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Individuals with calcium oxalate (CaOx) kidney stones can have secondarily infected calculi which may play a role in the development of recurrent urinary tract infection (UTI). Uropathogenic Escherichia coli (UPEC) is the most common causative pathogen of UTIs. Macrophages play a critical role in host immune defense against bacterial infections. Our previous study demonstrated that oxalate, an important component of the most common type of kidney stone, impairs monocyte cellular bioenergetics and redox homeostasis. The objective of this study was to investigate whether oxalate compromises macrophage metabolism, redox status, anti-bacterial response, and immune response. Monocytes (THP-1, a human monocytic cell line) were exposed to sodium oxalate (soluble oxalate; 50 µM) for 48 hours prior to being differentiated into macrophages. Macrophages were subsequently exposed to calcium oxalate crystals (50 µM) for 48 hours followed by UPEC (MOI 1:2 or 1:5) for 2 hours. Peritoneal macrophages and bone marrow-derived macrophages (BMDM) from C57BL/6 mice were also exposed to oxalate. THP-1 macrophages treated with oxalate had decreased cellular bioenergetics, mitochondrial complex I and IV activity, and ATP levels compared to control cells. In addition, these cells had a significant increase in mitochondrial and total reactive oxygen species levels, mitochondrial gene expression, and pro-inflammatory cytokine (i.e. Interleukin-1β, IL-1β and Interleukin-6, IL-6) mRNA levels and secretion. In contrast, oxalate significantly decreased the mRNA levels and secretion of the anti-inflammatory cytokine, Interleukin-10 (IL-10). Further, oxalate increased the bacterial burden of primary macrophages. Our findings demonstrate that oxalate compromises macrophage metabolism, redox homeostasis, and cytokine signaling leading to a reduction in anti-bacterial response and increased infection. These data highlight a novel role of oxalate on macrophage function.
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Introduction

The prevalence and recurrence of kidney stones in children and adults are increasing worldwide (1, 2). The economic burden from kidney stone disease is several billion dollars annually and is predicted to rise due to increasing stone prevalence (1, 3). The multifactorial etiology of the disease is substantiated by several risk factors such as diet, intestinal micro-flora composition, genetics, metabolic conditions, and geographical location which all contribute to the development and progression of stone formation (4–8). In addition, patients with kidney stones have a heightened risk for end-stage renal failure (9), chronic kidney disease (10), diabetes (11), and cardiovascular disease (12). There have been reports of an association between kidney stone formation and urinary tract infection (UTI) in certain patient cohorts (13–17).

Escherichia coli (E. coli) is the most common pathogen causing UTI (18, 19). E. coli has been shown to aggregate around calcium oxalate (CaOx) crystals (15, 20), the precursors of the most common type of kidney stone, CaOx. In addition, E. coli has been isolated from some individuals harboring CaOx stones (14). Increased consumption of oxalate rich foods may lead to elevated urinary oxalate levels in patients with CaOx stones which have been found to be associated with recurrent UTIs (4, 21–22). It has been reported that female kidney stone patients with recurrent UTIs have significantly higher urinary oxalate excretion compared to patients without UTIs (23). In addition, removal of stones from patients with recurrent UTIs significantly reduces the risk of subsequent UTI (24, 25). These reports suggest a possible association between urinary oxalate and uropathogenic Escherichia coli (UPEC) infection susceptibility.

We have previously reported that patients with CaOx kidney stones have suppressed monocyte cellular energetics compared to healthy subjects (26). We also determined that soluble oxalate compromises cellular bioenergetics in THP-1 monocytes (27). These observations were corroborated recently in human studies where we reported that healthy adults who consumed an oxalate enriched meal had decreased monocyte cellular bioenergetics and mitochondrial complex I activity, suggesting dietary oxalate could influence monocyte function in certain individuals (28). Oxalate has been shown to cause monocytes to differentiate into pro-inflammatory macrophages rather than anti-inflammatory macrophages (29).

Considering the multi-faceted impact of oxalate on monocytes, we hypothesized that oxalate compromises the metabolic health of macrophages and their ability to respond to bacterial infection due to reduced immune response. We developed an in vitro model where macrophages were exposed to oxalate over an extended time frame to simulate the effect of an oxalate-enriched diet on macrophages. Herein, we report that oxalate exposure alters macrophage cellular bioenergetics, mitochondrial complex activity, ATP levels, redox homeostasis, and mitochondrial gene expression. Oxalate treated macrophages also exhibited a compromised anti-bacterial response which may be due to disrupted inflammatory cytokine secretion.



Materials and Methods


Reagents

The following reagents were purchased from Sigma Aldrich (St. Louis, MO): antimycin A, ADP, ascorbate, azide, FCCP (carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone), malate, oligomycin, pyruvate, rotenone, succinate, and TMPD (N,N,N′,N′-Tetramethyl-p-phenylenediamine). All other reagents purchased are noted elsewhere.



Bacterial Strain and Culture Condition

Uropathogenic Escherichia coli CFT073, an acute pyelonephritis strain (ATCC # 700928) was used for these studies. CFT073 was cultured on solid liquid broth (LB) agar or in liquid LB media at 37°C for 48 hrs under static condition (30). CFT073 was characterized for their growth and colony-forming units (CFU) were enumerated before initiating experiments. CFT073 was cultured overnight in LB media and the OD600 was determined to calculate multiplicity of infection (MOI) for all experiments. Bacteria were harvested in phosphate buffered saline (PBS) and adjusted to 1x106 CFU/ml.



Cell Culture Model

THP-1 cells (a human monocytic derived cell line) were grown and maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum and 2-mercaptoethanol at 37°C in a CO2 incubator. THP-1 cells (passage 3-6) were exposed to sodium oxalate (NaOx; 50 µM) for 48 hrs prior to being differentiated into macrophages for 48 hrs using 200 nM phorbol 12-myristate 13-acetate (PMA). THP-1 cells were exposed to oxalate to mimic oxalate exposure to circulating monocytes prior to differentiation. Cells were subsequently washed and allowed to rest for 24 hrs before being exposed to CaOx crystals (50 µM) for 24 hrs to mimic in vivo conditions within the kidney. In additional experiments, macrophages were subsequently exposed to CFT073 (MOI 1:2 unless noted otherwise) for 1 hr. Cells were then treated with media containing antibiotics (gentamycin, 200 µg/ml) for 1 hr to remove extracellular bacteria. Antibiotic containing media was removed and cells were washed with fresh antibiotic free media prior to performing additional experiments.



Cell Viability Assay

Cell viability was assessed using a CCK8 assay kit (Cat. #CK04-05; Dojindo Molecular Technologies, Inc., Rockville, MD) according to the manufacturer’s instructions. The CCK8 assay is based on the reduction of tetrazolium salt WST-8 by cellular dehydrogenases and results in the production of a yellow-colored formazan dye which is directly proportional to the number of viable cells. The cellular media was removed from cells following treatment as described above and replaced with fresh media containing WST-8 for 2 hours. Subsequently, absorbance was measured at 450 nm using a plate reader.



Cellular Bioenergetics and Mitochondrial Complex Activity Analyses

Cellular bioenergetics and mitochondrial complex activities were assessed using the Seahorse Analyzer (Agilent Technologies, Santa Clara, CA). THP-1 cells were treated with NaOx for 48 hrs prior to being plated (25,000 cells per well) in XF96 well plates and differentiated into macrophages using PMA. Macrophages were allowed to rest 24 hours before being treated with CaOx crystals (50 µM) for 24 hours. Macrophages were subsequently exposed to uropathogenic E. coli (MOI 1:2) for 1 hour followed by antibiotic treatment (gentamycin, 200 µg/ml) for 1 hour to remove extracellular bacteria. Cells were washed with XF media and allowed to equilibrate prior to performing the mitochondrial stress test, which consisted of sequentially exposing macrophages to oligomycin (1.5 µg/ml), FCCP (2 µM), and Antimycin A (10 µM) to determine the oxygen consumption rate (OCR) over time (28). Additionally, the glycolytic stress test (GST) was performed to assess the extracellular acidification rate (ECAR) by exposing cells to glucose (10 mM), oligomycin (1 µg/ml), and 2-deoxyglucose (50 mM). In additional experiments, cells were permeabilized with the XF Plasma Membrane permeabilizer (Agilent Technologies, Santa Clara, CA) before being exposed to different substrates to assess mitochondrial complex activity (31). All data were normalized to cellular protein content.



ATP Analysis

Intracellular ATP content of macrophages was determined using Enliten ATP assay system bioluminescence detection kit (Cat. # FF2000; Promega, Madison, WI). Following treatment, macrophages were washed with 1X PBS and lysed using 1% tricholoro acetate (TCA) – 1X Tris-EDTA buffer (pH 7.5). Cell lysates were diluted 10 times using 1X TE buffer followed by centrifugation at 13000 rpm for 10 min. The supernatant was used to measure ATP content. Each sample (100 µl) was mixed with the reagent (100 µl) before immediately measuring luminescence on a SpectraMax L Microplate Reader (Molecular Devices, San Jose, CA). The ATP concentration in cells was determined using an ATP standard curve. All samples and standards were analyzed in duplicates.



Reactive Oxygen Species (ROS) and Mitochondrial Membrane Potential Assays

Relative total cellular ROS and mitochondrial superoxide levels were evaluated in macrophages using H2DCFDA (Cat. # D399, ThermoFisher Scientific, Watham, MA) and MitoSOX Red mitochondrial superoxide (Cat. # M36008, ThermoFisher Scientific, Watham, MA) fluorescence dyes, respectively. Macrophages were plated in 96-well plates (25,000 cells/well) and treated as described above. In some experiments, cells were treated with the positive control menadione (100 μM) for 1 hour before measuring total ROS. Following treatment, cells were washed twice with HBSS or PBS before being stained with H2DCFDA (5 µM in PBS, 15 mins) or MitoSOX Red (5 µM in HBSS, 15 mins). Cells were washed three times with HBSS or PBS prior to measuring fluorescence signal using a Synergy HT microplate reader (BioTek, Winooski, VT).

Hydrogen peroxide (H2O2) levels were measured using the Amplex Red Hydrogen Peroxide/Peroxidase assay kit (Cat. #A22188, Invitrogen). In brief, cells were washed with Krebs-Ringer phosphate buffer (KRPG) before adding 100 µl of reaction mixture (containing 50 µM Amplex Red reagent and 0.1 U/ml HRP in KRPG) to each well. Cells were incubated for 1 hr at 37°C and relative fluorescence units were measured at 560/590 (Ex/Em) using a Synergy HT microplate reader (BioTek, Winooski, VT). NADPH levels were measured using a NADP/NAPDH quantitation colorimetric kit (Cat. #K347, BioVision, Milpitas, CA) according to the manufacturer’s instructions. Following treatment, cells were washed once with 1X PBS and subsequently incubated with 400 µl NADPH extraction buffer on ice for 10 mins. All cellular content was collected and centrifuged at 21,000 g for 10 min at 4°C. The supernatant was collected and 200 µl was incubated in a water bath (60°C) for 30 min. Samples were immediately cooled on ice before adding 50 µl of sample to a 96-well plate along with NAPDH standards (0–100 pmol/well). The NADP cycling mix and NADP enzyme mix was added to each well and incubated for 5 min at RT. Next, the NADPH developer was added to each well for 2 hrs at RT. The concentration of NADPH was determined by reading all samples and standards at 450 nm.

Mitochondrial membrane potential was evaluated in macrophages using Tetramethylrhodamine ethyl ester, perchlorate (TMRE). Cells were incubated for 30 min with TMRE and fluorescence was observed at 549/575 nm using a plate reader. In additional experiments, cells were incubated simultaneously with MitoTracker Red and MitoTracker Green for 30 min before measuring fluorescence at 490/516 and 579/599, respectively using a plate reader.



Quantitative Real Time–PCR (qRT-PCR)

RNA was isolated from macrophages using a RNA easy mini kit (Cat. #74104; Qiagen, Germantown, MD). 1 µg RNA was used for the synthesis of cDNA using the Quantitect Reverse Transcription kit (Cat. #205311; Qiagen, Hilden, Germany). Primers were designed using Primer3 (32) and synthesized from IDT Technologies (Coralville, IA) (Table 1). qRT-PCR was performed using Applied Biosciences master mix (Cat. #A25742) and platform. Quantification was done by ΔΔCt method using GAPDH as reference gene and untreated cells as controls (33, 34).


Table 1 | List of primers used for real time PCR.





Western Blotting

IL-6 and Il-1β levels were determined in the supernatant by western blotting. The supernatant was collected after treatment and protein was precipitated using 4 volumes of ice-cold acetone. The protein was dissolved in RIPA buffer containing protease inhibitors before determining the concentration of cellular protein using the Pierce Coomassie Bradford protein assay (Thermo Fisher Scientific, Cat. #23236). Samples were separated on a 4-15% gel before being transferred to a PVDF membrane to probe for IL-1β (1:500), IL-6 (1:500), and β-actin (1:2000) as previously described (27). Blots were incubated with primary antibodies overnight at 4°C before being treated the following day with anti-rabbit secondary horse radish peroxidase-conjugated antibodies (1:10,000 for 1 hr at room temperature; Abcam, Cambridge, UK). Membranes were washed, incubated with a Luminata Forte Chemiluminescence (Millipore) for protein detection, and analyzed using an ImageQuant LAS 4000 imager and software (GE Healthcare Life Sciences, Marlborough, MA).



Evaluation of Intracellular Colony Forming Units (CFU) in THP-1 Derived Macrophages

The intracellular CFU count was evaluated to determine the anti-bacterial response of THP-1 macrophages. Macrophages were treated with oxalate as described earlier and subsequently challenged with CFT073 (MOI 1:5) for 1 hr. Cells were treated with media containing antibiotic (gentamycin, 200 µg/ml) for 1 hr to eliminate extracellular bacteria and thereafter incubated for an additional 2 and 6 hrs in antibiotic (gentamycin, 20 µg/ml) containing media (35). At each time-point post-exposure (2, 4, and 8 hrs), the cells were washed with 1X PBS and lysed in 0.025% SDS. Serial dilutions of the lysates were plated on LB agar plates and incubated at 37°C for 12-16 hrs to calculate the relative differences in CFU/ml. In additional experiments, the bacterial count in the cellular media was determined by serially diluting the media on LB agar plates.



Evaluation of CFU in Primary Macrophages

Peritoneal and bone marrow derived macrophages (BMDM) were isolated from male C57BL/6J mice (8 to 12 weeks old). Mice were maintained and housed at the Central Animal Facility, All India Institute of Medical Sciences (AIIMS), New Delhi under pathogen free conditions with ad libitum access to water and standard rodent chow diet. All animal procedures were performed as per the approved protocols from the Institutional Animal Ethics Committee, AIIMS, New Delhi (Project id: N1125).

Briefly, peritoneal macrophages were collected from the peritoneal cavity as previously indicated (36). Red blood cells were removed from macrophages using ACK lysing buffer followed by washing with PBS. Cells were cultured and grown in RPMI 1640 with 10% fetal bovine serum and penicillin-streptomycin (100 U/mL penicillin, 100 μg/mL streptomycin) at 37°C in a CO2 incubator for 3 days. Likewise, BMDMs were isolated from the femurs of male C57BL/6J mice. BMDM were collected from the bone marrow of the dissected femur by gently expelling the bone marrow cavity with 1x PBS (37). Cells were washed with 1x PBS and cultured in DMEM media with 10% FBS, penicillin-streptomycin (100 U/mL penicillin, 100 μg/mL streptomycin) and M-CSF (10 ng/mL) at 37°C in a CO2 incubator (36). At Day 3 and 6, the media was removed and re-supplemented with fresh DMEM containing 10% FBS, penicillin-streptomycin (100 U/mL penicillin, 100 μg/mL streptomycin) and M-CSF (10 ng/mL). After 9 days, the differentiated cells were used for experiments.

For infection assays, both peritoneal and BMDM macrophages were seeded (5 x 104 cells/well) in a 24-well plate in their respective media and allowed to rest for 24 hrs at 37°C in a CO2 incubator. Cells were independently exposed to either calcium oxalate (CaOx; 50 μM) or sodium oxalate (NaOx; 50 μM) for 72 hrs. Following exposure, macrophages were washed and infected with CFT073 (MOI 1:5) as described earlier. Cells were treated with media containing antibiotic (gentamycin, 200 µg/ml) for 1 hr to eliminate extracellular bacteria. Subsequently, cells were washed twice with 1x PBS and re-supplemented with antibiotic free media (considered as T=0). For CFU enumeration, cells were lysed with 0.025% SDS at time points 0, 4, and 8 hrs post-infection. Cell lysates were serially diluted and plated on LB agar plates. Plates were incubated at 37°C for 16 hrs followed by CFU enumeration.



Phagocytosis Assay

BMDMs were seeded in a 6-well plate (106 cells/well) and allowed to rest for 24 hrs at 37°C in a CO2 incubator. Cells were then exposed to calcium oxalate (CaOx; 50 μM) or sodium oxalate (NaOx; 50 μM) for 72 hrs. Subsequently, macrophages were washed and fluorescent latex beads (Cat. #15702-10 Fluoresbrite® Microparticles, Polysciences) were added to the wells (100 beads/cell reconstituted in 1x PBS) (38, 39). Afterwards, cells were kept at 37°C for 30 minutes while shaking. Cells were washed twice with 1x PBS and visualized using a Cytation 1 Cell Imaging Multimode reader (BioTek) at 488/510 nm.



Cytokine Assays

Inflammatory cytokine levels were measured using ELISA Max™ human cytokine Interleukin-6 (IL-6) and Interleukin-10 (IL-10) kits (Cat. # 430504 & 430601, BioLegend, San Diego, CA, USA) and IL-1β human ELISA kit (Cat. # BMS224-2, Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. The media supernatants were collected and spun to remove any cellular debris prior to saving supernatants in a -20°C freezer. Samples were thawed and diluted in sample diluent (1:2) prior to analysis.



Statistical Analyses

All statistical analyses were performed using GraphPad Prism software, version 9.1.1 (La Jolla, CA). Data are expressed as mean ± standard error of the mean using n=3 or more determinations. Multiple comparisons were analyzed using one-way analysis of variance with Tukey’s post hoc test. A p value <0.05 was considered statistically significant.




Results


Oxalate Reduces Macrophage Cellular Bioenergetics, Mitochondrial Complex Activity, and ATP Production in Macrophages

An assessment of cellular bioenergetics is comprised of processes that are critical for the metabolic health of cells. To determine the impact of oxalate on cellular bioenergetics, we assessed macrophages treated with and without CFT073. We determined cells exposed to oxalate and CFT073 have reduced OCR compared to control macrophages (Figure 1A). OCR was further reduced when macrophages were exposed to both oxalate and CFT073 (Figure 1A). As shown in Figure 1B, the OCR was significantly reduced in all treatment groups under baseline and stressed (maximal OCR) conditions. To further characterize the effect of oxalate on energy production, we performed the glycolysis stress test (Figure 1C). The ECAR was impaired in macrophages exposed to oxalate with or without CFT073 infection compared to THP-1 control cells (Figure 1C). The glycolytic capacity, which is a measure of the maximum capacity of glucose converting to pyruvate or lactate, was significantly decreased in all treatment groups (Figure 1D). Glycolysis and the glycolytic reserve (the difference between glycolytic capacity and glycolysis) were not significantly different between control macrophages and cells exposed to oxalate alone (Figures 1E, F). However, both glycolysis and the glycolytic reserve were significantly reduced in macrophages exposed to CFT073 with or without oxalate (Figures 1E, F).




Figure 1 | Oxalate reduces cellular bioenergetics and ATP production in THP-1 macrophages. THP-1 macrophages were plated in Seahorse plates prior to being exposed to oxalate with or without CFT073 (MOI 1:2) as described in the Materials and Methods section. The Seahorse XF Analyzer and (A) The “Mitochondrial Stress Test” was used to assess macrophage oxygen consumption rate over time. (B) Baseline and stressed OCR parameters were calculated from the “Mitochondrial Stress Test”. (C) The “Glycolysis Stress Test” was used to assess macrophage extracellular acidification rate over time. (D) Glycolytic capacity, (E) glycolysis, and (F) glycolytic reserve parameters were derived from the “Glycolysis Stress Test”. (G) Mitochondrial Complex I and IV activities were assessed after permeabilizing the cells and adding substrates as described in the methods. (H) Intracellular ATP levels in macrophages were determined as described in detail in the Materials and Methods section. (I) Viability of THP-1 macrophages using the CCK8 assay. All experiments were performed at least three times with n=5-8 replicates. Data are expressed as means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 is significant compared to control THP-1 macrophages or CFT073 alone.



To explore the basis of reduced bioenergetics following oxalate treatment, we assessed mitochondrial Complex I and IV activity. We determined these cells have a significant reduction in Complex I and IV activity with or without CFT073 infection (Figure 1G). With a decline in mitochondrial complex activities and an apparent inability of oxalate-treated cells to shift to glycolysis, we posited this phenotype may cause a reduction in ATP and compromise their ability to respond to infection. Consistent with these hypotheses, oxalate caused a significant decrease in ATP levels compared to control macrophages (Figure 1H). ATP levels were further reduced when macrophages were exposed to oxalate and CFT073 (Figure 1H). A reduction in cellular ATP could be due to cell death. However, oxalate treatment did not impact macrophage viability (Figure 1I). In contrast, macrophages treated with oxalate and CFT073 had a significant decrease in viability compared to control cells (Figure 1I).



Oxalate Disrupts Redox Homeostasis in Macrophages

Mitochondria are a major source of ROS, which are critical determinants of the antibacterial response in immune cells (40). Thus, we evaluated whether compromised cellular bioenergetics and reduced mitochondrial complex activity contributes to elevated ROS production in macrophages. We determined that both H2O2 and total ROS levels were significantly elevated in macrophages following oxalate exposure (Figures 2A, B, respectively). These levels were further exacerbated when cells were treated with CFT073 alone or oxalate. NADPH levels were also significantly elevated following oxalate exposure (Figure 2C). However, CFT073 with or without oxalate caused a significant reduction in NADPH levels (Figure 2C). We subsequently determined mitochondrial membrane potential was significantly elevated in oxalate treated macrophages in the absence and presence of CFT073 (Figure 2D). These observations were further supported by Mito-Tracker Red: Mito-Tracker Green staining in macrophages. As shown in Figure 2E, macrophages exposed to oxalate, CFT073, or oxalate with CFT073 had a significant increase in the ratio of Mito-Tracker Red: Mito-Tracker Green staining compared to control cells, suggesting that oxalate can induce mitochondrial hyperpolarization in macrophages. Lastly, we assessed mitochondrial superoxide levels and determined that oxalate treatment significantly increased mitochondrial superoxide levels in macrophages; this was further exacerbated when macrophages were exposed to infection alone or with oxalate and CFT073 (Figure 2F). These findings suggested the possibility that reverse electron transport (RET) may be the source for elevated ROS. However, inhibition of Complex I (a major contributor to RET) by rotenone following oxalate treatment caused a further increase in ROS levels (Figure 2F). These findings suggest RET may not be the primary source of oxalate induced ROS in macrophages.




Figure 2 | Oxalate increases reactive oxygen species (ROS) levels and mitochondrial membrane potential in THP-1 macrophages. THP-1 macrophages were exposed to oxalate with or without CFT073 (MOI 1:2) prior to assessing (A) Hydrogen peroxide (H2O2; Amplex Red Assay), (B) Total ROS (H2DCFDA, fluorescence dye; Menadione (100 μM)-positive control), and (C) NAPDH levels. (D) Mitochondrial membrane potential was examined using the fluorescence dye, TMRE. FCCP (50 nM) was included as a control. (E) MitoTracker Red/MitoTracker Green fluorescence intensity ratio in macrophages. (F) Mitochondrial ROS (superoxide) levels were determined following treatment with or without rotenone (3 µg/ml). All experiments were performed at least three times with n=5 replicates. Data are expressed as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 is significant compared to control THP-1 macrophages or CFT073 alone.





Oxalate Alters Mitochondrial Gene Expression in Macrophages

To further evaluate the reason for compromised cellular bioenergetics following oxalate treatment, we evaluated gene expression of key mitochondrial genes critical for sustaining mitochondrial function. We determined that gene expression of VDAC1 (voltage dependent anion channel, a gene critical for maintaining cellular homeostasis) (41) was elevated following oxalate treatment. Likewise, levels of PGC1α (PPARG Coactivator 1 Alpha), an inducible transcription factor that regulates the metabolism, polarization, and activation of macrophages (42), were elevated in oxalate treated cells. Similarly, the expression of Transcription Factor A, Mitochondrial (TFAM; a regulator of mitochondrial biogenesis and function) (43) and mitochondrial Complex I subunits, NADH dehydrogenase 1 (ND1) and NADH : Ubiquinone Oxidoreductase Core Subunit S7 (NDUFS7) were significantly upregulated following oxalate exposure (Figures 3A–E). In addition, oxalate treated macrophages exposed to CFT073 had a further increase in expression for all of these genes except PGC1ɑ (Figure 3). CFT073 alone increased the expression of VDAC1, TFAM and PGC1α (Figures 3A, D, E). Notably, CFT073 had no effect on NDUFS7 or ND-1 (Figures 3B, C).




Figure 3 | Oxalate increases the expression of key mitochondrial genes in THP-1 macrophages. THP-1 macrophages were exposed to oxalate with or without CFT073 (MOI 1:2) as described in the Materials and Methods section. mRNA levels of mitochondrial genes: (A) VDAC1 (voltage dependent anion channel 1), (B) NDUFS7 (NADH : Ubiquinone Oxidoreductase Core Subunit S7), (C) ND-1 (NADH dehydrogenase 1), (D) TFAM (Transcription Factor A, Mitochondrial), and (E) PGC1α (PPARG Coactivator 1 Alpha) were determined. All experiments were performed at least three times with n=5 replicates. Data are expressed as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 is significant compared to control THP-1 macrophages or CFT073 alone.





Oxalate Exposed Macrophages Have Compromised Anti-Bacterial Response

To understand the functional relevance of oxalate on macrophages, we evaluated the antibacterial response of THP-1 macrophages treated with oxalate to CFT073. The intracellular bacterial burden significantly increased in a time-dependent manner in macrophages exposed to oxalate [i.e. NaOx (soluble form) and CaOx crystals (insoluble form)] compared to control cells (Figure 4A). The amount of extracellular bacteria in the cellular media from oxalate treated macrophages were also increased compared to control cells (Supplementary Figures 1A, B). We also evaluated whether the effects of oxalate on CFT073 occurs in primary macrophages. Using peritoneal macrophages and BMDM from mice, we showed that CFT073 permits a significantly higher bacterial recovery from oxalate treated peritoneal macrophages as well as BMDM (Figures 4B, C). Cells treated with CaOx also had increased microbial survival and growth inside macrophages. Interestingly, at T=0 (time immediately after establishment of infection), there was no significant difference in the bacterial burden across the groups suggesting the differences observed in CFU are not due to a differential uptake of CFT073 in primary macrophages. This assertion is further strengthened by the results of phagocytosis assays where we did not observe any significant differences in phagocytosis among the treatment groups (Figure 4D).




Figure 4 | Oxalate increases bacterial burden in macrophages. Macrophages were exposed to sodium oxalate (NaOx; 50 μM) or calcium oxalate crystals (CaOx; 50 μM) for 72 hrs followed by CFT073 infection (MOI 1: 5) for 2, 4, or 8 hrs. Data represent CFU recovery from (A) THP-1 macrophages; (B) Peritoneal macrophages, and (C) BMDMs. (D) Percent phagocytosis of BMDM. All experiments were performed in triplicates. Data are expressed as mean ± SEM. ns, not significant *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 is significant compared to control macrophages.





Oxalate Increases Pro-Inflammatory Cytokine and Reduces Anti-Inflammatory Cytokine mRNA Levels and Secretion in Macrophages

A highly oxidizing cellular environment can trigger inflammation. Macrophages exposed to oxalate had perturbed expression and secretion of cytokines involved in inflammation and immune response following CFT073 exposure, relative to control cells (Figures 5A–I). In particular, the mRNA levels of pro-inflammatory cytokines, IL-1β and IL-6, were significantly elevated in all treatment groups (Figures 5A, B). As shown in Figure 5C, oxalate significantly reduced the expression of the anti-inflammatory cytokine, IL-10. CFT073 treated macrophages had a significant increase in IL-10 mRNA levels compared to control THP-1 cells. However, macrophages exposed to oxalate plus CFT073 had a significant reduction in IL-10 expression compared to CFT073 treated cells (Figure 5C). Western blot analysis further supported the mRNA data and demonstrated increased IL-1β and IL-6 protein levels (Figures 5D–F). Lastly, IL-1β, IL-6, and IL-10 cytokine secretion were consistent with the observed effects of oxalate on mRNA and protein levels (Figures 5G–I).




Figure 5 | Oxalate increases pro-inflammatory cytokine expression and secretion but reduces anti-inflammatory cytokine expression and secretion in THP-1 macrophages. THP-1 macrophages were exposed to oxalate with or without CFT073 (MOI 1:2) as described in the Materials and Methods section. Gene expression of (A) IL-1β (pro-inflammatory cytokine), (B) IL-6 (pro-inflammatory cytokine), and (C) IL-10 (anti-inflammatory cytokine) using qRT-PCR. (D) Western blot analysis and (E, F) quantification of IL-6 and IL-1β levels using ImageJ software. Cytokine secretion of (G) IL-1β, (H) IL-6, and (I) IL-10, respectively. All experiments were performed at least three times with n=5 replicates. Data are expressed as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 is significant compared to control THP-1 macrophages or CFT073 alone.






Discussion

Calcium oxalate stone formers can sometimes have recurrent UTI as well as stone recurrence (24, 25). Although the etiology of these two diseases are quite different, the immune system contributes to both pathologies and associations between UTI and kidney stones have been reported (14, 21–25). We sought to explore this potential association further by investigating the impact of oxalate on macrophages. Monocytes and macrophages have been proposed to be involved in CaOx stone disease (44–46). We previously reported that monocytes from CaOx kidney stone formers have compromised bioenergetic health (26). We further found that oxalate impairs metabolism and redox homeostasis in human primary monocytes and in an in vitro monocyte cell line (27). CaOx crystals have been reported to alter mitochondrial protein levels in human monocytes (47) and to promote their differentiation into pro-inflammatory macrophages (29). Based on investigations of others and the aforementioned findings (48), we hypothesized oxalate disrupts macrophage cellular bioenergetics and redox homeostasis, promotes inflammation, and this weakens their response to bacterial exposure.

We exposed monocytes to oxalate to mimic physiological conditions when monocytes are exposed to soluble oxalate in vivo. Once monocytes infiltrate the kidney and differentiate into macrophages, they are exposed to either soluble or insoluble (e.g. crystals) oxalate. It has been well established that increased oxalate concentrations in the kidney can result in crystal deposition (49). The THP-1 model has been shown to be useful to study the effects of dietary components on macrophage cell function (29, 50, 51) and the effects of different stimuli on the bacterial killing of macrophages (52, 53). Additionally, THP-1 cells have been used to study UTIs caused by UPEC induced cystitis, pyelonephritis, etc. (53–55). We determined that oxalate reduced cellular bioenergetics in macrophages and this was consistent with our previous findings where we observed oxalate suppressed cellular bioenergetics in monocytes (27). This suppression was more prominent when oxalate treated macrophages were exposed to the UPEC strain, CFT073. We investigated whether deficits in OCR and energy production could be compensated by a shift to glycolysis. However, we observed a reduction in glycolysis in the cells exposed to oxalate only. However, these deficits in glycolysis became more pronounced and significant in cells exposed to CFT073 alone or in the presence of oxalate. These data suggested that a decline in oxidative phosphorylation in cells treated with oxalate, CFT073 or in combination could not switch to the glycolytic pathway. Additionally, ATP levels were significantly decreased in macrophages exposed to oxalate with or without CFT073 exposure. These data further support the premise that glycolytic ATP production does not compensate for a reduced ATP generation via oxidative phosphorylation.

Cellular bioenergetics and ATP production during infection is a function of host-pathogen interaction wherein multiple factors including cellular micro-environment, redox and metabolic status, expression of key genes/pathways, cellular health etc. can profoundly impact ATP levels (48, 56–58). Majority of the cell’s ATP is provided by oxidative phosphorylation and movement of reducing equivalents like NADH through the electron transport chain within the inner mitochondrial membrane (59). The decrease in mitochondrial respiration following oxalate exposure as indicated by a reduction in OCR could be attributed to the significant decline in mitochondrial Complex I and IV activities observed in oxalate treated cells. This in turn could directly impact cellular bioenergetics and reduce macrophage energy production. This raises an important question about additional compensatory mechanisms needed to overcome the reduction in Complex I and Complex IV activity and ATP levels in oxalate treated macrophages. Indeed, we observed an increased expression of crucial mitochondrial genes such as VDAC1 that are known to regulate cellular metabolism and redox homeostasis (41). Likewise, the mitochondrial gene PGC1ɑ was induced with oxalate exposure and is known for regulating cellular processes such as cytokine signaling, metabolic polarization, and activation of macrophages (42). In addition, PGC1ɑ promotes mitochondrial biogenesis by activating the transcription factor, TFAM, which helps to maintain mitochondrial homeostasis during stress (43, 60). Induction of TFAM and PGC1α expression following oxalate exposure in macrophages suggests a compensatory response involving mitochondrial biogenesis. In accordance, we saw a significant upregulation of mitochondrial Complex I gene subunits, ND1 and NDUFS7 gene expression. Further, MitoTracker green was increased suggesting mitochondrial biogenesis was stimulated. Overall, our data show activation of mitochondrial biogenesis as a possible attempt to improve metabolism and energy production in macrophages in response to oxalate. The attempt of macrophages to improve cellular bioenergetics has been observed in other diseases impacting mitochondria (61–63). Nonetheless, this compensatory biological response is maladaptive, as it fails to sufficiently correct for the ATP deficit as observed in other health conditions (64).

The ability of macrophages to remove pathogens and crystals is highly dependent on redox homeostasis and immune signaling (47, 65). We determined that mitochondrial superoxide and total ROS levels were significantly elevated in oxalate treated macrophages with and without CFT073 treatment. Mitochondrial superoxide can be quickly dismutated to H2O2 by superoxide dismutase. Oxalate treated macrophages also displayed elevated levels of H2O2. Increased H2O2 can disturb redox homeostasis and cause extensive inflammation and cell damage (47, 65). In addition, we determined NADPH was depleted in all treatment groups, which further indicated disturbed redox homeostasis (66, 67). Mitochondrial membrane potential was also increased in macrophages following oxalate exposure. Increased mitochondrial membrane potential and H2O2 levels are potential indicators of RET (68, 69). In this study, rotenone exposure increased ROS generation which suggested that RET is not the exclusive source of ROS and forward electron transport mediated ROS production may be occurring in oxalate treated macrophages. Sufficient mechanistic details to evaluate forward electron transport and RET mediated ROS are still a matter of investigation (70). More in depth studies are needed to delineate the primary source of ROS in oxalate treated cells.

Lastly, we aimed to test the functional relevance of elevated ROS and compromised bioenergetic function towards the cell’s response to bacterial infection. Exposure to sodium oxalate reduced the anti-bacterial response of macrophages as shown by increased bacterial recovery. This bacterial recovery was further exacerbated when cells were exposed to CaOx crystals. These observations were also confirmed in primary peritoneal macrophages and BMDM from mice. Perhaps the morphology of the crystals was able to induce additional damage to the cells compared to the soluble form of oxalate, as crystals have been reported to cause significant injury to renal cells (71) and monocytes (27). What could be the cause for increased recovery and progression of infection following exposure with CFT073 in macrophages? There was no significant difference in bacterial uptake or phagocytosis in oxalate treated cells at the time of infection (T=0). Thus, this rules out the possibility that differences in microbial uptake are responsible for differences in CFU recovery. It is possible the elevated levels of ROS in oxalate treated cells could impact immune responses by modulating the secretion of cytokines that induce innate immunity (72). Mitochondrial ROS at complex I can trigger the transcription of IL-1β (pro-inflammatory cytokine). We determined that IL-1β and caspase-1, were stimulated by oxalate with or without CFT073. Our findings are consistent with earlier reports where pro-inflammatory cytokines such as IL-6 and IL-1β have been found to be upregulated in a CaOx mouse experimental model (73). In addition, oxalate inhibited the secretion of IL-10, an anti-inflammatory cytokine in macrophages. Disruption in IL-10 production is known to increase inflammatory activity and to impair macrophage metabolism, the clearance of defective macrophages and their phagocytic capacity (74, 75). Complex I activity may be critical during bacterial infection, since deficiency of Complex I subunits reduces bacterial clearance during infection (76). The impairment of Complex I and IV activity in oxalate treated macrophages may contribute to reduced macrophage clearance and increased inflammation.

Taken together, our data suggests elevated levels of oxidative stress and reduced cellular bioenergetics following oxalate exposure compromises the protective mechanisms of macrophages and results in increased bacterial burden. Further studies assessing the interaction between CaOx crystals and macrophages are needed to delineate additional mechanisms leading to disruption in mitochondrial and cellular homeostasis in macrophages.



Data Availability Statement

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



Ethics Statement

The animal study was reviewed and approved by The Institutional Animal Ethics Committee, All India Institute of Medical Sciences, New Delhi, India (Project id: N1125).



Author Contributions

Designed the research: VS and TM. Performed experiments: PK, KS, VS, and TM. Analyzed data: PK, KS, VS, and TM. Wrote the manuscript: PK, KS, VS, and TM. All authors contributed to the article and approved the submitted version.



Funding

This research was supported by: NIH grants DK106284 and DK123542 (TM) and DK079337 (UAB O’Brien Center); Oxalosis & Hyperoxaluria Foundation – American Society of Nephrology KidneyCure Transition to Independence Grant (TM); Intramural Research Grant AIIMS (A-638), HarGobind Khorana IYBA (BT/11/IYBA/2018/01), DST-SERB Core Grant (SERB/F/8989/2019-2020) and LSRB-375/SH&DD/2020 (VS).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.694865/full#supplementary-material



References

1. Scales, CD, Smith, AC, Hanley, JM, and Saigal, CS. Project UDiA. Prevalence of Kidney Stones in the United States. Eur Urol (2012) 62(1):160–5. doi: 10.1016/j.eururo.2012.03.052

2. Tasian, GE, and Copelovitch, L. Evaluation and Medical Management of Kidney Stones in Children. J Urol (2014) 192(5):1329–36. doi: 10.1016/j.juro.2014.04.108

3. Hyams, ES, and Matlaga, BR. Economic Impact of Urinary Stones. Transl Androl Urol (2014) 3(3):278–83. doi: 10.3978/j.issn.2223-4683.2014.07.02

4. Mitchell, T, Kumar, P, Reddy, T, Wood, KD, Knight, J, Assimos, DG, et al. Dietary Oxalate and Kidney Stone Formation. Am J Physiol Renal Physiol (2019) 316(3):F409–13. doi: 10.1152/ajprenal.00373.2018

5. Kelsey, R. Gut Microbiome is Unique in Kidney Stone Disease. Nat Rev Urol (2016) 13:368. doi: 10.1038/nrurol.2016.93

6. Goodman, HO, Brommage, R, Assimos, DG, and Holmes, RP. Genes in Idiopathic Calcium Oxalate Stone Disease. World J Urol (1997) 15(3):186–94. doi: 10.1007/BF02201856

7. López, M, and Hoppe, B. History, Epidemiology and Regional Diversities of Urolithiasis. Pediatr Nephrol (2010) 25(1):49–59. doi: 10.1007/s00467-008-0960-5

8. Khan, SR, Pearle, MS, Robertson, WG, Gambaro, G, Canales, BK, Doizi, S, et al. Kidney Stones. Nat Rev Dis Primers (2016) 2:16008. doi: 10.1038/nrdp.2016.8

9. El-Zoghby, ZM, Lieske, JC, Foley, RN, Bergstralh, EJ, Li, X, Melton, LJ 3rd, et al. Urolithiasis and the Risk of ESRD. Clin J Am Soc Nephrol (2012) 7(9):1409–15. doi: 10.2215/CJN.03210312

10. Sigurjonsdottir, VK, Runolfsdottir, HL, Indridason, OS, Palsson, R, and Edvardsson, VO. Impact of Nephrolithiasis on Kidney Function. BMC Nephrol (2015) 16:149. doi: 10.1186/s12882-015-0126-1

11. Taylor, EN, Stampfer, MJ, and Curhan, GC. Diabetes Mellitus and the Risk of Nephrolithiasis. Kidney Int (2005) 68(3):1230–5. doi: 10.1111/j.1523-1755.2005.00516.x

12. Rule, AD, Roger, VL, Melton, LJ 3rd, Bergstralh, EJ, Li, X, Peyser, PA, et al. Kidney Stones Associate With Increased Risk for Myocardial Infarction. J Am Soc Nephrol (2010) 21(10):1641–4. doi: 10.1681/ASN.2010030253

13. Borghi, L, Nouvenne, A, and Meschi, T. Nephrolithiasis and Urinary Tract Infections: ‘The Chicken or the Egg’ Dilemma? Nephrol Dial Transpl (2012) 27(11):3982–4. doi: 10.1093/ndt/gfs395

14. Tavichakorntrakool, R, Prasongwattana, V, Sungkeeree, S, Saisud, P, Sribenjalux, P, Pimratana, C, et al. Extensive Characterizations of Bacteria Isolated From Catheterized Urine and Stone Matrices in Patients With Nephrolithiasis. Nephrol Dial Transpl (2012) 27(11):4125–30. doi: 10.1093/ndt/gfs057

15. Barr-Beare, E, Saxena, V, Hilt, EE, Thomas-White, K, Schober, M, Li, B, et al. The Interaction Between Enterobacteriaceae and Calcium Oxalate Deposits. PloS One (2015) 10(10):e0139575–e0139575. doi: 10.1371/journal.pone.0139575

16. Holmgren, K, Danielson, BG, Fellström, B, Ljunghall, S, Niklasson, F, and Wikström, B. The Relation Between Urinary Tract Infections and Stone Composition in Renal Stone Formers. Scand J Urol Nephrol (1989) 23(2):131–6. doi: 10.3109/00365598909180827

17. Sohshang, HL, Singh, MA, Singh, NG, and Singh, SR. Biochemical and Bacteriological Study of Urinary Calculi. J Commun Dis (2000) 32(3):216–21.

18. Foxman, B, and Brown, P. Epidemiology of Urinary Tract Infections: Transmission and Risk Factors, Incidence, and Costs. Infect Dis Clin North Am (2003) 17(2):227–41. doi: 10.1016/S0891-5520(03)00005-9

19. Klein, RD, and Hultgren, SJ. Urinary Tract Infections: Microbial Pathogenesis, Host-Pathogen Interactions and New Treatment Strategies. Nat Rev Microbiol (2020) 18(4):211–26. doi: 10.1038/s41579-020-0324-0

20. Kanlaya, R, Naruepantawart, O, and Thongboonkerd, V. Flagellum Is Responsible for Promoting Effects of Viable Escherichia Coli on Calcium Oxalate Crystallization, Crystal Growth, and Crystal Aggregation. Front Microbiol (2019) 10(2507). doi: 10.3389/fmicb.2019.02507

21. Gault, MH, Paul, MD, and Longerich, L. Comparison of Urinary Tract Infection in Calcium Oxalate and Calcium Phosphate Stone Formers. Nephron (1990) 55(4):408–13. doi: 10.1159/000186009

22. Schwaderer, AL, and Wolfe, AJ. The Association Between Bacteria and Urinary Stones. Ann Transl Med (2017) 5(2):32. doi: 10.21037/atm.2016.11.73

23. Siener, R, Ebert, D, and Hesse, A. Urinary Oxalate Excretion in Female Calcium Oxalate Stone Formers With and Without a History of Recurrent Urinary Tract Infections. Urol Res (2001) 29(4):245–8. doi: 10.1007/s002400100198

24. Agarwal, DK, Krambeck, AE, Sharma, V, Maldonado, FJ, Westerman, ME, Knoedler, JJ, et al. Treatment of Non-Obstructive, Non-Struvite Urolithiasis Is Effective in Treatment of Recurrent Urinary Tract Infections. World J Urol (2020) 38(8):2029–33. doi: 10.1007/s00345-019-02977-3

25. Omar, M, Abdulwahab-Ahmed, A, Chaparala, H, and Monga, M. Does Stone Removal Help Patients With Recurrent Urinary Tract Infections? J Urol (2015) 194(4):997–1001. doi: 10.1016/j.juro.2015.04.096

26. Williams, J, Holmes, RP, Assimos, DG, and Mitchell, T. Monocyte Mitochondrial Function in Calcium Oxalate Stone Formers. Urology (2016) 93:224 e221–226. doi: 10.1016/j.urology.2016.03.004

27. Patel, M, Yarlagadda, V, Adedoyin, O, Saini, V, Assimos, DG, Holmes, RP, et al. Oxalate Induces Mitochondrial Dysfunction and Disrupts Redox Homeostasis in a Human Monocyte Derived Cell Line. Redox Biol (2018) 15:207–15. doi: 10.1016/j.redox.2017.12.003

28. Kumar, P, Patel, M, Oster, RA, Yarlagadda, V, Ambrosetti, A, Assimos, DG, et al. Dietary Oxalate Loading Impacts Monocyte Metabolism and Inflammatory Signaling in Humans. Front Immunol (2021) 12(105). doi: 10.3389/fimmu.2021.617508

29. Dominguez-Gutierrez, PR, Kusmartsev, S, Canales, BK, and Khan, SR. Calcium Oxalate Differentiates Human Monocytes Into Inflammatory M1 Macrophages. Front Immunol (2018) 9:1863. doi: 10.3389/fimmu.2018.01863

30. Palaniyandi, S, Mitra, A, Herren, CD, Lockatell, CV, Johnson, DE, Zhu, X, et al. BarA-UvrY Two-Component System Regulates Virulence of Uropathogenic E. Coli CFT073. PloS One (2012) 7(2):e31348. doi: 10.1371/journal.pone.0031348

31. Salabei, JK, Gibb, AA, and Hill, BG. Comprehensive Measurement of Respiratory Activity in Permeabilized Cells Using Extracellular Flux Analysis. Nat Protoc (2014) 9(2):421–38. doi: 10.1038/nprot.2014.018

32. Untergasser, A, Cutcutache, I, Koressaar, T, Ye, J, Faircloth, BC, Remm, M, et al. Primer3—new Capabilities and Interfaces. Nucleic Acids Res (2012) 40(15):e115–5. doi: 10.1093/nar/gks596

33. Adedoyin, O, Boddu, R, Traylor, A, Lever, JM, Bolisetty, S, George, JF, et al. Heme Oxygenase-1 Mitigates Ferroptosis in Renal Proximal Tubule Cells. Am J Physiol Renal Physiol (2018) 314(5):F702–14. doi: 10.1152/ajprenal.00044.2017

34. Livak, KJ, and Schmittgen, TD. Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods (2001) 25(4):402–8. doi: 10.1006/meth.2001.1262

35. Schaale, K, Peters, KM, Murthy, AM, Fritzsche, AK, Phan, MD, Totsika, M, et al. Strain- and Host Species-Specific Inflammasome Activation, IL-1beta Release, and Cell Death in Macrophages Infected With Uropathogenic Escherichia Coli. Mucosal Immunol (2016) 9(1):124–36. doi: 10.1038/mi.2015.44

36. Saini, V, Chinta, KC, Reddy, VP, Glasgow, JN, Stein, A, Lamprecht, DA, et al. Hydrogen Sulfide Stimulates Mycobacterium Tuberculosis Respiration, Growth and Pathogenesis. Nat Commun (2020) 11(1):557. doi: 10.1038/s41467-019-14132-y

37. Allen, IC. Mouse Models of Innate Immunity: Methods and Protocols. New York: Humana Press (2013).

38. Beesetty, P, Rockwood, J, Kaitsuka, T, Zhelay, T, Hourani, S, Matsushita, M, et al. Phagocytic Activity of Splenic Macrophages is Enhanced and Accompanied by Cytosolic Alkalinization in TRPM7 Kinase-Dead Mice. FEBS J (2021) 288(11):3585–601. doi: 10.1111/febs.15683

39. Steinkamp, JA, Wilson, JS, Saunders, GC, and Stewart, CC. Phagocytosis: Flow Cytometric Quantitation With Fluorescent Microspheres. Science (1982) 215(4528):64–6. doi: 10.1126/science.7053559

40. Chakrabarti, S, and Visweswariah, SS. Intramacrophage ROS Primes the Innate Immune System via JAK/STAT and Toll Activation. Cell Rep (2020) 33(6):1–18. doi: 10.1016/j.celrep.2020.108368

41. Shoshan-Barmatz, V, De, S, and Meir, A. The Mitochondrial Voltage-Dependent Anion Channel 1, Ca2+ Transport, Apoptosis, and Their Regulation. Front Oncol (2017) 7(60). doi: 10.3389/fonc.2017.00060

42. Vats, D, Mukundan, L, Odegaard, JI, Zhang, L, Smith, KL, Morel, CR, et al. Oxidative Metabolism and PGC-1β Attenuate Macrophage-Mediated Inflammation. Cell Metab (2006) 4(1):13–24. doi: 10.1016/j.cmet.2006.05.011

43. Hock, MB, and Kralli, A. Transcriptional Control of Mitochondrial Biogenesis and Function. Annu Rev Physiol (2009) 71:177–203. doi: 10.1146/annurev.physiol.010908.163119

44. Taguchi, K, Hamamoto, S, Okada, A, Unno, R, Kamisawa, H, Naiki, T, et al. Genome-Wide Gene Expression Profiling of Randall’s Plaques in Calcium Oxalate Stone Formers. J Am Soc Nephrol (2017) 28(1):333–47. doi: 10.1681/ASN.2015111271

45. Taguchi, K, Okada, A, Kitamura, H, Yasui, T, Naiki, T, Hamamoto, S, et al. Colony-Stimulating Factor-1 Signaling Suppresses Renal Crystal Formation. J Am Soc Nephrol (2014) 25(8):1680–97. doi: 10.1681/ASN.2013060675

46. de Water, R, Noordermeer, C, van der Kwast, TH, Nizze, H, Boeve, ER, Kok, DJ, et al. Calcium Oxalate Nephrolithiasis: Effect of Renal Crystal Deposition on the Cellular Composition of the Renal Interstitium. Am J Kidney Dis (1999) 33(4):761–71. doi: 10.1016/S0272-6386(99)70231-3

47. West, AP, Shadel, GS, and Ghosh, S. Mitochondria in Innate Immune Responses. Nat Rev Immunol (2011) 11(6):389–402. doi: 10.1038/nri2975

48. Saini, V, Cumming, BM, Guidry, L, Lamprecht, DA, Adamson, JH, Reddy, VP, et al. Ergothioneine Maintains Redox and Bioenergetic Homeostasis Essential for Drug Susceptibility and Virulence of Mycobacterium Tuberculosis. Cell Rep (2016) 14(3):572–85. doi: 10.1016/j.celrep.2015.12.056

49. Khan, SR, Glenton, PA, and Byer, KJ. Modeling of Hyperoxaluric Calcium Oxalate Nephrolithiasis: Experimental Induction of Hyperoxaluria by Hydroxy-L-Proline. Kidney Int (2006) 70(5):914–23. doi: 10.1038/sj.ki.5001699

50. Robertson, RC, Guihéneuf, F, Bahar, B, Schmid, M, Stengel, DB, Fitzgerald, GF, et al. The Anti-Inflammatory Effect of Algae-Derived Lipid Extracts on Lipopolysaccharide (LPS)-Stimulated Human THP-1 Macrophages. Mar Drugs (2015) 13(8):5402–24. doi: 10.3390/md13085402

51. Weldon, SM, Mullen, AC, Loscher, CE, Hurley, LA, and Roche, HM. Docosahexaenoic Acid Induces an Anti-Inflammatory Profile in Lipopolysaccharide-Stimulated Human THP-1 Macrophages More Effectively Than Eicosapentaenoic Acid. J Nutr Biochem (2007) 18(4):250–8. doi: 10.1016/j.jnutbio.2006.04.003

52. Kao, JK, Wang, SC, Ho, LW, Huang, SW, Chang, SH, Yang, RC, et al. Chronic Iron Overload Results in Impaired Bacterial Killing of THP-1 Derived Macrophage Through the Inhibition of Lysosomal Acidification. PloS One (2016) 11(5):e0156713. doi: 10.1371/journal.pone.0156713

53. Taneja, V, Kalra, P, Goel, M, Khilnani, GC, Saini, V, Prasad, G, et al. Impact and Prognosis of the Expression of IFN-α Among Tuberculosis Patients. PloS One (2020) 15(7):e0235488. doi: 10.1371/journal.pone.0235488

54. Srisuwan, S, Tongtawe, P, Srimanote, P, and Voravuthikunchai, SP. Rhodomyrtone Modulates Innate Immune Responses of THP-1 Monocytes to Assist in Clearing Methicillin-Resistant Staphylococcus Aureus. PloS One (2014) 9(10):e110321. doi: 10.1371/journal.pone.0110321

55. Yang, H, Li, Q, Wang, C, Wang, J, Lv, J, Wang, L, et al. Cytotoxic Necrotizing Factor 1 Downregulates CD36 Transcription in Macrophages to Induce Inflammation During Acute Urinary Tract Infections. Front Immunol (2018) 9:1987. doi: 10.3389/fimmu.2018.01987

56. Reddy, VP, Chinta, KC, Saini, V, Glasgow, JN, Hull, TD, Traylor, A, et al. Ferritin H Deficiency in Myeloid Compartments Dysregulates Host Energy Metabolism and Increases Susceptibility to Mycobacterium Tuberculosis Infection. Front Immunol (2018) 9(860). doi: 10.3389/fimmu.2018.00860

57. Galli, G, and Saleh, M. Immunometabolism of Macrophages in Bacterial Infections. Front Cell Infection Microbiol (2021) 10(903). doi: 10.3389/fcimb.2020.607650

58. Escoll, P, and Buchrieser, C. Metabolic Reprogramming of Host Cells Upon Bacterial Infection: Why Shift to a Warburg-Like Metabolism? FEBS J (2018) 285(12):2146–60. doi: 10.1111/febs.14446

59. Lehninger, AL, Nelson, DL, and Cox, MM. Lehninger Principles of Biochemistry. 6th. New York: W.H. Freeman (2013).

60. Scarpulla, RC. Metabolic Control of Mitochondrial Biogenesis Through the PGC-1 Family Regulatory Network. Biochim Biophys Acta (2011) 1813(7):1269–78. doi: 10.1016/j.bbamcr.2010.09.019

61. Uittenbogaard, M, and Chiaramello, A. Mitochondrial Biogenesis: A Therapeutic Target for Neurodevelopmental Disorders and Neurodegenerative Diseases. Curr Pharm Des (2014) 20(35):5574–93. doi: 10.2174/1381612820666140305224906

62. Hansson, A, Hance, N, Dufour, E, Rantanen, A, Hultenby, K, Clayton, DA, et al. A Switch in Metabolism Precedes Increased Mitochondrial Biogenesis in Respiratory Chain-Deficient Mouse Hearts. Proc Natl Acad Sci U S A (2004) 101(9):3136–41. doi: 10.1073/pnas.0308710100

63. Piantadosi, CA, and Suliman, HB. Redox Regulation of Mitochondrial Biogenesis. Free Radical Biol Med (2012) 53(11):2043–53. doi: 10.1016/j.freeradbiomed.2012.09.014

64. Sebastiani, M, Giordano, C, Nediani, C, Travaglini, C, Borchi, E, Zani, M, et al. Induction of Mitochondrial Biogenesis is a Maladaptive Mechanism in Mitochondrial Cardiomyopathies. J Am Coll Cardiol (2007) 50(14):1362–9. doi: 10.1016/j.jacc.2007.06.035

65. Brune, B, Dehne, N, Grossmann, N, Jung, M, Namgaladze, D, Schmid, T, et al. Redox Control of Inflammation in Macrophages. Antioxid Redox Signal (2013) 19(6):595–637. doi: 10.1089/ars.2012.4785

66. Wittmann, C, Chockley, P, Singh, SK, Pase, L, Lieschke, GJ, and Grabher, C. Hydrogen Peroxide in Inflammation: Messenger, Guide, and Assassin. Adv Hematol (2012) 2012:541471. doi: 10.1155/2012/541471

67. Ju, H-Q, Lin, J-F, Tian, T, Xie, D, and Xu, R-H. NADPH Homeostasis in Cancer: Functions, Mechanisms and Therapeutic Implications. Signal Transduct Targeted Ther (2020) 5(1):231. doi: 10.1038/s41392-020-00326-0

68. Murphy, MP. How Mitochondria Produce Reactive Oxygen Species. Biochem J (2009) 417(1):1–13. doi: 10.1042/BJ20081386

69. Komlódi, T, Geibl, FF, Sassani, M, Ambrus, A, and Tretter, L. Membrane Potential and Delta pH Dependency of Reverse Electron Transport-Associated Hydrogen Peroxide Production in Brain and Heart Mitochondria. J Bioenerg Biomembr (2018) 50(5):355–65. doi: 10.1007/s10863-018-9766-8

70. Selivanov, VA, Votyakova, TV, Pivtoraiko, VN, Zeak, J, Sukhomlin, T, Trucco, M, et al. Reactive Oxygen Species Production by Forward and Reverse Electron Fluxes in the Mitochondrial Respiratory Chain. PloS Comput Biol (2011) 7(3):e1001115. doi: 10.1371/journal.pcbi.1001115

71. Sun, XY, Ouyang, JM, and Yu, K. Shape-Dependent Cellular Toxicity on Renal Epithelial Cells and Stone Risk of Calcium Oxalate Dihydrate Crystals. Sci Rep (2017) 7(1):7250. doi: 10.1038/s41598-017-07598-7

72. Zhou, R, Yazdi, AS, Menu, P, and Tschopp, J. A Role for Mitochondria in NLRP3 Inflammasome Activation. Nature (2011) 469(7329):221–5. doi: 10.1038/nature09663

73. Mulay, SR, Kulkarni, OP, Rupanagudi, KV, Migliorini, A, Darisipudi, MN, Vilaysane, A, et al. Calcium Oxalate Crystals Induce Renal Inflammation by NLRP3-Mediated IL-1beta Secretion. J Clin Invest (2013) 123(1):236–46. doi: 10.1172/JCI63679

74. Bhushan, S, Hossain, H, Lu, Y, Geisler, A, Tchatalbachev, S, Mikulski, Z, et al. Uropathogenic E. Coli Induce Different Immune Response in Testicular and Peritoneal Macrophages: Implications for Testicular Immune Privilege. PloS One (2011) 6(12):e28452. doi: 10.1371/journal.pone.0028452

75. Ip, WKE, Hoshi, N, Shouval, DS, Snapper, S, and Medzhitov, R. Anti-Inflammatory Effect of IL-10 Mediated by Metabolic Reprogramming of Macrophages. Science (2017) 356(6337):513–9. doi: 10.1126/science.aal3535

76. Garaude, J, Acin-Perez, R, Martinez-Cano, S, Enamorado, M, Ugolini, M, Nistal-Villan, E, et al. Mitochondrial Respiratory-Chain Adaptations in Macrophages Contribute to Antibacterial Host Defense. Nat Immunol (2016) 17(9):1037–45. doi: 10.1038/ni.3509




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.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Kumar, Saini, Saini and Mitchell. 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.


OEBPS/Images/fimmu.2021.694865_cover.jpg
’ frontiers
in Immunology

Oxalate Alters Cellular Bioenergetics,s
Redox Homeostasis, Antibacterial
Response, and Immune Response

in Macrophages





OEBPS/Images/fimmu-12-694865-g002.jpg
Total ROS

H202

zg
52
1"

Aym Potential
Mito-ROS.

g88ss°

ees o om0

(1onuos o sweio o) JuL. (1onuos oy ek g

NADPH

N
oo, <2





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Oxalate Alters Cellular Bioenergetics, Redox Homeostasis, Antibacterial Response, and Immune Response in Macrophages

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Reagents

          



          		

            Bacterial Strain and Culture Condition

          



          		

            Cell Culture Model

          



          		

            Cell Viability Assay

          



          		

            Cellular Bioenergetics and Mitochondrial Complex Activity Analyses

          



          		

            ATP Analysis

          



          		

            Reactive Oxygen Species (ROS) and Mitochondrial Membrane Potential Assays

          



          		

            Quantitative Real Time–PCR (qRT-PCR)

          



          		

            Western Blotting

          



          		

            Evaluation of Intracellular Colony Forming Units (CFU) in THP-1 Derived Macrophages

          



          		

            Evaluation of CFU in Primary Macrophages

          



          		

            Phagocytosis Assay

          



          		

            Cytokine Assays

          



          		

            Statistical Analyses

          



        



        



        		

          Results

        

          		

            Oxalate Reduces Macrophage Cellular Bioenergetics, Mitochondrial Complex Activity, and ATP Production in Macrophages

          



          		

            Oxalate Disrupts Redox Homeostasis in Macrophages

          



          		

            Oxalate Alters Mitochondrial Gene Expression in Macrophages

          



          		

            Oxalate Exposed Macrophages Have Compromised Anti-Bacterial Response

          



          		

            Oxalate Increases Pro-Inflammatory Cytokine and Reduces Anti-Inflammatory Cytokine mRNA Levels and Secretion in Macrophages

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-12-694865-g003.jpg
NDUFs7

VDAC

1
:
R ———
HE a«aAO “
t ofo
k3

109l YN ARy

1oKo] YNHW oAnEIOy

PGCla

[oer—

N PIPY
& @&





OEBPS/Images/fimmu-12-694865-g005.jpg
hodd

=)

wp

[

Oxalate -

CFTO73 -

- -] poctin

w1p

°

" 4154 voneauesues





OEBPS/Images/fimmu-12-694865-g001.jpg
(XX} 2
i . .,
- 4 MM/ : o ™
s x > h
: i “~ “

ey





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-12-694865-g004.jpg
et

- et
= THP1 NaOK (00
= THP1  Ca0x 0 )

p

CRUm

oms 2ms 4he e
Time (s}

Nl -

3 PM + NaOx (50 )
B P + Ca0X (0 M)

- von
s 3 BMOM + NaOX (50 )
S 3 BMOM + CaOx (50 M)
pere
o
Oms ks ah
Time (hrs)

Prts—
5






OEBPS/Images/table1.jpg
Gene name

Forward primer

Reverse primer

GAPDH
VDACT
NDUFS7
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IL-1B
TFAM
PGClat
IL-6
IL-10

5'-CTCCTGTTCGACAGTCAGCC-3’
5'-GGGTGCTCTGGTGCTAGG T-3'
5'-CGCAAGGTCTACGACCAGAT-3
5'-CTACTACAACCCTTCGCTGAC-3'

5'-CAATGGTTGCTGTCTCATCAGC-3'

5'-GATGCTTATAGGGCGGAG-3'
5'-CCTGTGGATGAAGACGGATT-3’
5'-TTCCAAAGATGTAGCCGCCC-3’
5'-AGAACCTGAAGACCCTCAGGC-3

5'-TGGAATTTGCCATGGGTGGA-3'
5'-GACAGCGGTCTCCAACTTCT-3'
5'-CTCACCACCGAGTAGGAATAGTG-3'
5'-GGATTGAGTAAACGGCTAGGC-3'
5'-CTAGGCCACAACAACTGACG-3'
5'-GCTGAACGAGGTCTTTTTGG-3'
5-TAGCTGAGTGTTGGCTGGTG-3
5'-CACCAGGCAAGTCTCCTCAT-3’
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