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A B S T R A C T   

Background: The peptide hormone relaxin has potent anti-fibrotic and anti-inflammatory properties in various 
organs, including the kidneys. However, the protective effects of relaxin in the context of diabetic kidney 
complications remain controversial. Here, we aimed to evaluate the effects of relaxin treatment on key markers 
of kidney fibrosis, oxidative stress, and inflammation and their subsequent impact on bile acid metabolism in the 
streptozotocin-induced diabetes mouse model. 
Methods and results: Male mice were randomly allocated to placebo-treated control, placebo-treated diabetes or 
relaxin-treated diabetes groups (0.5 mg/kg/d, final 2 weeks of diabetes). After 12 weeks of diabetes or sham, the 
kidney cortex was harvested for metabolomic and gene expression analyses. Diabetic mice exhibited significant 
hyperglycaemia and increased circulating levels of creatine, hypoxanthine and trimethylamine N-oxide in the 
plasma. This was accompanied by increased expression of key markers of oxidative stress (Txnip), inflammation 
(Ccl2 and Il6) and fibrosis (Col1a1, Mmp2 and Fn1) in the diabetic kidney cortex. Relaxin treatment for the final 2 
weeks of diabetes significantly reduced these key markers of renal fibrosis, inflammation, and oxidative stress in 
diabetic mice. Furthermore, relaxin treatment significantly increased the levels of bile acid metabolites, deox
ycholic acid and sodium glycodeoxycholic acid, which may in part contribute to the renoprotective action of 
relaxin in diabetes. 
Conclusion: In summary, this study shows the therapeutic potential of relaxin and that it may be used as an 
adjunctive treatment for diabetic kidney complications.   

1. Introduction 

The global prevalence of diabetes has been rising steadily for many 
years. According to the most recent estimates from the International 
Diabetes Federation Diabetes Atlas, more than 536 million individuals 
worldwide have diabetes, which is projected to affect 783 million people 
by 2045 [1]. It is well-established that hyperglycaemia leads to the 
activation of detrimental cellular signalling pathways, causing damage 
to cells, tissues and whole organ systems, contributing to the patho
genesis of diabetic complications [2,3]. Among the deleterious 

complications of diabetes, nearly 40% of patients with long-standing 
type 1 and type 2 diabetes suffer from diabetic kidney disease (DKD) 
which is the leading cause of end-stage renal disease [4,5]. In addition to 
appropriate glycaemic control, current management and therapies that 
limit DKD progression include angiotensin II receptor blockers, 
angiotensin-converting enzyme inhibitors, and more recently sodium–
glucose co-transporter 2 inhibitors, glucagon-like peptide-1 receptor 
agonists and mineralocorticoid receptor antagonists [6–9]. Despite the 
standard of care pharmacotherapeutics, the residual risk of DKD pro
gression remains high as these current treatments often do not 
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consistently prevent progression to end-stage renal failure in patients 
with DKD [6–9]. Thus, the identification of new molecular pathways 
with an opportunity for therapeutic targeting to reverse DKD progres
sion would address this major unmet clinical need. 

There is a strong appreciation for the role of chronic low-grade 
inflammation and oxidative stress in the pathogenesis of diabetic com
plications [10–12]. Specifically, the overproduction of reactive oxygen 
species (ROS) and increased levels of inflammatory markers (including 
TNF-α, IL-1, IL-6, and monocyte chemoattractant protein 1) are reported 
in patients with diabetes [10,11]. These factors activate several signal
ling pathways, leading to the increased activation of growth factors such 
as transforming growth factor-β (TGF-β), and accumulation of excess 
collagen, contributing to pathological fibrosis [13–15]. One of the 
emerging therapies is the peptide hormone, relaxin, which mediates its 
actions through its major receptor, relaxin/insulin-like family peptide 
receptor 1 (RXFP1). Relaxin has pleiotropic effects in several organs 
including the heart, vasculature, liver and kidney [16–20]. Mechanistic 
studies have shown that relaxin treatment diminishes the effects of 
pro-fibrotic stimuli such as TGF-β1 through the inhibition of Smad2/3 
phosphorylation, which is dependent at least in part on the pERK1/2, 
nitric oxide (NO) and Notch-1 signalling pathways [13,14]. This leads to 
a decrease in the rate of collagen deposition and increased collagen 
degradation, which promotes relaxin-induced degradation of matrix/
collagen and eventually reduction in tissue fibrosis [13,14]. 

The anti-fibrotic actions of relaxin are well-reported to inhibit 
excessive collagen accumulation and fibrosis in cells and in organs of 
different types of animal models such as hypertension and diabetes [14, 
21–24]. In the kidney of hypertensive rats, chronic infusion of relaxin 
ameliorates renal inflammation, collagen content and lipid accumula
tion, leading to the overall reduction in fibrosis and improvement in 
renal function [25]. Despite the renoprotective effects of relaxin in hy
pertension, the anti-fibrotic effects of relaxin remain controversial in 
diabetes [21,22,26–28]. For instance, earlier studies demonstrated that 
relaxin treatment did not exhibit any beneficial effects in the kidneys of 
streptozotocin (STZ)-treated endothelial nitric oxide synthase knock-out 
(eNOS-KO) mice or STZ-treated transgenic mRen-2 rats [27,28]. In 
comparison to other diabetic models, relaxin treatment reverses insulin 
resistance in the muscle and increases endothelium-dependent relaxa
tion in the aorta of type 2 diabetic mice [26]. Similarly, relaxin treat
ment for 2 weeks reverses vascular dysfunction in the mesenteric artery 
and aorta, as well as ameliorates cardiac remodelling in the STZ-induced 
diabetes mouse model [21,22]. Taken together, the inconsistencies in 
the reported renoprotective effects of relaxin in diabetes may be at least 
in part attributed to the induction of STZ in eNOS-KO or transgenic 
mRen-2 rats. Given there is a lack of concrete evidence that relaxin 
treatment is effective in reversing diabetes-induced kidney complica
tions, particularly in an animal model of type 1 diabetes, we evaluated 
the effects of relaxin treatment on kidney oxidative stress, inflammation 
and genetic markers of fibrosis in the STZ-induced diabetes mouse 
model. 

2. Materials and methods 

2.1. Animal model 

This study used male C57BL/6 J mice aged 19 weeks old (n = 37) 
bred in the Alfred Medical Research and Education Precinct (AMREP, 
now known as the Alfred Research Alliance) Animal Centre. The mice 
were housed and bred at room temperature of 18–22 ◦C under 12 h-day/ 
night cycles and given free access to adequate standard rodent chow 
(Barastoc, VIC, Australia) and water. At 6 weeks of age, the mice were 
randomly allocated to either control (n = 13) or diabetic groups (n =
24). After overnight fasting, mice from the diabetic group were given 
daily intraperitoneal injections of 55 mg/kg body weight doses of 
streptozotocin (STZ, AdipoGen Life Sciences Cat# AG-CN2–0046-G001) 
over 5 consecutive days to induce type 1 diabetes [29]. Mice from the 

control group were injected with equal volumes of 0.1 M citrate vehicle 
(control). Blood glucose levels were monitored fortnightly after 2 weeks 
from the initial STZ/citrate buffer injections using a glucometer 
(Accu-Chek Performa, Roche, Basel, Switzerland). Mice with blood 
glucose levels above 25 mM were considered diabetic. Eleven weeks 
following the STZ/citrate buffer injections, diabetic mice were further 
assigned into 2 groups to receive either a placebo (20 mM sodium ace
tate, n = 13) or relaxin treatment (0.5 mg/kg/day, n = 11). Recombinant 
human relaxin-2 was kindly provided by Novartis Pharma AG, Basel, 
Switzerland. Both the placebo and relaxin were administered subcuta
neously using sterile osmotic pumps (ALZET Model 1002, CA, USA) for 2 
weeks. Relaxin treatment for two weeks in diabetic mice yielded plasma 
relaxin levels of 93 ± 16 ng/ml, whereas relaxin levels are below the 
detection limit in the control mice and placebo-treated diabetic mice 
[22]. All procedures for animal care and usage were as humane as 
possible and approved by the AMREP Animal Ethic Committee 
(E/1535/2015/B) and complied with the Australian Code of Practice & 
National Health and Medical Research Council guidelines and the 
ARRIVE guidelines. 

2.2. Tissue collection 

After two weeks of treatment with either placebo or relaxin, mice 
were anaesthetised by a cocktail of ketamine (85 mg/kg) and xylazine 
(8.5 mg/kg) via intraperitoneal injections followed by cardiac puncture 
for blood collection. Two μl whole blood aliquots were used to measure 
HbA1c using a Cobas b 101 POC system (Roche, Basel, Switzerland). 
Concentrations of relaxin in the blood plasma at study end point were 
measured using a Human Relaxin-2 Quantikine ELISA kit (Cat# 
DRL200; R&D systems, Minneapolis, MN, USA) following the manu
facturer’s protocol, with a threshold level of sensitivity of 4.57 pg/ml. 
The whole kidney was isolated and immediately placed in ice-cold Krebs 
bicarbonate solution (120 mM NaCl, 5 mM KCl, 1.2 mM MgSO4, 1.2 mM 
KH2PO4, 25 mM NaHCO3, 11.1 mM D-glucose, 2.5 mM CaCl2) and then 
cleared of fat, connective tissues and separated into cortex and medulla 
region. The kidney cortex and liver were snapped frozen and stored at −
80 ◦C for subsequent molecular analysis. 

2.3. Quantitative real-time PCR (qPCR) 

The frozen kidney cortex was pulverised using a BeadBug homoge
nizer (Sigma Aldrich, Singapore). Total RNA from the kidney cortex was 
extracted using the Bio-Rad Aurum Total RNA Mini Kit (Cat# 
732–6820). Quality and quantity of RNA were analysed using a Nano
Drop ND1000 Spectrophotometer (Thermo Fischer Scientific, 
Singapore) with A260:A280 ratios > 1.8 indicating sufficient quality for 
qPCR analysis [30]. First-strand cDNA synthesis used 1 µg of total RNA 
in a 20 μl reaction using the Bio-Rad iScript cDNA Synthesis Kit (Biorad, 
Singapore). 

The comparative cycle threshold (2-ΔCt) method was used to analyse 
the quantitative real-time polymerase chain reaction (qPCR) data as 
described previously [31–33]. Briefly, monocyte chemoattractant 
protein-1 (Ccl2), collagen type 1 alpha 1 (Col1a1), fibronectin 1 (Fn1), 
interleukin-6 (Il6), G protein-coupled bile acid receptor 1 (Gpbar1), 
matrix metalloproteinase 2 (Mmp2), endothelial NOS (Nos3), farnesoid 
X receptor (Nr1h4), SMAD family member 2 (Smad2), transforming 
growth factor β1 (Tgfb1), tissue inhibitor of metalloproteinase 1 (Timp1), 
and thioredoxin interacting protein (Txnip) gene expression was ana
lysed in the mouse kidney cortex. Mouse-specific forward and reverse 
primers (Supplementary Table S1) were purchased from Sigma Aldrich 
(Singapore). Real-time PCR reaction was determined by SYBR green 
chemistry using the Bio-Rad CFX96 Real-time PCR system with triplicate 
samples containing SYBR Green PCR Master Mix (Biorad, Singapore) 
and 10 µM (gene of interest) of primers. β-actin (Actb) was used as the 
reference gene. The mean CT value of control mice was used as the in
ternal calibrator and subtracted from the mean CT value of the gene of 
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interest, and then analysed using the 2-ΔCt method to reduce unwanted 
sources of variation, as described previously [34,35]. These normalised 
data (ΔCT) were expressed as fold change relative to means of controls 
(non-diabetic) and presented as mean ± SEM. 

2.4. Liquid chromatography-mass spectrometry (LC-MS) 

Additional frozen kidney cortex and liver (22–28 mg) were homo
genised in chloroform: methanol (3:1) using the BeadBug homogenizer 
(Sigma Aldrich, Singapore) and centrifuged at 10,000 rpm for 1 min. 
The resulting supernatant was dried in the Eppendorf Concentrator Plus 
vacuum centrifuge machine at 45 ◦C for 50 min. For plasma samples, 
proteins were precipitated using methanol and centrifuged at 10,000 
rpm for 5 min. Methanol was added to the pellet after separating the 
supernatant to extract the remaining lipids in the sample. Supernatants 
obtained from the kidney cortex, liver and plasma were used to run LC- 
MS for the analysis of metabolites. Briefly, dried lipid samples from the 
kidney cortex and liver were resuspended in 1 ml of methanol in glass 
vials and 200 μl of the extracted lipid samples from the plasma were 
aliquoted into glass vials with vial inserts to be injected into the LC-MS 
system (SHIMADZU LCMS-8050). Selected Ion Monitoring (SIM) mode 
was used for kidney cortex and liver samples, whereas full scan mode 
was used for plasma samples. The product ions from 100 to 1000 were 
collected for kidney cortex and liver samples, and 50–800 were collected 
for plasma samples. Chromatographs produced were analysed to iden
tify various metabolites present in the samples. This was achieved by 
comparing the specific retention times of each respective elution peak in 
the chromatograph to known compounds. Chromatographs collected 
from LC-MS were integrated to get the retention times and peak areas of 
each mass-to-charge ratio (m/z) which were compared with known 
retention times and peak areas of standard compounds. These standards 
were obtained from previous studies [36] which are used to identify 
compounds detected in the samples (Supplementary Table S2-S3). Peak 
areas were normalised to be relative to the sum of all peak areas for each 
sample [37]. The normalised data were presented in the soft indepen
dent modelling of class analogy (SIMCA) software to classify the data 
points and observe the overall effect with Orthogonal Projections to 

Latent Structures-Discriminant Analysis (OPLS-DA) score plots [38,39]. 

2.5. Statistical analyses 

Data were expressed as mean ± SEM of normalised peak areas and 
2^ΔΔCt values which is fold change relative to the mean of the control 
group, for LC-MS and qPCR respectively [40]. Data were analysed using 
the GraphPad Prism software (Prism version 6.0, GraphPad Software, 
San Diego, CA, USA) to perform either One-way ANOVA with Tukey’s 
post-hoc test or Kruskal-Wallis test with Dunn’s post-hoc test as appro
priate to determine any significant differences between the groups. 
Results with P < 0.05 were considered statistically significant. n refers to 
the number of animals or independent experiments. 

3. Results 

3.1. Systemic characteristics following 12 weeks of STZ-induced diabetes 

At the end of the 12 weeks of STZ-induced diabetes, blood glucose 
levels and glycated haemoglobin (HbA1c) of the diabetic mice were 
significantly (F2,26 = 62.11, P < 0.0001) higher compared to the control 
mice. Relaxin treatment for 2 weeks in the diabetic mice did not affect 
blood glucose or HbA1c levels (Fig. 1A-B). Similarly, body weight 
gained was significantly (F2,26 = 30.93, P < 0.0001) lower in diabetic 
mice compared to control mice, and relaxin treatment had no impact on 
the body weight (Fig. 1 C) or kidney weight (Fig. 1D-E). 

OPLS-DA analyses were performed on plasma samples to measure 
metabolite concentrations in the control, placebo-treated diabetic and 
relaxin-treated diabeticmice. A clear separation in metabolite profile 
was observed between the control and placebo-treated diabetic groups, 
indicating a marked alteration of metabolites in the plasma of the STZ- 
induced diabetic model (Supplementary Fig. S1A). Similarly, relaxin 
treatment in diabetic mice affected the metabolite variations but in a 
different direction. Specifically, OPLS-DA analysis showed a clear sep
aration between the diabetic+relaxin group and the control group in the 
plasma (Supplementary Fig. S1A). However, the separation of metabo
lite profile between relaxin treatment in the diabetic mice was less 

Fig. 1. Systemic characteristics of placebo-treated control, placebo-treated diabetic or relaxin-treated diabetic mice, including A) blood glucose level (Kruskal-Wallis 
test with Dunn’s post-hoc test), B) glycated haemoglobin level, C) body weight gained, D) normalised left kidney weight and E) normalised right kidney weight. 
Values are expressed as mean ± SEM; number of mice per group as shown by individual data points. *Significantly different to placebo-treated control mice (One- 
way ANOVA with Tukey’s post-hoc test, P < 0.05). 
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apparent compared to the diabetic mice administered placebo, sug
gesting that relaxin treatment has minimal impact on modulating the 
plasma metabolite profile in diabetic mice. 

In this study, we identified several metabolites that are potentially 
important characteristics of diabetes-induced kidney disease (Fig. 2). 
Specifically, diabetes caused a significant (F2,26 = 9.192, P = 0.001) 
increase in creatine levels and a decrease (F2,26 = 8.802, P = 0.001) in 
carnitine levels in the plasma when compared to control (Fig. 2A-B). 
Furthermore, the circulating levels of trimethylamine N-oxide (TMAO) 
and hypoxanthine were also significantly increased (F2,26 = 11.85, 
P = 0.0002) in the plasma of diabetic mice (Fig. 2C-D). Relaxin treat
ment had no effect on the circulating levels of creatine, carnitine, TMAO 
and hypoxanthine in the diabetic mice (Fig. 2A-D). Uric acid was 
identified in the LC-MS analysis, but was not altered between the 
treatment groups (Fig. 2E). 

3.2. Effects of relaxin treatment on markers of fibrosis, oxidative stress, 
and inflammation in the diabetic kidney cortex 

In the kidney cortex, diabetes significantly (F2,16 = 6.624, P = 0.008) 
increased the expression of collagen type I α1 (Col1a1) and fibronectin 1 
(Fn1) (F2,19 = 22.41, P < 0.0001) compared to controls (Fig. 3A-B). 
However, the diabetes-induced increase in collagen and fibronectin 
expression in the kidney cortex was not accompanied by changes in 
transforming growth factor β1 (Tgfb1) or Smad2 (Smad2) mRNA 
expression (Fig. 3C-D). We found that relaxin treatment for 2 weeks 
significantly reduced the expression of Col1a1, Fn1, Tgfb1 and Smad2 in 
the diabetic kidney cortex in comparison to placebo-treated diabetic 
mice (Fig. 3A-D). Similarly, the mRNA expression of matrix metal
loproteinase 2 (Mmp2) in the kidney cortex was significantly (F2,16 =

10.32, P = 0.0013) upregulated by diabetes and was significantly 
reduced by relaxin treatment (Fig. 3E). Diabetes also significantly (F2,15 
= 13.78, P = 0.0004) increased the mRNA expression of tissue in
hibitors of metalloproteinases 1 (Timp1) in the kidney cortex; however, 
relaxin treatment did not affect Timp1 expression (Fig. 3F). In addition 
to markers of fibrosis, we evaluated several markers of oxidative stress 
and inflammation in the kidney cortex. Diabetes significantly (F2,16 =

6.112, P = 0.0107) increased the expression of thioredoxin-interacting 
protein (Txnip) and endothelial NOS (Nos3) (F2,17 = 20.18, 

P < 0.0001) compared to controls (Fig. 3A-B). Similarly, mRNA 
expression of the inflammatory cytokines, Il6 (F2,17 = 10.04, 
P = 0.0013) and Ccl2 was also significantly (F2,18 = 13.72, P = 0.0002) 
upregulated in the diabetic kidney cortex (Fig. 4C-D). Importantly, we 
found that all four genes (Txnip, Nos3, Il6 and Ccl2) were significantly 
downregulated by relaxin treatment in the diabetic kidney cortex when 
compared to placebo-treated mice (Fig. 4A-D). 

3.3. Effects of relaxin treatment on bile acid metabolites in the kidney 
cortex and liver 

A distinct alteration of metabolites in the kidney cortex and liver of 
the STZ-induced diabetic model was observed as there was a clear sep
aration in the metabolite profiles between the control and diabetic 
groups (Supplementary Fig. S1B-S1C). Interestingly, relaxin treatment 
also affected the metabolite levels, demonstrated by a clear separation 
from the diabetic group. However, the separation of metabolite profiles 
between relaxin-treated diabetic mice and diabetic mice treated with 
placebo was less obvious, suggesting that relaxin treatment has little 
impact on modulating the overall metabolite profile in the diabetic 
kidney cortex and liver (Supplementary Fig. S1B-S1C). Several bio
markers of metabolic stress, such as bile acid metabolites are recognised 
as important modulators of kidney function. Hence, we measured 
several key bile acid metabolites in the kidney cortex. Specifically, we 
found that the level of deoxycholic acid and cholic acid were comparable 
between diabetic and control kidney cortex (Fig. 5A-B). Interestingly, 
relaxin treatment for 2 weeks significantly (F2,23 = 67.98, P < 0.0001) 
increased the level of deoxycholic acid and concomitantly decreased 
(F2,23 = 16.94, P < 0.0001) the level of cholic acids in the diabetic 
kidney cortex (Fig. 5A-B) when compared to either diabetic or control 
mice. This suggests that the effects of relaxin on bile acid metabolites in 
the kidney are independent of diabetes. Levels of deoxycholic acid and 
cholic acids were not detected in the liver from all groups of mice. 
However, diabetes significantly (F2,23 = 84.53, P < 0.0001) increased 
the level of glycosylated deoxycholic acid, which was further increased 
in the kidney cortex of diabetic mice treated with relaxin (Fig. 5C). This 
effect was also observed in the liver where the level of glycodeoxycholic 
acid was significantly increased only with relaxin treatment in diabetic 
mice when compared to control (Supplementary Fig. S2A). Neither 

Fig. 2. Circulating levels of A) creatine, B) carnitine, C) trimethylamine N-oxide, D) hypoxanthine and E) uric acid in the plasma of placebo-treated control, placebo- 
treated diabetic or relaxin-treated diabetic mice. Values are expressed as mean ± SEM; number of mice per group as shown by individual data points. *Significantly 
different to placebo-treated control mice (One-way ANOVA with Tukey’s post-hoc test, P < 0.05). 
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Fig. 3. Fibrotic gene expression in placebo-treated control, placebo-treated diabetic or relaxin-treated diabetic mice, including A) collagen type I α1 (Col1a1), B) 
fibronectin 1 (Fn1), C) transforming growth factor beta 1 (Tgfb1), D) Smad2, E) matrix metalloproteinases 2 (Mmp2) and F) tissue inhibitor of metalloproteinases 1 
(Timp1) in the kidney cortex. Values are expressed as mean ± SEM; number of mice per group as shown by individual data points. Gene expression is normalised to 
the reference gene (Actb) and presented as fold control mean. *Significantly different to placebo-treated control mice (One-way ANOVA with Tukey’s post-hoc test, 
P < 0.05). #Significantly different to untreated diabetic mice (One-way ANOVA with Tukey’s post-hoc test, P < 0.05). 

Fig. 4. Gene expression of A) thioredoxin interacting protein (Txnip), B) endothelial nitric oxide synthase (Nos3), C) monocyte chemoattractant protein-1 (Ccl2) and 
D) interleukin 6 (Il6) in the kidney cortex from placebo-treated control, placebo-treated diabetic or relaxin-treated diabetic mice. Gene expression is normalised to the 
reference gene (Actb) and presented as fold control mean. Values are expressed as mean ± SEM; number of mice per group as shown by individual data points. 
*Significantly different to placebo-treated control mice (One-way ANOVA with Tukey’s post-hoc test, P < 0.05). #Significantly different to untreated diabetic mice 
(One-way ANOVA with Tukey’s post-hoc test, P < 0.05). 
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diabetes nor relaxin had any effect on the level of taurodeoxycholate in 
the kidney cortex (Fig. 5D). In contrast, in the liver of diabetic mice 
treated with either placebo or relaxin, the level of taurodeoxycholate 
was significantly (F2,32 = 6.19, P = 0.0054) increased in comparison to 
control mice (Supplementary Fig. S2B). Furthermore, diabetes did not 
have any effect on the expression of bile acid receptors, FXR (Nr1h4) and 
Gpbar1 when compared to controls (Fig. 5E-F). Relaxin treatment ap
pears to only reduce (F2,17 = 4.735, P = 0.0232) the expression of FXR 
(Fig. 5E), but not Gpbar1 (Fig. 5F) in the diabetic kidney cortex. 

Although the level of choline was reduced in the diabetic kidney 
cortex (Fig. 6A) and liver (Supplementary Fig. S2C), it failed to reach 
statistical significance. However, the downstream metabolite of choline 
metabolism, betaine, was significantly (F2,24 = 6.987, P = 0.0041) 
reduced in the diabetic kidney cortex when compared with the control 
(Fig. 6B). Neither choline nor betaine levels were affected by relaxin 
treatment in the diabetic kidney cortex (Fig. 6A-B). Furthermore, the 
precursor of the pro-inflammatory 20-hydroxyeicosatetraenoic acid (20- 
HETE), 17–19-HETE was significantly (F2,24 = 12.33, P = 0.0002) 
upregulated in the diabetic kidney cortex, but was not affected by 

relaxin treatment (Fig. 6C). 

4. Discussion 

This study demonstrated that relaxin treatment for two weeks 
increased the production of bile acids in the kidney cortex of STZ- 
induced diabetic mice, and is accompanied by a reduction in diabetes- 
induced oxidative stress and inflammation. Specifically, relaxin treat
ment ameliorated the upregulation of markers of oxidative stress and 
inflammatory cytokines, leading to the downregulation of the expres
sion of collagen and fibronectin in the diabetic kidney cortex. 

Many previous studies of relaxin have demonstrated its potent anti- 
fibrotic, anti-inflammatory and vasoprotective actions in the heart, 
blood vessels and kidneys of various animal models including those with 
hypertension and diabetes [14]. Despite the reported promising 
anti-fibrotic effects of relaxin in many organs, these are not evident in 
the kidneys of two diabetic animal models, namely the hypertensive 
mRen-2 rats [28] and the eNOS knockout mice [27]. This might be 
explained by the genetic background of the animal models used. For 

Fig. 5. Levels of A) deoxycholic acid, B) cholic acid, C) sodium glycodeoxycholic acid, D) sodium taurodeoxycholate hydrate, and gene expression of E) farnesoid X 
receptor (Nr1h4) and F) G protein-coupled bile acid receptor 1 (Gpbar1) in the kidney cortex from placebo-treated control, placebo-treated diabetic or relaxin-treated 
diabetic mice. Values are expressed as mean ± SEM; number of mice per group as shown by individual data points. Gene expression is normalised to the reference 
gene (Actb) and presented as fold control mean. *Significantly different to placebo-treated control mice (One-way ANOVA with Tukey’s post-hoc test, P < 0.05). 
#Significantly different to untreated diabetic mice (One-way ANOVA with Tukey’s post-hoc test, P < 0.05). 

Fig. 6. Levels of A) choline, B) betaine and C) 17–19 HETE in the kidney cortex from placebo-treated control, placebo-treated diabetic or relaxin-treated diabetic 
mice. Values are expressed as mean ± SEM; number of mice per group as shown by individual data points. *Significantly different to placebo-treated control mice 
(One-way ANOVA with Tukey’s post-hoc test, P < 0.05). 
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example, relaxin evokes a NO-mediated signalling pathway [19,20,41], 
so the absence of eNOS might have negated the ability of relaxin to alter 
NO signalling and reduce fibrosis in the eNOS knockout mice. Our study 
used a STZ-induced type 1 diabetic mouse model to evaluate relaxin’s 
anti-fibrotic effects in the kidney cortex. 

Consistent with earlier studies, relaxin treatment did not affect blood 
glucose levels or systemic markers of diabetes in this type 1 diabetic 
mice [22,27,28]. However, these mice had increased expression of 
extracellular matrix (ECM) components and inflammatory cytokines in 
the kidney cortex, suggesting inflammation and the induction of fibrosis. 
In contrast to earlier studies, our study demonstrated that relaxin 
treatment reduced TGF-β1 and Smad2 expression in the diabetic kidney 
cortex. We suggest that the downregulation in TGF-β1/Smad2 signalling 
will likely suppress myofibroblast proliferation and differentiation, 
leading to reduced ECM synthesis [14]. Indeed, we showed that relaxin 
treatment also decreased the enhanced collagen I and fibronectin 
expression in the diabetic kidney cortex, indicative of a reduction in 
fibrosis. Although most studies report that relaxin enhances MMP-2 
activity and promotes ECM degradation [14], MMP-2 expression was 
significantly reduced by relaxin treatment in our study. Furthermore, we 
also observed that diabetes caused an increased expression of MMP-2 
expression in the kidney cortex; this may be a result of compensatory 
mechanisms in diabetic animals to counteract fibrosis. Consistent with 
the reported anti-fibrotic effects of relaxin in other rodent models [14], 
our study confirmed that relaxin acts by reducing expression of TGF-β1 
and markers of ECM components in STZ-induced diabetic mice. One of 
the limitations to our study is our inability to demonstrate direct his
tological evidence of fibrosis due to the lack of viable tissues from this 
study. Therefore, we cannot report the exact location of the fibrosis 
within the kidney cortex. But our data are a step-change from previous 
work because we have identified positive effects of relaxin in the dia
betic kidney. 

Oxidative stress and inflammation are well-known contributors to 
diabetic complications [29,34,42,43]. TXNIP is an endogenous inhibitor 
of the antioxidant thioredoxin, which is a redox protein that controls the 
ROS levels in cells and suppresses damage caused by oxidative stress. It 
is a critical molecule in the in vivo regulation of glucose [44]. It is 
well-established that sustained diabetes-induced overexpression of 
TXNIP is one of the important contributors to the development of dia
betic nephropathy because it triggers increased production of ROS [44]. 
Consistent with earlier studies, TXNIP expression was significantly 
increased in the diabetic kidney cortex [44]. Notably, relaxin treatment 
reduced TXNIP expression, indicating indirect antioxidant effects of 
relaxin in the diabetic kidney cortex. Our findings could be further 
substantiated by a more direct measure of oxidative stress in the tissues, 
such as 4-Hydroxy-2-Nonenal (4-HNE) or 8-hydroxy-deoxyguanosine 
(8OHdG). However, we did not have sufficient tissue for such analysis. 

Interestingly, relaxin treatment downregulated eNOS expression in 
the diabetic kidney cortex, which is in contrast to earlier reports that 
show relaxin increases NOS expression and/or activity, leading to 
enhanced NO production [19,20,41]. In diabetes, there can be a 
compensatory upregulation of NOS expression and NOS uncoupling, 
contributing to oxidative stress [45]. So it is possible that relaxin causes 
NOS-recoupling [31] or a downregulation of NOS expression, which 
resulted in the reduction of oxidative stress [46] in the diabetic kidney 
cortex. 

CCL2 and IL6 are pro-inflammatory cytokines that contribute to 
chronic inflammatory conditions in diabetes. In this study, we showed 
that relaxin treatment reduced CCL2 and IL6 expression in the kidney 
cortex; this is consistent with many reported anti-inflammatory effects 
of relaxin [21,22,24]. Interestingly, the protective effects of relaxin were 
only observed in the kidney cortex but not in the medulla (data not 
shown). A plausible explanation for this observation could be due to the 
differential expression and localisation of RXFP1 within the kidney 
cortex and medulla [28]. 

Bile acids are synthesised from cholesterol in the liver, and are the 

glycine and taurine conjugates of chenodeoxycholic acid, deoxycholic 
acid, and cholic acid [47]. Traditionally, bile acids are regulators of 
biliary cholesterol secretion and transportation, and metabolism of 
endogenous cholesterol [47]. Bile acids are increasingly recognised as 
signalling molecules because they can regulate metabolic and cellular 
functions through interaction with their endogenous bile acid receptors, 
FXR and GPBAR-1 [47–49]. In the context of renal physiology, bile acids 
activate transcription factors relevant for lipid, cholesterol and carbo
hydrate metabolism, as well as genes involved in inflammation and 
renal fibrosis [48,49]. Specifically, alteration in bile acid metabolism 
and abnormal bile acid receptor expression is associated with metabolic 
disorders including diabetes and obesity, cardiovascular diseases, and 
kidney disease [48–52]. Furthermore, previous studies show that acti
vation of bile acid receptors decreases kidney inflammation, oxidative 
stress, and fibrosis in the diabetic kidneys, suggesting that activation of 
bile acid receptors has renoprotective effects in diabetes [48–52]. 
Although diabetes per se had no effect on bile acid production in the 
kidney cortex in our study, relaxin-treated mice had reduced primary 
bile acid and cholic acid levels, but increased secondary bile acid and 
deoxycholic acid levels in the kidney cortex. Cholic acid is metabolised 
into deoxycholic acid in normal physiology, suggesting the possibility 
that relaxin treatment may increase the metabolism of cholic acid to 
deoxycholic acid, which has a much higher potency for FXR [47]. 
Interestingly, increased levels of deoxycholic acid in the kidney of 
relaxin-treated mice were associated with a compensatory decrease in 
FXR. Several recent studies have demonstrated that relaxin treatment 
alters the lipidome and metabolome profile in the liver and cardiac 
tissues of normal mice [53,54]. Specifically, relaxin treatment caused 
significant changes to membrane lipid bilayer components such as 
glycerophospholipids, sphingolipids and amino acids, and to a much 
lesser extent, the bile acids [53]. Using a metabolomic approach, these 
recent findings suggest that relaxin could regulate lipid metabolites in 
various tissues [53,54], independent of diabetes. In our study, we were 
unable to identify the precise mechanisms of relaxin action that led to 
the increase levels of bile acids in the kidneys. We speculate that relaxin 
increased deoxycholic acid levels by decreasing FXRs, and this led to a 
reduction in renal inflammation and oxidative stress. 

In conclusion, our study demonstrated that relaxin treatment for the 
final 2 weeks of diabetes increased the level of bile acid, which may have 
contributed to the attenuation of key markers of renal fibrosis, inflam
mation, and oxidative stress in STZ-induced diabetic mice. These data 
indicate the potential role of relaxin as an adjunctive therapy for the 
treatment of diabetic kidney complications. 
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