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Abstract 

Background: Obesity is a major risk factor for the development and progression of chronic 

kidney disease (CKD). DNA methylation has been implicated in the progression of CKD to 

end stage kidney disease. Drugs modifying DNA methylation, such as low-dose hydralazine, 

may reduce CKD progression. Using a mouse model of obesity, we aimed to determine whether 

low-dose hydralazine prevents obesity-related CKD.  

Methods: From 8 weeks of age, male C57BL/6 mice received high fat diet (HFD) or chow, 

with or without low-dose hydralazine (25 mg/L) in drinking water for 24 weeks. Biometric and 

metabolic parameters, renal functional and structural changes, renal global DNA methylatio n, 

DNA methylation profile and markers of renal fibrosis, injury, inflammation and oxidative 

stress were assessed.  

Results: HFD-fed mice developed obesity, with glucose intolerance, hyperinsulinaemia and 

dyslipidaemia. Obesity increased albuminuria and glomerulosclerosis, which were 

significantly ameliorated by low-dose hydralazine in the absence of a blood pressure-lowering 

effect. Obesity increased renal global DNA methylation and this was attenuated by low-dose 

hydralazine. HFD-induced changes in methylation of individual loci were also significant ly 

reversed by low-dose hydralazine.  Obese mice demonstrated increased markers of kidney 

fibrosis, inflammation and oxidative stress, but these markers were not significantly improved 

by hydralazine.  

Conclusion: Low-dose hydralazine ameliorated HFD-induced albuminuria and 

glomerulosclerosis, independent of alterations in biometric and metabolic parameters or blood 

pressure regulation. Although the precise mechanism of renoprotection in obesity is unclear, 

an epigenetic basis may be implicated. These data support repurposing hydralazine as a novel 

therapy to prevent CKD progression in obese patients. 
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Introduction 

Obesity is a major public health concern, and its prevalence globally is projected to increase 

by 40% over the next decade (1). Obesity is increasingly recognised as an important risk factor 

in the development of chronic kidney disease (CKD) and progression towards end stage kidney 

disease (ESKD) (1-4). Obesity can lead to CKD through mechanisms including altered renal 

haemodynamics, induction of albuminuria, activation of complex neuroendocrine pathways, 

inflammation and oxidative stress (1, 5-7). 

 

There is compelling evidence of associations between CKD and epigenetic mechanisms, 

particularly DNA methylation (8).  In blood and kidney tissue, differentially methylated genes 

have been identified between patients with CKD and healthy controls (9, 10), and in patients 

with renal fibrosis and rapidly progressive CKD (11, 12). Furthermore, increased global DNA 

methylation has been observed in the blood of ESKD patients with features of inflammation 

(13, 14), whereas global hypomethylation of DNA has been noted in uraemic dialysis patients 

(15). 

 

Drugs that modify epigenetic factors could potentially prevent CKD progression. The 

antihypertensive drug, hydralazine, has been shown to have DNA demethylating actions, when 

used at low doses (16, 17). Hydralazine has been used clinically since the 1950s, mainly for 

the management of resistant hypertension and hypertensive disorders of pregnancy (18). In 

animal models of CKD involving unilateral ureteral obstruction (UUO) and folic acid 

nephropathy, low-dose hydralazine has been shown to attenuate renal fibrosis, through 

epigenetic mechanisms (19, 20).  
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The objective of this study was to discover if low-dose hydralazine can prevent obesity-related 

CKD and determine the underlying mechanisms. We also aimed to determine whether 

hydralazine alters DNA methylation profile in the kidney.  

 

Materials and Methods 

a) Animal experiments 

The study was approved by the Animal Ethics Committee of the Northern Sydney Local Health 

District (Resp/18/102) and complied with the Australian code for the care and use of animals 

for scientific purposes (21), and took place at Kearns Animal Facility. From 8 weeks of age, 

male C57BL/6 mice were fed either high fat diet (HFD 20kJ/g, 43% of total energy from fat, 

Specialty Feeds, WA, Australia), or standard rodent chow diet (11kJ/g, Gordon’s Specialty 

Stockfeeds, NSW, Australia). At the same time, they were either treated with low-dose 

hydralazine (Alphapharm, NSW, Australia) (25 mg/L in the drinking water), or received 

normal drinking water. The dose of hydralazine was determined following a pilot study which 

demonstrated that 25 mg/L had no effect on blood pressure regulation (Supplementary Figure 

1). Male mice were used because previous experimental models of CKD have generally shown 

that disease progression is more rapid in males than in females (22). There were four anima l 

groups (n=8-15): chow/water, HFD/water, chow/hydralazine, and HFD/hydralazine. 

Hydralazine drinking water was changed twice weekly. 

 

In the week prior to the endpoint, blood pressure was measured via a non-invasive CODA® 

tail vein cuff method (Kent Scientific, CT, USA), and intraperitoneal glucose tolerance testing 

(IPGTT) was conducted as we have previously described (23, 24). 
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At 32 weeks of age, animals were euthanised whilst anaesthetised (2% isoflurane), and tissues 

were harvested under fasting conditions. Blood was collected via cardiac puncture and urine 

was collected by bladder puncture. The body was perfused with phosphate-buffered saline, and 

kidneys, liver and fat were weighed, either fixed in 10% formalin solution for histologica l 

analysis, or snapped frozen for the analysis of protein, RNA and DNA. 

  

b) Serum measures 

Measurement of serum insulin was performed (n=5) using the Ultra Sensitive Mouse Insulin 

ELISA Kit (Crystal Chem, IL, USA). Serum creatinine was measured (n=8) using a 

colorimetric assay kit (Cayman Chemical, MI, USA).  Colorimetric assays were used to 

measure triglycerides and  non-esterified fatty acids (NEFA) (n=6-8) (23). 

 

c) Urine measures 

Urinary albumin:creatinine ratio was measured at endpoint as previously described (23). 

Kidney injury molecule-1 (KIM-1, n=6) was determined using a KIM-1 ELISA Kit (Abcam, 

Cambridge, UK), and expressed as the urinary KIM-1:creatinine ratio. 

  

d) Global DNA methylation analysis 

Renal genomic DNA (n=5) was extracted from cortical tissue using the ISOLATE II Genomic 

DNA Kit (Bioline, London, UK). 5-methylcytosine (5mC) (as a percentage of total DNA) was 

determined using the Methylated DNA Quantification Kit (Abcam).  

 

e) Reduced Representation Bisulfite Sequencing (RRBS) 

DNA library preparation and RRBS were performed using Illumina NovaSeq sequencing 

platform by the Australian Genome Research Facility (AGRF, Melbourne, Australia). Four 
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animals were sequenced in each of the relevant treatment groups (chow/water, HFD/water and 

HFD/hydralazine). No pooling of samples occurred. The RRBS library was produced using the 

NuGEN Ovation® RRBS Methyl-Seq system. Reads (30 million, 100 bp single end run) were 

assessed using FastQC v.0.11.8 (25), then trimmed using Trim Galore v0.5.0 (26). Further 

trimming was performed to remove NuGEN’s RRBS specific primer. Bismark v0.21.0 (27) 

allowed mapping to GRCm38 builds for the mouse genome. Alignments were performed using 

Bowtie 2 v2.3.4 (28), with default parameters allowing 0 mismatch in a 20 bp seed. Alignments 

were then deduplicated using a barcoded RRBS mode of Bismark. As RRBS tends to yield 

data with much lower sequencing coverage (the total read counts of both methylated and un-

methylated intensity) compared to array-based sequencing, in order to obtain meaningful data, 

library sizes were limited to loci with coverages ≥ 8, then beta and M values were calculated 

as previously described (29).  The offset value (α) was set at 0.1 to avoid zero and Infinite 

values in M value computation. P-values and adjusted p-values (False Discovery Rate, FDR) 

of each pair-wise comparison were calculated based on M-values using the limma package 

(30). Beta values, which reflect methylation level, were used for data presentation. A CpG site 

was deemed to be differentially methylated if FDR was less than 0.05 and the difference in 

methylation levels (deltaB) was greater than 5%. Pathway analysis was performed using 

g:Profiler (https://biit.cs.ut.ee/gprofiler/gost). 

 

f) Renal structural changes 

Formalin-fixed kidneys (n=6) sectioned at 2µm thickness underwent Periodic Acid Schiff 

(PAS) staining, and were assessed using a light microscope (Leica, Germany). 

Glomerulosclerosis was assessed in twenty glomeruli per slide by two independent, blinded 

investigators. Picrosirius red staining was used to determine renal expression of collagens I and 

III. Four non-overlapping images per sample were analysed by Image J software (National 
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Institutes of Health, USA). Slides were also assessed for tubulointerstitial fibrosis, tubular 

vacuolation and  tubular dilatation as we previously described (6).  

 

g) Immunohistochemistry 

Renal immunohistochemistry was assessed on 4µm thick sections as we have previous ly 

described (23), using primary antibodies against 8-hydroxydeoxyguanosine (8-OHdG) (1:750, 

Bioss, MA, USA), and nitrotyrosine (1:500, Merck Millipore Ltd, Darmstadt, Germany). Six 

non-overlapping images per slide were photographed at 200x magnification (Leica Applicat ion 

Suite, Leica, Germany) and were quantified by two independent investigators using Image J 

software. 

  

h) Western blotting 

Protein was extracted from frozen kidney tissue (n=6) and was quantitated using the Pierce 

BCA Protein Kit (Thermo Fisher Scientific, VIC, Australia). 20 µg of each protein sample was 

loaded onto an Invitrogen Bolt 4-12% Bis-Tris Plus Gel (Thermo Fisher Scientific), and 

underwent western blotting (31) using the following primary antibodies: DNA 

methyltransferase (DNMT)-1 (dilution 1:1000, Abcam), DNMT3a (1:1000, Abcam), Ten-

eleven translocation-3 (Tet3) (1:1000, Abcam), fibronectin (1:2000, Thermo Fisher Scientific ), 

collagen I (1:2000, Abcam), collagen IV (1:5000, Abcam), glutathione peroxidase-1 (GPx-1) 

(1:500, R&D Systems, MN, USA), manganese superoxide dismutase (MnSOD) (1:2000, 

Merck Millipore), nitrotyrosine (1:1000, Merck Millipore), COX-IV (1:1000, Abcam) and β-

actin (Santa Cruz, TX, USA). Protein level was assessed using GelPro Analyser software 

(Informer Technologies Inc.) and expressed as a proportion relative to control. β-actin was used 

as the internal control for DNMT1, DNMT3a, Tet3, fibronectin, collagen I, collagen IV, GPx-

1 and nitrotyrosine, whereas COX-IV was used as the internal control for MnSOD.  
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i) Quantitative Real-time PCR (RT-PCR) 

RNA was extracted (n=6) using the RNeasy Plus Mini Kit (Qiagen, CA, USA). RT-PCR was 

performed using the QuantStudio 12K Flex Real-Time PCR System (Thermo Fisher 

Scientific), with QuantiNova SYBR Green (Qiagen) mastermixes and the PCR primers listed 

in Supplementary Table 1. Results are expressed as fold change after normalisation to either 

18S or β-actin. 

 
Statistical analysis 

Analysis of DNA methylation data is described above. All other results are presented as mean 

± SEM. GraphPad Prism version 8.3.1 (San Diego, CA, USA) was used to perform statistica l 

analysis. Analyses were performed using two-way analysis of variance (ANOVA) followed by 

Fisher’s LSD test. P values of <0.05 were considered statistically significant. 

 

Results 

a) Biometric and metabolic parameters 

As shown in Table 1, HFD-fed mice displayed an obese phenotype by 32 weeks, with 

significantly increased body weight compared to chow-fed animals (p<0.0001). Hydralazine 

did not alter body weight. Kidney weight/body weight percentage was significantly reduced in 

obese animals (p<0.01), irrespective of treatment with hydralazine. As a percentage of total 

body weight, liver, retroperitoneal and epididymal weights were significantly elevated in obese 

animals (p<0.01, p<0.001 and p<0.0001, respectively). There were no differences in mean 

blood pressure between groups. As expected, low-dose hydralazine did not exert a blood 

pressure-lowering effect. Glucose intolerance was significantly higher in HFD-fed animals, 

compared to control (p<0.01), and this was not affected by hydralazine. There was a trend 
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towards increased fasting blood glucose level in obese animals compared to controls. Obese 

animals had significantly higher serum insulin concentration compared to controls (p<0.05); 

this remained unchanged by hydralazine. Serum triglycerides and NEFA were significant ly 

elevated in obese mice compared to controls (p<0.01 and p<0.05, respectively), although these 

serum measures were unaffected by hydralazine. There were no differences in serum creatinine 

between groups. Animals fed HFD developed significantly increased albuminuria compared to 

chow-fed animals (p<0.01, HFD/water vs chow/water). Administration of hydralazine to obese 

animals markedly reduced HFD-induced albuminuria (p<0.01 vs HFD/water), to the level 

observed in control animals. 

 

b) DNA methylation 

There was a significantly increased 5mC percentage of total DNA in obese mice versus lean 

mice (p<0.05, Figure 1A).  There was no difference in global DNA methylation between 

control mice and hydralazine-treated lean animals. Interestingly, there was a marked reduction 

in 5mC percentage of total DNA in hydralazine-treated obese mice compared to HFD/water 

mice (p<0.0001, Figure 1A), suggesting that the DNA demethylating effect of hydralazine 

occurs only in the presence of HFD, or alternatively, that hydralazine only reverses 

pathological methylation back to normal levels. 

 

There were no changes in the protein expression of DNMT1 in HFD/water compared to control 

(Figure 1B). There was a trend of increased DNMT3a protein expression in HFD/water vs 

chow/water, although this did not reach statistical significance (Figure 1B). Interestingly, 

hydralazine significantly reduced the level of DNMT3a in the HFD/hydralazine group 

compared to HFD/water group (p<0.01, Figure 1B). Tet3 protein expression was simila r 

between groups (Figure 1B). 
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c) Gene methylation profiling 

In line with the changes in the global DNA methylation levels, we identified 63 

hypomethylated and 46 hypermethylated CpGs in the kidneys of HFD-fed mice compared with 

chow-fed mice, as well as 62 hypomethylated and 83 hypermethylated CpGs in the kidney of 

HFD-fed mice treated with hydralazine compared to animals treated with vehicle control 

(Figure 1C, Supplementary Tables 2 and 3). Pathway analysis revealed enrichments of the 

cation transmembrane transport pathway due to HFD and cell junction organisation due to 

hydralazine treatment (Supplementary Figure 2A). Hydralazine also affected cell response to 

growth factor and presynapse assembly pathways. 

 

Among the CpGs that were significantly hypo- or hypermethylated due to either HFD or 

HFD/hydralazine, 47 loci were common (Supplementary Figure 2B). Strikingly, for each of 

these 47 CpGs, methylation levels were completely normalised by hydralazine (Figure 1D, 

Supplementary Table 4). The top 4 significant CpGs are associated with genes including visua l 

system homeobox 2 (Vsx2), RIKEN cDNA 1810013A23 gene (1810013A23Rik), family with 

sequence similarity 83 member D (Fam83d) and tripartite motif-containing 9 (Trim9) (Figure 

1E). Among 47 differentially methylated genes, we identified genes implicated in 

inflammation, cell death and fibrosis. These include transcription factor 7 like 2 (Tcf7l2), 

receptor-interacting serine-threonine kinase 3 (Ripk3), docking protein 1 (Dok1) and 

Hedgehog-interacting protein (Hhip) (Figure 1F). The mRNA expression of Fam83d was 

significantly increased in the HFD/water group compared to control (p<0.05, Figure 1G). 

Similarly, the mRNA level of Ripk3 significantly increased in HFD/water compared to control 

(p<0.05, Figure 1G). Interestingly, this significance was lost in the presence of hydralazine. 
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There were no significant differences in the mRNA expression of other genes (Figure1G). Vsx2 

was not expressed in kidney at transcriptional levels. 

 

f) Renal structural changes 

Increased glomerulosclerosis was observed in HFD-fed versus chow-fed mice (p<0.05) and 

this was ameliorated by hydralazine (p<0.05, Figure 2A, B). Obese mice had more pronounced 

renal picrosirius red staining compared to lean animals (p<0.01). This was unaffected by 

hydralazine (Figure 2C, D). Similarly, there was more tubulointerstitial fibrosis, tubular 

vacuolation and tubular dilatation in kidneys of obese mice compared to lean controls 

(p<0.001, p<0.0001 and p<0.05, respectively, Figure 2E-G). However, hydralazine did not 

improve these markers. 

 

g) Renal fibrosis 

Kidneys of obese mice demonstrated significantly increased fibronectin mRNA expression 

compared to controls (p<0.05), however this was not ameliorated by hydralazine (Figure 3A). 

There was a trend towards increased fibronectin protein expression in HFD/water compared to 

chow/water (Figure 3B). Hydralazine significantly reduced fibronectin expression in obese 

animals (p<0.05, HFD/hydralazine vs HFD/water, Figure 3B).  

 

Obese mice had significantly elevated renal collagen I mRNA and protein expression compared 

with lean animals (p<0.05), yet this was not affected by hydralazine (Figure 3C-D). There were 

no differences in collagen IV mRNA expression between groups (Figure 3E), although 

collagen IV protein expression was significantly increased by obesity (p<0.05, Figure 3F). 

Collagen IV protein expression was significantly attenuated by hydralazine, (p<0.05, 

HFD/hydralazine vs HFD/water, Figure 3F).  
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h) Kidney injury and inflammation 

Urinary KIM-1:creatinine ratio was significantly elevated in obesity (p<0.05), however no 

protective effect was seen for hydralazine (Figure 4A). HFD increased renal KIM-1 mRNA 

expression compared to control (p<0.001), and this effect was ameliorated by hydralazine 

(p<0.05, HFD/hydralazine vs HFD/water, Figure 4B). 

 

HFD increased renal mRNA expression of monocyte chemoattractant protein-1 (MCP-1) 

compared to control (p<0.01, Figure 4C); this was not altered by hydralazine. Additionally, 

kidney mRNA expression of the macrophage marker CD68 was significantly elevated in obese 

mice compared to lean mice (p<0.05) and hydralazine was not protective (Figure 4D).  

 

i) Renal oxidative stress 

Obesity increased the renal mRNA expression of NADPH oxidase 2 (Nox2), and protein 

expression of 8-hydroxy-2’-deoxyguanosine (8-OHdG), a marker of oxidative damage of DNA 

(p<0.01 for both, HFD/water vs chow/water, Figure 4E, F). Hydralazine tended to reduce 8-

OHdG expression due to obesity, albeit without reaching statistical significance (p=0.08, 

Figure 4F). There were no significant changes in the levels of other renal oxidative stress 

markers including glutathione peroxidase-1 (GPx-1), nitrotyrosine, manganese superoxide 

dismutase (MnSOD), catalase, Nox4, superoxide dismutase-1 (SOD1), and inducible nitric 

oxide synthase (iNOS) (Supplementary Figure 3). 

 

Discussion 

In this study, we observed that administration of low-dose hydralazine to obese mice reduced 

albuminuria, glomerulosclerosis and renal KIM-1, independent of metabolic effects or blood 
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pressure regulation. This was associated with significant suppression of renal global DNA 

methylation and normalisation of the DNA methylation profile. 

 

As we have previously described, HFD consumption resulted in an obese phenotype with 

several features of the metabolic syndrome, including increased adiposity, reduced glucose 

tolerance, hyperinsulinaemia and dyslipidaemia (24). Several deleterious renal consequences 

of obesity were also observed, including albuminuria, glomerulosclerosis, tubulointerstit ia l 

fibrosis, tubular dilatation, and tubular vacuolation. Increased renal markers of injury, 

inflammation, fibrosis and oxidative stress were also demonstrated in obese animals.  

 

Albuminuria is a marker of kidney damage and is one of the earliest signs of asymptomatic 

renal injury in diabetes, hypertension and several other primary kidney diseases (32). It is also 

a significant predictor of progressive renal dysfunction in CKD (33). Therefore, lowering 

albuminuria represents a valid renoprotective strategy (32). Hence, the fact that hydralazine 

ameliorates albuminuria, glomerulosclerosis and renal KIM-1 levels in obese mice supports 

the renoprotective nature of the drug in our obesity-related CKD model. 

 

Obesity and hydralazine did not affect blood pressure, confirming the renoprotective effects of 

low-dose hydralazine occur independently of blood pressure regulation. The potential impact 

of blood pressure was an important confounding factor to exclude, given that intraglomerula r 

hypertension injures the glomerular filtration barrier and can contribute to albuminuria (1). 

Although we could not exclude the possibility that local renal haemodynamic effects may have 

contributed to reduced albuminuria, this appears unlikely given that hydralazine at higher doses 

predominantly induces afferent arteriolar dilatation (34), which would increase intraglomerula r 

pressure and potentially exacerbate albuminuria.  
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The role of DNA methylation was explored in this study, which may provide further insight 

into the potential therapeutic role of hydralazine in obesity-induced CKD. We observed 

increased renal global DNA methylation in obese animals compared to lean animals. This was 

significantly reduced in the presence of hydralazine. The protein expression level of DNMT1, 

an enzyme responsible for maintenance of DNA methylation, was not significantly different 

between obese and lean animals. However, obesity was associated with a near-significant 

increase in the protein expression of DNMT3a, an enzyme responsible for de-novo DNA 

methylation, which may explain the increase in renal global DNA methylation in that group. 

Hydralazine significantly decreased DNMT3a expression in obese animals, which may explain 

the reduction in renal global DNA methylation in that group, supporting hydralazine’s role as 

a DNA demethylating agent.  

 

To provide greater understanding of the effect of hydralazine on epigenetic mechanisms, 

beyond global DNA methylation analysis, we have assessed the methylation status of 

individual genes by RRBS. Our data revealed significant changes in the DNA methylat ion 

pattern in the kidney of HFD-fed animals, which were also significantly reversed by the 

administration of hydralazine. Among these differentially methylated genes are genes that have 

been shown to play important roles in inflammation, cell death and fibrosis, which may 

contribute to the development and/or resolution of CKD. TCF7L2 variants have been 

associated with CKD progression and renal function in population-based cohorts (35). Ripk3 

is an important mediator of cell death (36) and its expression was shown to increase in response 

to oxidative stress and inflammation (37). Our recent study also demonstrated that Ripk3 

blockade can attenuate tubulointerstitial fibrosis in a mouse model of diabetic nephropathy 

(38). This is consistent with our finding that Ripk3 gene expression is significantly upregula ted 
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by HFD. Similarly, Hhip has been shown to be upregulated by high glucose in vitro and 

promotes fibrosis and apoptosis in glomerular endothelial cells in in vivo models of diabetes 

(39). The direct role of Dok1 in CKD is unknown; however, it has been implicated in the effect 

of HFD to induce adipocyte hypertrophy and obesity (40).  

 

It is known that DNA methylation does not always lead to gene silencing, and instead may 

result in gene activation when it inhibits factors known to reduce gene transcription (8, 41). In 

our study, we have confirmed that only Ripk3 and Fam83d were regulated at a gene level in 

obesity. Given that low-dose hydralazine normalised Ripk3 expression and attenuated 

albuminuria, renal kidney injury markers and glomerulosclerosis, this suggests that the 

renoprotective effect of hydralazine might involve epigenetic modification of Ripk3. This novel 

mechanism for Ripk3 requires further validation. In this study, we only examined the gene 

expression of 8 out of 47 differentially methylated genes which are commonly regulated by 

HFD and hydralazine. Therefore, it is highly likely that other genes may be involved in 

hydralazine’s effect on obesity-related CKD. This could be assessed in future studies.  

 

Hydralazine did not protect obese animals against tubulointerstitial fibrosis, although there was 

a significant reduction of renal fibronectin and collagen IV protein expression. Tampe et al. 

have previously demonstrated attenuation of renal fibrosis by hydralazine in mouse models of 

UUO and folic acid nephropathy (19, 20). This difference most likely relates to the model of 

CKD employed in our study. UUO and folic acid nephropathy models produce features of overt 

renal fibrosis (42, 43). Our HFD-induced model of CKD resulted in more subtle histologica l 

changes, and although we did see evidence of increased renal fibrosis markers, the changes 

were more consistent with those of kidney injury rather than severe renal fibrosis. 
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Inflammation and oxidative stress are known to be important contributing factors which act 

synergistically in the initiation of renal fibrosis and the progression of CKD (6, 44-46). In the 

present study, there was evidence of increased renal inflammation in obese animals, with 

significantly increased mRNA expression of MCP-1 and CD68. Hydralazine was not protective 

against obesity-induced kidney inflammation. We also observed an increase in oxidative stress 

markers in the context of obesity. Renal Nox2 mRNA expression was significantly elevated in 

obese animals, and this remained unchanged by hydralazine treatment. There is some evidence 

that hydralazine may have antioxidant properties, either by directly inhibiting NADPH oxidase 

to reduce superoxide production, or by scavenging free radicals (47, 48). It is possible that the 

failure of our model to demonstrate such an inhibitory effect on Nox2 could relate to the low 

dose of hydralazine used. Interestingly, administration of hydralazine prevented the significant 

upregulation of 8-OHdG induced by HFD. Whether hydralazine has any effect on DNA copy 

number is unclear, and this could be a focus of additional studies. 

 

In summary, we observed that low-dose hydralazine ameliorates albuminuria and 

glomerulosclerosis in a mouse model of obesity-induced CKD, and so we propose that 

hydralazine may have a therapeutic role in renoprotection in obesity. These effects occur 

independently of alterations in metabolic parameters and blood pressure. Hydralazine did not 

attenuate HFD-induced renal fibrosis or inflammation. The exact mechanism of hydralazine’s 

renoprotective actions remains unclear, however, demethylation of DNA or reduced DNA 

oxidation may be involved, as hydralazine did not only suppress the increased global DNA 

methylation but also normalised the abnormal methylation pattern induced by HFD in the 

kidney. These data support the repurposing of hydralazine, an antihypertensive drug used 

clinically for many decades, as a novel therapy to prevent the progression of obesity-related 

CKD. 
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Figure Legends 

Figure 1 DNA methylation markers and differential methylation by HFD and 

hydralazine in mouse kidney  

(A) Global methylation expressed as %5mC of total DNA. Results expressed as mean ± SEM. 

n=5-6, *p<0.05, ****p<0.0001. (B) Western blotting of DNMT1, DNMT3a and Tet3. Results 

expressed as mean ± SEM. n=6, **p<0.01. (C) Volcano plots of significant differentia lly 

methylated CpGs between conditions. (D) Heatmap of common differentially methyla ted 

CpGs by HFD and Hydralazine in mouse kidney. (E) Top 4 differentially methylated genes. 

This article is protected by copyright. All rights reserved.



(F) Differentially methylated genes with known association with inflammation and fibrosis.  

(G) Renal mRNA expression of genes of interest. 

 

Figure 2 Renal structural changes 

(A) Representative images of PAS staining for glomerulosclerosis at 400x magnification, (B) 

glomerulosclerosis index, (C-D) picrosirius red staining representative images at 200x 

magnification and quantitation, (E) tubulointerstitial fibrosis, (F) tubular vacuolation, (G) 

tubular dilatation. Results expressed as mean ± SEM, n=6, *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. 

 

Figure 3 Renal fibrotic changes as measured by fibronectin, collagen I and collagen IV  
mRNA expression and western blotting of fibronectin (A-B), collagen I (C-D) and collagen IV 

(E-F). Representative western blots are shown for n=3 per group. Results expressed as mean ± 

SEM, n=6, *p<0.05.  

 

Figure 4 Kidney injury, inflammation and oxidative stress 

(A) Urinary KIM-1: creatinine ratio, (B) KIM-1 mRNA expression in kidney tissue, (C) renal 

MCP-1 mRNA expression, (D) renal CD68 mRNA expression, (E) Renal Nox2 mRNA 

expression, (F) representative images of 8-OHdG staining at 200x magnification and 

quantitation of immunohistochemistry staining for 8-OHdG. Results expressed as mean ± 

SEM, n=6, *p<0.05, ** p<0.01, ***p<0.001, ****p<0.0001. 

 

Supplementary Figure 1 Pilot study to determine the optimal hydralazine dose 

Mean blood pressure according to hydralazine concentration in the drinking water. Results 

expressed as mean ± SEM, n=4, ***p<0.001. 

 

Supplementary Figure 2 

(A) Pathway analysis showing enriched biological processes (BP) as per Gene ontology (GO). 

(B) Common CpGs that were regulated by both HFD and hydralazine. 

 

Supplementary Figure 3 Markers of renal oxidative stress at 32 weeks of age 

(A-B) Renal nitrotyrosine expression as measured on immunohistochemistry and western 

blotting, (C) renal SOD1 mRNA expression, (D) renal iNOS mRNA expression, (E) renal 

Nox4 mRNA expression, (F) renal catalase mRNA expression, (G) renal GPx-1 expression 
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measured by western blotting, (H) renal mRNA expression of GPx-1, (I) renal expression of 

MnSOD on western blotting. Results expressed as mean ± SEM. n=6. 
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Table 1 Biometric and metabolic parameters  

 
 

Chow/water HFD/water Chow/hydralazine HFD/hydralazine 
 

Body weight (g) 
 

31.91 ± 0.73 
 

45.05 ± 0.86 **** 
 

33.16 ± 0.88 
 

46.63 ± 0.40 #### 
 
 

Kidney weight/body 
weight (%) 
 

0.72 ± 0.04 
 

0.57 ± 0.02 ** 
 

0.71 ± 0.04 
 

0.53 ± 0.03 ### 
 

Liver weight/ body 
weight (%) 

5.34 ± 0.56  
 

7.11 ± 0.45 ** 
 

4.79 ± 0.26 
 

7.27 ± 0.39 ### 
 

Retroperitoneal 
weight/ body weight 
(%) 
 

0.60 ± 0.12 
 

1.20 ± 0.11 *** 
 

0.54 ± 0.11 
 

1.06 ± 0.10 ## 
 

Epididymal fat 
weight/ body weight 
(%) 
 

2.70 ± 0.36 
 

5.07 ± 0.24 **** 
 

2.23 ± 0.40 
 

4.10 ± 0.22 #### 
 

Mean BP (mmHg) 
 

83.74 ± 7.00 
 

76.87 ± 2.91 
 

83.78 ± 2.88 
 

83.61 ±2.85 
 

IPGTT AUC 
 

1721 ± 245 
 

2452 ± 106 ** 
 

1484 ± 140 
 

2345 ± 197 ### 
 

Glucose (mmol/L) 
 

12.98 ± 0.44 
 

16.30 ± 1.56 
 

11.16 ± 1.62 
 

14.74 ± 2.29 
 

Serum insulin 
(ng/mL) 
 

0.58 ± 0.05 
 

2.27 ± 0.73 * 
 

0.54 ± 0.05 
 

2.60 ± 0.53 ## 
 

Serum triglycerides 
(mg/mL) 
 

0.57 ± 0.06 
 

0.82 ± 0.03 ** 
 

0.54 ± 0.05 
 

0.68 ± 0.06 
 

NEFA (mmol/L) 
 

0.62 ± 0.07 
 

0.80 ± 0.05 * 
 

0.64 ± 0.05 
 
 

0.78 ± 0.04  
 

Serum creatinine 
(µmol/L) 
 

43.93 ± 2.92 
 

50.60 ± 2.37 
 

45.42 ± 4.51 
 

51.58 ± 2.19 
 

Urinary 
albumin:creatinine 
ratio (µg/mg) 

16.93 ± 8.15 58.19 ± 13.19 ** 15.44 ± 3.02 26.40 ± 4.20 §§ 

 
Results expressed as mean ± SEM, n=8-15 

Chow/water vs HFD/water: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 

Chow/hydralazine vs HFD/hydralazine:  ##p<0.01, ###p<0.001, ####p<0.0001  

HFD/water vs HFD/hydralazine: §§ p<0.01 
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Figure 1 DNA methylation markers and differential methylation by HFD and 

hydralazine in mouse kidney  
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Figure 2 Renal structural changes
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Figure 3 Renal fibrotic changes as measured by fibronectin, collagen I and collagen IV
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Figure 4 Kidney injury, inflammation and oxidative stress
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