxins, microvascular dysfunction and several other pathogenic cellular and biochemical pathways (Dubey and Jackson, 2001; Pei et al., 2017). Although we didn’t observe differences between male and female mice, the inclusion of ovariectomized mice in a future study may provide answers regarding the influence of estrogens on the renal and cardiac function. To conclude, a mouse model mimicking clinical cardiorenal syndrome in patients remains challenging, especially if intrinsic characteristics like strain and sex might influence the outcome.
When using the TAC model to study heart failure it is important to take the cardiorenal axis into account, patients with reduced cardiac function often also experience CKD (Harada et al., 2018; Kumar and Seth, 2019; Patel et al., 2019; Zaleska-Kociecka et al., 2019), as it has been suggested that a decline in kidney function directly contributes to further deterioration of cardiac function in patients (Hewitson et al., 2015; Gnanaraj and Radhakrishnan, 2016). Several papers have indicated that a good animal model that properly represents the clinical manifests of CRS is lacking (Szymanski et al., 2012; Tan et al., 2018; Liu, 2019). Attempts have been made to developed such CRS models; for instance showing adverse cardiac remodeling in a severe CKD model thereby mimicking aspects of CRS4 in patients (Verhulst et al., 2017). Others have shown an experimental model of dual insults that combine myocardial infarction or doxorubicin induced dilated cardiomyopathy, followed by 5/6 subtotal nephrectomy, thereby mimicking patients with preexisting chronic heart failure and asymptomatic renal dysfunction (Liu et al., 2013; Chua et al., 2016). One could also argue that the TAC model represents primary renal malfunction (decreased renal perfusion due to reduced SV, leading to renin secretion and angiotensin formation), followed by gradual development of angiotensin-II dependent chronic heart failure, therefore modelling CRS. However further studies are needed to gain insights into the variety of bidirectional pathway interactions between heart and kidney, like hemodynamic, humoral, metabolic and cell mediated communication in animal models to overcome the current limitations of the existing models (Szymanski et al., 2012; Hewitson et al., 2015).
In conclusion, we show that progressive heart failure within our TAC model only mildly affects renal function without inducing significant structural or functional abnormalities. Our results do not support the hypothesis that heart failure due to acute cardiac pressure overload leads to rapid progressive deterioration of kidney function. Indeed, our data suggest that the TAC model is suitable to test the function of novel proteins in or therapeutics for heart failure without an influence of kidney dysfunction other than renin release.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation, to any qualified researcher.
ETHICS STATEMENTS
The animal study was reviewed and approved by the Dutch Central Comity for Animal Research (CCD), the Hague, Netherlands.
AUTHOR CONTRIBUTIONS
Conception and design of the experiments: MW, SJ, HV, and JJ. Performing experiments and data analysis: MW, EM, MDB, MB, DK, and AD. Writing of the original version of this paper: MW, SJ, and JJ. Preparation of the figures: MW and EM. Writing, review, and editing of this paper: MW, SJ, HG, JJ, MV, MDB, GP, and AD. All of the authors read and approved the final version of this paper.
FUNDING
This study was supported by the Netherlands Cardiovascular Research Initiative: an initiative with support of the Dutch Heart Foundation (CVON 2014-11 RECONNECT).
ACKNOWLEDGMENTS
We gratefully acknowledge Adele Dijk, Petra van de Kraak, Melanie van de Kaa and Petra de Bree for their technical support for this extensive mice study.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2021.614656/full#supplementary-material
REFERENCES
 Cheng, J., Zhou, W., Warner, G. M., Knudsen, B. E., Garovic, V. D., Gray, C. E., et al. (2009). Temporal Analysis of Signaling Pathways Activated in a Murine Model of Two-Kidney, One-Clip Hypertension. Am. J. Physiology-Renal Physiol. 297, F1055–F1068. doi:10.1152/ajprenal.90439.2008 
 Chinnakkannu, P., Reese, C., Gaspar, J. A., Panneerselvam, S., Pleasant-Jenkins, D., Mukherjee, R., et al. (2018). Suppression of Angiotensin II-Induced Pathological Changes in Heart and Kidney by the Caveolin-1 Scaffolding Domain Peptide. PLoS One 13, e0207844. doi:10.1371/journal.pone.0207844 
 Chua, S., Lee, F.-Y., Chiang, H.-J., Chen, K.-H., Lu, H.-I., Chen, Y.-T., et al. (2016). The Cardioprotective Effect of Melatonin and Exendin-4 Treatment in a Rat Model of Cardiorenal Syndrome. J. Pineal Res. 61, 438–456. doi:10.1111/jpi.12357 
 De Haan, J. J., Bosch, L., Borgman, A., Bastemeijer, M., Brans, M. A. D., Van De Weg, S. M., et al. (2017). Complement 5a Receptor Deficiency Does Not Influence Adverse Cardiac Remodeling after Pressure-Overload in Mice. Sci. Rep. 7, 17045. doi:10.1038/s41598-017-16957-3 
 Dubey, R. K., and Jackson, E. K. (2001). Estrogen-induced Cardiorenal protection: Potential Cellular, Biochemical, and Molecular Mechanisms. Am. J. Physiology-Renal Physiol. 280, F365–F388. doi:10.1152/ajprenal.2001.280.3.F365 
 Furihata, T., Kinugawa, S., Takada, S., Fukushima, A., Takahashi, M., Homma, T., et al. (2016). The Experimental Model of Transition from Compensated Cardiac Hypertrophy to Failure Created by Transverse Aortic Constriction in Mice. IJC Heart & Vasculature 11, 24–28. doi:10.1016/J.IJCHA.2016.03.007
 Gnanaraj, J., and Radhakrishnan, J. (2016). Cardio-renal Syndrome. F1000Res 5, 2123. doi:10.12688/f1000research.8004.1 
 Gross, D. (2019). Measuring Cardiac Function. in Animal Models in Cardiovascular Research . New York, NY: Springer. doi:10.1007/978-0-387-95962-7_4
 Hampton, C., Rosa, R., Campbell, B., Kennan, R., Gichuru, L., Ping, X., et al. (2017). Early Echocardiographic Predictors of Outcomes in the Mouse Transverse Aortic Constriction Heart Failure Model. J. Pharmacol. Toxicol. Methods 84, 93–101. doi:10.1016/j.vascn.2016.12.001 
 Han, S. W., and Ryu, K. H. (2011). Renal Dysfunction in Acute Heart Failure. Korean Circ. J. 41, 565–574. doi:10.4070/kcj.2011.41.10.565 
 Harada, M., Miyashita, Y., Ichikawa, T., and Kobayashi, M. (2018). A Case of Rapid Progressive Kidney Dysfunction with Severely Calcified Stenotic Aorta. Case Rep. Nephrol. Dial. 8, 253–260. doi:10.1159/000494716 
 Hewitson, T. D., Holt, S. G., and Smith, E. R. (2015). Animal Models to Study Links between Cardiovascular Disease and Renal Failure and Their Relevance to Human Pathology. Front. Immunol. 6, 465. doi:10.3389/fimmu.2015.00465 
 Hillege, H. L., Nitsch, D., Pfeffer, M. A., Swedberg, K., McMurray, J. J. V., Yusuf, S., et al. (2006). Renal Function as a Predictor of Outcome in a Broad Spectrum of Patients with Heart Failure. Circulation 113, 671–678. doi:10.1161/CIRCULATIONAHA.105.580506 
 Kamal, F. A., Travers, J. G., Schafer, A. E., Ma, Q., Devarajan, P., and Blaxall, B. C. (2017). G Protein-Coupled Receptor-G-Proteinβγ-Subunit Signaling Mediates Renal Dysfunction and Fibrosis in Heart Failure. J. Am. Soc. Nephrol. 28, 197–208. doi:10.1681/ASN.2015080852 
 Krebs, C., Hamming, I., Sadaghiani, S., Steinmetz, O. M., Meyer-Schwesinger, C., Fehr, S., et al. (2007). Antihypertensive Therapy Upregulates Renin and (Pro)renin Receptor in the Clipped Kidney of Goldblatt Hypertensive Rats. Kidney Int. 72, 725–730. doi:10.1038/sj.ki.5002408 
 Kumar, V., and Seth, A. (2019). Transcatheter Aortic Valve Replacement: Protect the Kidneys to Protect the Patient. Catheter. Cardiovasc. Interv. 93, 749–750. doi:10.1002/ccd.28182 
 Li, Z., Organ, C. L., Kang, J., Polhemus, D. J., Trivedi, R. K., Sharp, T. E., et al. (2018). Hydrogen Sulfide Attenuates Renin Angiotensin and Aldosterone Pathological Signaling to Preserve Kidney Function and Improve Exercise Tolerance in Heart Failure. JACC: Basic Translational Sci. 3, 796–809. doi:10.1016/j.jacbts.2018.08.011 
 Liu, S. (2019). Heart-kidney Interactions: Mechanistic Insights from Animal Models. Am. J. Physiology-Renal Physiol. 316, F974–F985. doi:10.1152/ajprenal.00624.2017
 Liu, S., Kompa, A. R., Kumfu, S., Nishijima, F., Kelly, D. J., Krum, H., et al. (2013). Subtotal Nephrectomy Accelerates Pathological Cardiac Remodeling post-myocardial Infarction: Implications for Cardiorenal Syndrome. Int. J. Cardiol. 168, 1866–1880. doi:10.1016/j.ijcard.2012.12.065 
 Passier, R. C., Smits, J. F., Verluyten, M. J., and Daemen, M. J. (1996). Expression and Localization of Renin and Angiotensinogen in Rat Heart after Myocardial Infarction. Am. J. Physiology-Heart Circulatory Physiol. 271, H1040–H1048. doi:10.1152/ajpheart.1996.271.3.H1040
 Patel, K. K., Shah, S. Y., Arrigain, S., Jolly, S., Schold, J. D., Navaneethan, S. D., et al. (2019). Characteristics and Outcomes of Patients with Aortic Stenosis and Chronic Kidney Disease. J. Am. Heart Assoc. 8. e009980. doi:10.1161/jaha.118.009980 
 Pei, J., Harakalova, M., den Ruijter, H., Pasterkamp, G., Duncker, D. J., Verhaar, M. C., et al. (2017). Cardiorenal Disease Connection during post-menopause: The Protective Role of Estrogen in Uremic Toxins Induced Microvascular Dysfunction. Int. J. Cardiol. 238, 22–30. doi:10.1016/j.ijcard.2017.03.050 
 Rabe, M., and Schaefer, F. (2016). Non-Transgenic Mouse Models of Kidney Disease. Nephron 133, 53–61. doi:10.1159/000445171 
 Rangaswami, J., Bhalla, V., Blair, J. E. A., Chang, T. I., Costa, S., Lentine, K. L., et al. (2019). Cardiorenal Syndrome: Classification, Pathophysiology, Diagnosis, and Treatment Strategies: A Scientific Statement from the American Heart Association. Circulation 139, 840–878. doi:10.1161/CIR.0000000000000664 
 Richards, D. A., Aronovitz, M. J., Calamaras, T. D., Tam, K., Martin, G. L., Liu, P., et al. (2019). Distinct Phenotypes Induced by Three Degrees of Transverse Aortic Constriction in Mice. Sci. Rep. 9, 5844. doi:10.1038/s41598-019-42209-7 
 Rockman, H. A., Wachhorst, S. P., Mao, L., and Ross, J. (1994). ANG II Receptor Blockade Prevents Ventricular Hypertrophy and ANF Gene Expression with Pressure Overload in Mice. Am. J. Physiology-Heart Circulatory Physiol. 266, H2468–H2475. doi:10.1152/ajpheart.1994.266.6.H2468
 Rudomanova, V., and Blaxall, B. C. (2017). Targeting GPCR-Gβγ-GRK2 Signaling as a Novel Strategy for Treating Cardiorenal Pathologies. Biochim. Biophys. Acta (Bba) - Mol. Basis Dis. 1863, 1883–1892. doi:10.1016/j.bbadis.2017.01.020 
 Schefold, J. C., Filippatos, G., Hasenfuss, G., Anker, S. D., and Von Haehling, S. (2016). Heart Failure and Kidney Dysfunction: Epidemiology, Mechanisms and Management. Nat. Rev. Nephrol. 12, 610–623. doi:10.1038/nrneph.2016.113 
 Schroten, N. F., Gaillard, C. A. J. M., van Veldhuisen, D. J., Szymanski, M. K., Hillege, H. L., and de Boer, R. A. (2012). New Roles for Renin and Prorenin in Heart Failure and Cardiorenal Crosstalk. Heart Fail. Rev. 17, 191–201. doi:10.1007/s10741-011-9262-2 
 Sert, N. P. D. U., Hurst, V., Ahluwalia, A., Alam, S., Avey, M. T., Baker, M., et al. (2019). The ARRIVE Guidelines 2019: Updated Guidelines for Reporting Animal Research. PLOS Biology 18, e3000410. doi:10.1371/journal.pbio.3000410
 Szymanski, M. K., de Boer, R. A., Navis, G. J., van Gilst, W. H., and Hillege, H. L. (2012). Animal Models of Cardiorenal Syndrome: a Review. Heart Fail. Rev. 17, 411–420. doi:10.1007/s10741-011-9279-6 
 Tan, W. S., Mullins, T. P., Flint, M., Walton, S. L., Bielefeldt-Ohmann, H., Carter, D. A., et al. (2018). Modeling Heart Failure Risk in Diabetes and Kidney Disease: Limitations and Potential Applications of Transverse Aortic Constriction in High-Fat-Fed Mice. Am. J. Physiology-Regulatory, Integr. Comp. Physiol. 314, R858–R869. doi:10.1152/ajpregu.00357.2017
 ter Maaten, J. M., Damman, K., Verhaar, M. C., Paulus, W. J., Duncker, D. J., Cheng, C., et al. (2016). Connecting Heart Failure with Preserved Ejection Fraction and Renal Dysfunction: the Role of Endothelial Dysfunction and Inflammation. Eur. J. Heart Fail. 18, 588–598. doi:10.1002/ejhf.497 
 van Deursen, V. M., Urso, R., Laroche, C., Damman, K., Dahlström, U., Tavazzi, L., et al. (2014). Co-morbidities in Patients with Heart Failure: an Analysis of the European Heart Failure Pilot Survey. Eur. J. Heart Fail. 16, 103–111. doi:10.1002/ejhf.30 
 van Thiel, B. S., Góes Martini, A., te Riet, L., Severs, D., Uijl, E., Garrelds, I. M., et al. (2017). Brain Renin-Angiotensin System. Hypertension 69, 1136–1144. doi:10.1161/HYPERTENSIONAHA.116.08922 
 Verhagen, A. M. G., Braam, B., Boer, P., Gröne, H.-J., Koomans, H. A., and Joles, J. A. (1999). Losartan-sensitive Renal Damage Caused by Chronic NOS Inhibition Does Not Involve Increased Renal Angiotensin II Concentrations. Kidney Int. 56, 222–231. doi:10.1046/j.1523-1755.1999.00542.x 
 Verhulst, A., Neven, E., and D'Haese, P. C. (2017). Characterization of an Animal Model to Study Risk Factors and New Therapies for the Cardiorenal Syndrome, a Major Health Issue in Our Aging Population. Cardiorenal Med. 7, 234–244. doi:10.1159/000462984 
 Wang, X., Ye, Y., Gong, H., Wu, J., Yuan, J., Wang, S., et al. (2016). The Effects of Different Angiotensin II Type 1 Receptor Blockers on the Regulation of the ACE-AngII-AT1 and ACE2-Ang(1-7)-Mas Axes in Pressure Overload-Induced Cardiac Remodeling in Male Mice. J. Mol. Cell Cardiol. 97, 180–190. doi:10.1016/j.yjmcc.2016.05.012 
 Wright, J. W., Mizutani, S., and Harding, J. W. (2008). Pathways Involved in the Transition from Hypertension to Hypertrophy to Heart Failure. Treatment Strategies. Heart Fail. Rev. 13, 367–375. doi:10.1007/s10741-007-9060-z 
 Zaleska-Kociecka, M., Dabrowski, M., and Stepinska, J. (2019). Acute Kidney Injury after Transcatheter Aortic Valve Replacement in the Elderly: Outcomes and Risk Management. Clin. Intrev. Aging. Vol. 14, 195–201. doi:10.2147/CIA.S149916
 Zannad, F., and Rossignol, P. (2018). Cardiorenal Syndrome Revisited. Circulation 138, 929–944. doi:10.1161/circulationaha.117.028814 
 Zhao, Y., Wang, C., Hong, X., Miao, J., Liao, Y., Hou, F. F., et al. (2019). Wnt/β-catenin Signaling Mediates Both Heart and Kidney Injury in Type 2 Cardiorenal Syndrome. Kidney Int. 95, 815–829. doi:10.1016/j.kint.2018.11.021 
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 © 2021 Wesseling, Mulder, Brans, Kapteijn, Bulthuis, Pasterkamp, Verhaar, Danser, van Goor, Joles and de Jager. 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.
OPS/images/fphar-12-614656-g005.gif





OPS/images/fphar-12-614656-t001.jpg
Time
(days)

p-values are presented compared with baseline values. Abbreviations, ESV: end systolic volume, EDV: end diastolic volume, SV: stroke volume,

13
8
10
T
1
10
9
8

9
1

ESV EDV sv EF Strain
mean adjusted mean adjusted mean adjusted mean (sd) adjusted mean adjusted

(sd) 3 (sd) P (sd) P p value (sd) P
value value value value

16.24 (3.99) - 48.57 (9.62) - 45.23 (.91) - 67.99 (5.38) - -17.82(1.99) -
38.58(11.66) 00068  60.66(1022) 03101 2237 (4.81) <0.0001  37.33(1058)  <0.0001  -1296(4.03)  0.0180
3021 (7.36) 01500 5659 (11.30) 07121 2684 (7.51)  <0.0001 47.08 (8.33) <0.0001  -10928(4.32)  <0.0001
28.87 (7.24) 02806  59.14 (1020) 04246  29.17 (525)  0.0001 51.42 (7.60) 00025  -1150(1.23)  0.0002
4460(19.37) 00001  69.91(19.01) 00035 2477 (4.88) <0.0001  87.94(1044)  <0.0001  -829(2.92)  <0.0001
4497 (17.18) 00001 €574 (1271) 00320  20.75(7.86) <0.0001 3353 (17.63)  <0.0001  -10.80(366)  <0.0001
4074 (12.27) 00023 6363 (13.68) 0.1087  23.16(4.88)  <0.0001 36.87 (8.37) <0.0001  -837(322)  <0.0001
44.75(1866) <0.0001 77.46(1620) 00011  24.45(593 <0.0001 4037 (1655)  <0.0001  -7.94(5.19)  <0.0001
6277 (2551)  <0.0001 8534 (17.42) <00001 22.40 (10.54) <0.0001  2861(1573)  <0.0001  -7.25(2.28)  <0.0001
7887 (28.13) <0.0001 9876 (24.80) <00001 2134 (7.04) <0.0001 2217 (1216)  <0.0001  -670(346)  <0.0001

- ejection fraction.





OPS/images/fphar-12-614656-g003.gif
2 S






OPS/images/fphar-12-614656-g004.gif
Uresmmoln plasma >

=
EA I
- g
e

g'l mme@é@ e

13
Ea—






OPS/xhtml/nav.xhtml
Contents

		Cover

		Mildly Increased Renin Expression in the Absence of Kidney Injury in the Murine Transverse Aortic Constriction Model		Introduction

		Materials and Methods		Animals

		Transverse Aortic Constriction

		Echocardiography

		Tissue Collection

		Urea and Renin Measurements in Plasma

		Albumin Measurements in Urine

		Histology

		qPCR Analysis

		Statistics





		Results		Gradual Adverse Cardiac Remodeling Upon TAC

		Renin Expression and Its Association to Cardiac Function

		Kidney Function and Structure





		Discussion

		Data Availability Statement

		Ethics Statements

		Author Contributions

		Funding

		Acknowledgments

		Supplementary Material

		References









OPS/images/cover.jpg
* frontiers
in Pharmacology

Mildly Increased Renin
Expression in the Absence of
Kidney Injury in the Murine
Transverse Aortic Constriction
Model





OPS/images/fphar-12-614656-g001.gif





OPS/images/fphar-12-614656-g002.gif
TAC{70daps).

mmvéés&&{&

SORERARR P LSS R
T
Pl










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Pharmacology





