@° PLOS | ONE

Check for
updates

E OPENACCESS

Citation: Wang C, Li L, Liu S, Liao G, Li L, Chen Y,
etal. (2018) GLP-1 receptor agonist ameliorates
obesity-induced chronic kidney injury via restoring
renal metabolism homeostasis. PLoS ONE 13(3):
€0193473. https://doi.org/10.1371/journal.
pone.0193473

Editor: Jaap A. Joles, University Medical Center
Utrecht, NETHERLANDS

Received: October 20, 2017
Accepted: February 12,2018
Published: March 28, 2018

Copyright: © 2018 Wang et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information
files.

Funding: This work was supported by National
Natural Science Foundation of China, 31200754
(Dr. Jingping Liu); National Natural Science
Foundation of China 81571808 (Dr. Jingping Liu);
and China Postdoctoral Science Foundation,
2012M511931 (Dr. Jingping Liu).

Competing interests: The authors have declared
that no competing interests exist.

RESEARCH ARTICLE

GLP-1 receptor agonist ameliorates obesity-
induced chronic kidney injury via restoring
renal metabolism homeostasis

Chengshi Wang', Ling Li2, Shuyun Liu', Guangneng Liao', Lan Li', Younan Chen’,
Jinggiu Cheng', Yanrong Lu'*, Jingping Liu' *

1 Key Laboratory of Transplant Engineering and Immunology, West China Hospital, Sichuan University,
Chengdu, China, 2 Division of Nephrology, Kidney Research Institute, West China Hospital, Sichuan
University, Chengdu, China

* liujingping@scu.edu.cn (JL); luyanrong@scu.edu.cn(YL)

Abstract

Increasing evidence indicates that obesity is highly associated with chronic kidney disease
(CKD). GLP-1 receptor (GLP-1R) agonist has shown benefits on kidney diseases, but its
direct role on kidney metabolism in obesity is still not clear. This study aims to investigate
the protection and metabolic modulation role of liraglutide (Lira) on kidney of obesity. Rats
were induced obese by high-fat diet (HFD), and renal function and metabolism changes
were evaluated by metabolomic, biological and histological methods. HFD rats exhibited
systemic metabolic disorders such as obesity, hyperlipidemia and impaired glucose toler-
ance, as well as renal histological and function damages, while Lira significantly ameliorated
these adverse effects in HFD rats. Metabolomic data showed that Lira directly reduced
renal lipids including fatty acid residues, cholesterol, phospholipids and triglycerides, and
improved mitochondria metabolites such as succinate, citrate, taurine, fumarate and nicotin-
amide adenine dinucleotide (NAD™) in the kidney of HFD rats. Furthermore, we revealed
that Lira inhibited renal lipid accumulation by coordinating lipogenic and lipolytic signals, and
partly rescued renal mitochondria function via Sirt1/AMPK/PGC1a pathways in HFD rats.
This study suggested that Lira alleviated HFD-induced kidney injury at least partly via
directly restoring renal metabolism, thus GLP-1R agonist is a promising therapy for obesity-
associated CKD.

Introduction

Chronic kidney disease (CKD), characterized by progressive destruction of renal mass and
slow loss of renal function, is the leading cause to end-stage kidney disease (ESKD) and renal
failure[1].Obesity is an epidemic disease and contributes to type 2 diabetes and cardiovascular
diseases with high mortality[2]. However, increasing data indicate that obesity is also highly
linked with the onset and progression of CKD[3-5]. Epidemiologic studies reported that obe-
sity was associated with a 70% increased risk of microalbuminuria compared to lean subjects
[6].High body mass index (BMI) has been considered as one of the strongest risk factors for
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new-onset CKD[3], and higher baseline BMI remained an independent predictor for ESKD
after adjustments for blood pressure (BP) and diabetes mellitus (DM) [7].Obesity may initiate
the slow development of kidney dysfunction and lesions including mesangial expansion, glo-
merular hypertrophy and glomerulosclerosis[8]. The mechanism of obesity-induced kidney
injury is complex and multiple factors such as oxidation stress, inflammation, transforming
growth factor-B (TGF-P), lipotoxicity, renin-angiotensin system and adipocyte-derived hor-
mones are involved [8, 9]. As the increased prevalence of obesity over the world, it is of great
clinical benefits to find therapies for obesity-associated CKD.

Glucose lowering drugs such as Glucagon-like peptide-1 (GLP-1) receptor agonists and
sodium-dependent glucose transporters 2 (SGLT2) inhibitors have shown potential protective
roles in kidney diseases, and SGLT2 blockers could affect glomerular filtration rate (GFR) and
protein excretion in diabetic nephropathy (DN), while GLP-1R agonists reduced urinary albu-
min excretion in DN [10-12]. GLP-1 is a polypeptide hormone secreted from intestines,
which can regulate blood glucose level in diabetic patients, and promote pancreatic cells prolif-
eration in DM models [13, 14]. GLP-1 exerts its biological actions via binding to its receptor
(GLP-1R) on the surface of various cells. Besides to pancreatic B-cells, GLP-1R has also been
found in kidney cells such as glomerular endothelium and mesangial cells [11, 15].Previous
studies have proved the benefits of GLP-1R agonist therapy on acute and chronic kidney dis-
eases[10-12]. GLP-1R agonist exendin-4 (Ex-4) ameliorated cisplatin-induced acute renal
tubular cell injury and apoptosis, while inhibition of GLP-1Rabolisheditsrenoprotectiveeffect
[10].GLP-1R agonist lira glutide (Lira) alleviated DN in mice through inhibiting glomerular
superoxide and NADPH oxidase[16]. Recent study further reported that GLP-1R agonist Ex-4
inhibited renal cholesterol accumulation and inflammation in diabetic apoE knockout mice
[17].However, the direct role of GLP-1R agonist on renal metabolic abnormalities in obesity
remains not clear.

In this study, we aim to evaluate the renal protection effect of Lira in the obese rats induced
by HFD. By using metabolomic, biological and histological methods, we further revealed the
metabolic modulation role of GLP-1 on obesity-induced kidney injury.

Materials and methods
Ethical statement

All animal work were conducted under the approved guidelines of Sichuan University
(Chengdu, China) and approved by the Animal Care and Treatment Committee of Sichuan
University (Chengdu, China). The methods were performed in accordance with approved
guidelines.

Animal experiment

Male Sprague-Dawley (SD) rats were purchased from Experimental Animal Center of Sichuan
University (Chengdu, China). Animals were housed in pairs of two in cages with controlled
temperature(20-22°C), humidity (40-60%), and 12 h cycles of light and darkness, and fed
with standard chow and tap water ad libitum during one-week acclimation period. Then all
rats were randomly divided into control (n = 10), HFD (n = 10) and HED +Lira (n = 10)
group. Control rats were fed with regular diet (10% fat, 20% protein, and 70% carbohydrate,
Chengdu Dashuo Biological Technology Co., Ltd., Chengdu, China), and HFD rats were fed
with high-fat diet (63.4% regular diet plus 20% lard, 15% sucrose, 1.5% cholesterol, 0.1%
sodium cholate). At 12 weeks after HFD, rats in HFD + Lira group were twice-daily subcutane-
ously injected with Lira (0.1 mg/kg, Novo Nordisk, Denmark) for 12further weeks, and rats in
HFD group were given PBS. The health condition of animals was monitored every day, and
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none of them showed severe signs of illness or death due to the experimental treatment. To
relieve suffering, rats were sacrificed under deeply anesthetized by intraperitoneal administra-
tion of pentobarbital sodium overdose at 24 weeks after HFD experiment beginning. The sam-
ples of blood, urine and kidney from rats were collected, respectively.

Biochemical measurement

Clinical biochemistry analysis was performed on an Automatic Biochemistry Analyzer (Cobas
Integra 400 plus, Roche) by commercial kits with the following parameters: blood glucose
(BG), cholesterol (TC), triglyceride (TG),low-density lipoprotein cholesterol (LDL-C), high-
density lipoprotein cholesterol (HDL-C), blood urea nitrogen (BUN), creatinine (CREA),
Aspartate transaminase (AST), Alanine transaminase(ALT),creatine kinase(CK) and urinary
albumin to creatinine ratio (UACR). The creatinine clearance (CC) was calculated as previ-
ously described[18].

Oil Red O (ORO) staining

Fresh renal tissues obtained from rats were made to 5 um frozen sections, and then incubated
with Oil Red O solution (KeyGen Biotech Co. Ltd., Nanjing, China) at room temperature for
30 min. After washing twice with PBS, the stained sections were observed on a light micro-
scope (Carl Zeiss, Germany).

Measurement of lipid peroxidation

Renal lipid peroxidation was measured by malondialdehyde (MDA, Beyotime Institute of Bio-
technology, China) kit according to the manufacturer’s instructions. Briefly, the supernatant
of renal homogenate was added to TBA solution and incubated at 100 °C for 15 min, and then
placed on ice to terminate the reaction. After centrifugation, the supernatant of reaction solu-
tion was measured by microplate reader (BioTek, MQX200, USA) at 535 nm.

1H NMR analysis of kidney tissue

Renal tissues were extracted by chloroform/methanol method as previously described. The
aqueous extracts were lyophilized and dissolved in 500 pl PBS containing 50% (v/v) D,O and
0.001% (w/v) 3-trimethylsilyl propionic acid-d4 sodium salt (TSP, reference standard, Cam-
bridge Isotope Laboratories, USA). The lyophilized lipid extracts were dissolved in 500 ul deu-
terated chloroform (CDCl;) containing 0.03% (w/v) tetramethylsilane (TMS, reference
standard, Cambridge Isotope Laboratories). Nuclear Magnetic Resonance Spectroscopy
(NMR) analysis was performed on a Bruker Avance II 600-MHz spectrometer (Bruker Bios-
pin, Germany) at 298 K with a 5-mm PATXI probe. The "H NMR spectra of renal extracts was
acquired by a NOESY-presaturation (NOESYGPPR1D) pulse sequence (RD-90°-t1-90°-tm-
90°-acq) with following parameters: relaxation delay (RD) = 5 s, mixing time = 100 ms, acqui-
sition time = 2.48 s. The 90° pulse length was about 10 us, and 64 scans were collected into 32
K data points with a spectral width of 11 ppm. The free induction decay(FIDs)were weighted
by an exponential function with a 0.3 Hz line broadening and zero-filled to 32 k data points
prior to fourier transform (FT). The chemical shifts were referenced to TSP or TMS at 0 ppm.

Multivariate data analysis

NMR spectra were manually phased and baseline corrected, and then binned into equal widths
(0.003 ppm) corresponding to the 0.5-9.5 ppm (aqueous extract) and 0.5-5.5 ppm (lipid
extract) regions by MestReC software (version 4.9.9.9, Mestrelab Research, Spain). The
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integrals were normalized to the sum intensity of each spectrum excluding the water (4.7-

5.2 ppm) regions. The normalized bins were then subjected to principal component analysis
(PCA) and orthogonal projection to latent structure with discriminant analysis (OPLS-DA) by
SIMCA-P (version 11.5, Umetrics, Sweden). OPLS-DA models were validated by a seven-fold
cross validation method with a permutation test to avoid over-fitting. Statistical total correla-
tion spectroscopy (STOCSY) analysis of metabolites was performed by MATLAB R2009a soft-
ware (Mathworks, Natick, MA), and the OPLS-DA coefficient plot was generated with an in-
house developed MATLAB script as previously described [19].

Mitochondrial ROS (mtROS) assay

The kidney tissue mtROS was measured by mitochondrial superoxide indicator (MitoSOX,
Molecular Probes, Thermo Fisher Scientific, USA) according to the manufacturer’s instruc-
tions. Briefly, fresh renal tissues were made to 5 pm frozen sections, and then incubated with
MitoSOX solution (2 pM) at 37°C for 10 min. After washing with PBS, the stained sections
were observed on a fluorescent microscope (Axioplan2, Carl Zeiss, Germany).

Measurement of kidney ATP

Renal tissue adenosine triphosphate (ATP)was measured by Luciferase ATP Assay Kit (Beyo-
time, China) according to the manufacturer’s instructions. Briefly, 20 mg tissues were lysed
with 200 pl lysis buffer on ice bath, and then centrifuged 12000g for 5 minutes at 4 *C. 100 pl
of supernatant was collected and mixed with 100 pl ATP detection solution. Luminance was
measured by fluorescence microplate reader (Synergy4, BioTek, USA). The ATP level was nor-
malized to the protein concentration of each sample.

NAD+/NADH ratio measurement

The kidney tissues were homogenized on ice bath, and nicotinamide adenine dinucleotide
(NAD) and reduced form of nicotinamide-adenine dinucleotid (NADH) were determined by
using a commercial NAD*/NADH Assay Kit (BioAssay Systems, CA, USA). The results were
expressed as NAD"/NADH ratio calculated from a standard curve generated from absorbance
values at 565 nm.

Quantitative real-time PCR (qPCR)

Total RNA was isolated from renal tissues by using Trizol (GIBCO, Life Technologies, USA)
according to the manufacturer’s instructions. Total RNA was quantified by NanoDrop
2000spectrophotometer (Thermo Fisher Scientific Inc., USA). cDNA was synthesized by an
iScript cDNA Synthesis Kit (Bio-Rad, CA, USA). The sequences of primers were listed in S1
Table qPCR analysis were performed on a CFX96 Real-Time PCR Detection System (Bio-Rad,
CA, USA) with SYBR green supermix (SsoFast EvaGreen, Bio-Rad, USA). The change folders
of mRNAs were calculated by delta-delta Ct method with B-actin as internal reference gene.

Histological examination

The fixed renal tissues were embedded in paraffin and made to 5 um sections. Renal sections
were deparaffinized in xylene and rehydrated in graded ethanols, and then stained with hema-
toxylin eosin (HE) and periodic acid-schiff (PAS) staining. For immunohistochemical (IHC)
staining, sections were blocked with 1% BSA, and incubated with diluted primary antibodies
including rabbit anti-o-SMA (Abcam, USA), mouse anti-MCP-1 (Abcam, USA), rabbit anti-
IL-6 (Abcam, USA), rabbit anti-CPT1 (Proteintech, USA), rabbit anti-FABP1 (Proteintech,
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USA), rabbit anti-PPARa. (Proteintech, USA), rabbit anti-UCP2 (Abcam, USA), rabbit anti-
ATP5A1 (ABClonal, USA), rabbit anti-Sirtl (CST, USA), rabbit anti-p-AMPK (CST, USA)
and rabbit anti-PGClo (Proteintech, USA), then incubated with HRP-conjugated secondary
antibody (DAKO, USA), and finally stained with DAB substrate and hematoxylin. The images
of stained sections were acquired by microscope (Carl Zeiss, Germany), and quantitative anal-
ysis of positive staining areas (%) in images was done by using Image J software (NIH, USA).
Five images of non-overlapping fields were captured from each section per animal, and the
pathological score of renal injury including glomerulosclerosis, interstitial fibrosis and glomer-
ular size were performed as previously described [20, 21].

Statistical analysis

Descriptive statistics were presented as mean * SD and analyzed by SPSS software (version
11.5, IBM Corp., USA). Comparison among groups was analyzed with one-way analysis of var-
iance (ANOVA) and Turkey post-hoc test, and p < 0.05 was considered as significant
difference.

Results
The effect of Lira on general and clinical parameters in HFD rats

As shown in Table 1, HED rats had higher levels of body weight (BW), kidney weight (KW),
BG, TC, TG, LDL-C and areas under the curve (AUC) of IPGTT (S1 Fig), and lower level of
HDL-C compared to control. By contrast, Lira significantly reduced BW, KW, BG, AUC and
blood lipid levels in HFD rats. In addition, HFD rats showed increased levels of BUN, CREA,
CC and UACR compared to control, while Lira significantly reversed CREA, UACR and
decline of CC in HFD rats. Meanwhile, Lira-treated HFD rats showed slight reduction of liver
function parameters such as AST, ALT and CK compared to HFD rats.

Table 1. General and biochemical parameters of rats in different groups.

Parameters Control HFD HFD + Lira
BW (g) 451.8+£37.32 625.8+45.72** 512.6+49.31%
Kidney weight (g) 2.12+0.04 3.93+0.41** 2.71+0.32°
BG (mmol/L) 5.60+1.59 9.98+3.46** 7.45+2.69°
TC (mmol/L) 0.70+0.20 1.82+0.34"* 1.12+0.14*
TG (mmol/L) 0.26+0.11 0.51+0.27** 0.33+0.14"
LDL-C (mmol/L) 0.18+0.06 0.98+0.33** 0.67+0.22%
HDL-C (mmol/L) 1.03+0.13 0.55+0.19** 0.79+0.24*
BUN (mmol/L) 4.24+0.86 5.88+1.92* 4.97+1.03
CREA (umol/L) 35.18+10.95 76.66+21.43** 54.68+17.32%
UACR (mg/mmol) 2.34+0.73 8.80+3.15"* 5.38+1.69"
CC (ml/min) 5.2+1.08 3.3+0.6** 4.5+0.82%
AST (IU/L) 120.11£18.43 180.53+£19.58** 166.31+£12.83
ALT (IU/L) 34.73+4.73 60.26+4.66** 49.71+7.44
CK (IU/L) 1094.12+86.61 1470.35+88.93** 1390.25+81.32
Note

* p<0.05

** p<0.01comparedwith control

#p<0.05

## p<0.01 compared with HFD.

https://doi.org/10.1371/journal.pone.0193473.t001
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Lira reduced renal inflammation and fibrosis in HFD rats

HEFD rats showed obvious renal lesions including tubular hypertrophy, basement membrane
thickening, mesangial expansion and glomerulosclerosis compared to control rats (Fig 1A). In
contrast, Lira markedly reduced renal pathological injuries including glomerular size, glomer-
ulosclerosis and interstitial fibrosis in HFD rats (Fig 1D-1F). HED rats had increased levels of
monocyte chemotactic protein 1 (MCP-1), interleukin-6 (IL-6) and o-Smooth muscle actin
(0-SMA), while Lira inhibited these pro-inflammatory and pro-fibrotic factors expression in
the kidney of HFD rats (Fig 1B and 1C). In addition, Lira also reduced serum IL-6 and TGF-
B1 levels in the HFD rats (S2 Fig).

Lira ameliorated renal metabolic disorders in HFD rats

The representative "H NMR spectra of lipid and aqueous extract from rat kidney were shown
in S3 and S4 Figs, respectively. OPLS-DA score plots showed clear clustering among the three
groups (Figs 2 and 3). In lipid extract, HFD rats showed higher level of fatty acid residues, cho-
lesterol, phospholipids and triglycerides compared to controls, while Lira reduced these lipids
levels in the kidney of HFD rats (Fig 2). In aqueous extract, HFD rats showed lower level of
leucine/isoleucine, valine, lysine, glutamine, glutamate, succinate, citrate, taurine, glycine,
tyrosine, histidine, phenylalanine and NAD™, and higher level of alanine, creatinine, choline,
allantoin and formate compared to controls. In contrast, Lira reduced the level of alanine, cho-
line, glucose and allantoin, and increased the level of lysine, acetate, succinate, citrate, taurine,
fumarate, histidine and NAD" in the kidney of HFD rats (Fig 3).
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Fig 1. (A)Representative HE, PAS staining (scale bar = 50 um) and IHC staining for a-SMA (scale bar = 100 um) of kidney
from control, HFD and HFD + Lira group. (B) IHC staining for IL-6 and MCP-1 in kidney of different groups (scale

bar = 100 um). (C)Quantification of IL-6 and MCP-1 protein detected by IHC staining. (D-E) Morphological analysis of
glomerular size, glomerulosclerosis and interstitial fibrosis in renal sections. (F)Quantification of a-SMA detected by IHC
staining(** p<0.01, compared with control;* p<0.05,”  p<0.01, compared with HFD).

https://doi.org/10.1371/journal.pone.0193473.9001
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https://doi.org/10.1371/journal.pone.0193473.9002

Lira decreased renal lipids accumulation in HFD rats

Compared with controls, HFD rats showed increased lipid droplets formation (Fig 4A) and
MDA (Fig 4B) in the kidney, while Lira reduced the lipid accumulation and lipid peroxidation
in the obese kidney. Moreover, HFD rats had increased level of lipogenic genes including
CD36, liver-type fatty acid binding protein (L-FABP), sterol regulatory element binding pro-
tein-1c (SREBP-1c¢) and fatty acid synthase (FAS), and reduced lipolytic genes including carni-
tine palmitoyl transferase 1(CPT-1) and peroxisome proliferators-activated receptors o
(PPAR0). By contrast, Lira significantly reduced these lipogenic genes and enhanced lipolytic
genes expression in the kidney of HFD rats (Fig 4C). Lira also reduced fatty acid binding pro-
teinl (FABP1) and increased PPAR-a and CPT1 protein level in kidney of HED rats (Fig 4D
and 4E).

Lira restored renal mitochondrial function in HFD rats

HEFD rats showed increased renal level of mitochondrial ROS (mtROS) (Fig 5A and 5B) and
reduced level of ATP (Fig 5C), while Lira significantly inhibited mtROS and promoted ATP
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https://doi.org/10.1371/journal.pone.0193473.9003

production in the kidney of HFD rats. In addition, Lira reversed the decline of mitochon-
dria biogenesis genes including mitochondrial transcription factor A (TFAM), Nuclear
respiratory factor-1(NRF-1), NADH dehydrogenase [ubiquinone] iron-sulfur protein 5
(NDUFS5) and succinate dehydrogenase [ubiquinone] iron-sulfur subunit(SDHB) expres-
sion in kidney of HFD rats (Fig 5D). IHC staining results showed that Lira increased
ATP5al and mitochondrial uncoupling protein 2(UCP2) protein levels in the kidney of

HFD rats (Fig 5E and 5F)

Lira activated renal Sirt1/AMPK/PGCla signals in HFD rats

As shown in Fig 6B, qPCR results showed that HFD rats had reduced mRNA levels of Sir-
tuin 1 (Sirtl) and peroxisome proliferator-activated receptor gamma coactivator 1-alpha
(PGCla) in kidney, while Lira significantly up-regulated these genes expression in the kid-
ney of HED rats. IHC staining results showed that HFD inhibited Sirtl, PGCloand p-aden-
osine 5‘-monophosphate (AMP)-activated protein kinase (AMPK) expression in kidney,
whereas Lira significantly increased these proteins expression in the kidney of HED rats
(Fig 6A and 6C). Furthermore, Lira also reversed the decline of renal NAD*/NADH ratio in

HFD rats (Fig 6D).
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Fig 4. (A)Oil Red O (ORO) staining of kidney from control, HFD and HFD + Lira group (scale bar = 100 um).(B) Quantification of
kidney MDA level. (C) Real-time PCR analysis for CD36, L-FABP, SREBP-1c, FAS, PPAR-0.and CPT1 mRNA. (D) IHC staining for
renal PPAR-o, FABP1 and CPT1(scale bar = 100 pm). (E) Quantification of PPAR-o, FABP1 and CPT1proteindetected by IHC
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Discussion

High-fat diets (HFD) increased the prevalence of obesity and its associated metabolic syn-
drome, type 2 diabetes mellitus (T2DM) and cardiovascular diseases®. GLP-1R agonist had
been proved to reduce food intake, body weight and blood glucose in obese rats[22]. Consisted
with previous report, we observed that Lira reversed the general metabolic disorders including
elevated body weight, hyperlipidemia and impaired glucose tolerance induced by HFD. More-
over, HFD rats showed clear kidney histological lesions, impaired renal function, and
increased oxidative stress and inflammation, and these factors have been well recognized as
key mediators for the development of CKD. The association between obesity and CKD has
been already purposed, and HFD increased oxidative stress markers such as 8-OH-dG, and
induced sustained inflammation and cell apoptosis in the kidney [23]. Previous study found
that GLP-1R expressed on the renal glomeruli and endothelial cells, and GLP-1R therapy had
beneficial effects on diabetic kidney diseases [24]. GLP-1R agonist Ex-4could attenuate renal
oxidative stress, extracellular matrix (ECM) deposition and cytokines release in streptozotocin
(STZ)-induced DN rats via direct effects on the GLP-1R in kidney tissue[25]. In this study, we
observed that Lira significantly improved renal function, and ameliorated renal histological
injury, pro-inflammatory and pro-fibrotic factors expression in HFD rats. These results again
demonstrated that GLP-1R agonist Lira had renal protective role in obese rats.

The anti-inflammatory and antioxidant effects of GLP-1R agonist on kidney injury are
well-known[11, 24, 25], but its direct effect on renal metabolism in obesity has rarely reported.
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To further explore the metabolic mechanism of Lira for kidney protection, the renal metabolic
profile of HFD rats was performed. Our results showed that many metabolites were affected by
HFD, and multiple of them were related to the disturbed glucose / protein metabolism because
of the obesity and pre-diabetes status in HFD rats. For instance, alanine that elevated in HFD
rats was an important intermediate in glucose metabolism, which could be converted into
pyruvate and thus enhanced gluconeogenesis via glucose-alanine cycle [26]. The decline of
amino acids such as leucine, valine, phenylalanine and tyrosine reflected the imbalance of pro-
tein catabolism and anabolism in HFD rats, which might be due to insulin resistance and acti-
vation of mTOR pathway [27].

Moreover, we found that some metabolites had been involved in kidney diseases as previ-
ous reports. For example, allantoin was an end product of purine metabolism from uric acid
(UA). High level of UA was an independent risk factor for kidney and heart diseases, which
caused renal injury via inducing oxidative stress and tubular epithelial mesenchymal transition
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(EMT)[28]. The increased choline in HFD rats suggested the gut microbiota disorders because
dietary choline was mainly degraded by gut microbiota. Gut microbiota dysbiosis contributed
to the development of obesity, insulin resistance and T2DM, and it could also induce intestinal
barrier dysfunction and systemic inflammation in CKD patients [29]. Meanwhile, acetate was
a metabolic product of gut microbiota, which had shown anti-inflammatory effects in inflam-
matory bowel disease [30], thus the increase of acetate suggested that Lira might improve gut
microbiota function in HFD. The decline of glycine and taurine reflected the impaired antioxi-
dant mechanism in HFD rats because they were well-known antioxidant substrates, which
could prevent renal injury via antioxidant, cellular osmo regulation and antiapoptotic effects
[31, 32].

Interestedly, we found that the renal protective role of Lira also dependent on other mecha-
nism beyond the classic anti oxidant and anti-inflammatory mechanism. Briefly, lira could
directly prevent lipid contents such as fatty acid residues, cholesterol, phospholipids and tri-
glycerides deposition in the kidney of HFD rats—. Meanwhile, Lira could significantly reverse
the decline of succinate, citrate, taurine, fumarate and NAD" in the kidney of HFD rats. It is
well-documented that succinate, citrate and fumarate were converted in TCA cycle of mito-
chondria [33], and thus their reduction reflected the disturbed energy metabolism and mito-
chondria dysfunction in kidney of HFD rats. In addition, NAD" is an important substrate
required for oxidative phosphorylation and mitochondrial respiration, and reduced NAD™ has
been linked to oxidative stress, energy imbalance and down-regulation of sirtuins in obesity,
metabolic syndrome and diabetes[34]. Therefore, our results suggested that modulation of
lipid and energy metabolism were also involved in the renal protection of Lira on HFD rats.

Previous studies had found abnormal lipid deposition in the kidney of metabolic diseases
such as obesity and diabetes, and suggested that lipotoxicity contributes to the development of
kidney injury such as glomerulopathy, tubule interstitial inflammation, tubular cell apoptosis
and renal fibrosis [35]. In this study, we found that Lira could markedly reduced renal
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pathological injuries including glomerulosclerosis and interstitial fibrosis. Fatty acids (FAs)
are key mediators of lipotoxicity, and their levels are dramatically elevated in obese patients
[36]. The abnormally accumulated FAs lead to kidney injury through complex mechanism
including ROS, ER stress, mitochondria dysfunction and activation of pro-inflammatory and
pro-fibrotic pathways[37]. In this study, we found that Lira could directly regulate FA metabo-
lism in obese kidney. SREBP-1 is a master regulators of lipid metabolism, which promotes
lipogenesis by inducing target genes involved in the FA transport (CD36, FABP1) and FA bio-
synthesis (ACC and SCD-1)[37, 38]. In contrast, PPARa improves lipolysis via increasing
genes related to FA oxidation such as CPT-1[39]. We observed that Lira inhibited SREBP-1c,
FAS, CD36 and FABP1, and increased CPT-1 and PPARa level in the kidney of HED rats.
Thus, our results suggested that Lira alleviated kidney injury in obese rats at least partly by
directly preventing renal lipogenesis and promoting FA oxidation.

The kidney is a high energy demand organ that can use various substrates as fuels to gener-
ate ATP. In renal tubule cells, mitochondrial oxidation of FFA is a major source for ATP pro-
duction due to their little glycolytic capacity[36]. Obesity exhibited energy depletion and
mitochondrial dysfunction associated with declined key mitochondria regulator proteins
including PGCla and AMPK]3, 40, 41]. Previous reports indicated that renal accumulated lip-
ids caused mitochondria stress including increased mtROS, depolarized mitochondrial mem-
brane potential and impaired ATP generation in kidney cells [42, 43]. In this study, we
observed that Lira partly decreased renal mitochondria injury induced by HFD, as indicated
by reduced mtROS and increased level of TCA metabolites, ATP, NAD" and mitochondria
biogenesis genes such as TFAM, NRF-1, NDUFS5 and SDHB, and increased ATP5a and
UCP2 protein in kidney of HFD rats.Sirtl is a NAD" dependent deacetylase, which plays a key
role in regulating mitochondria oxidative metabolism and energy homeostasis [34]. Sirtl had
been reported to regulate energy metabolism and mitochondria biogenesis through a complex
network involving AMPK and PGClo[44]. GLP-1R agonist exenatide had shown to activate
Sirt1/AMPK pathways and thus reduced lipid deposition and inflammation in the liver of
HFD mice [45]. We also observed that Lira could reverse the decline of NAD™ and Sirt1/p-
AMPK/PGClo in the kidney of HED rats. Therefore, our results suggested that Lira prevented
kidney injury at least partly by restoring mitochondrial function and activating Sirt1/AMPK/
PGClo pathways in HFD rats.

Conclusion

In summary, HFD-induced obese rats showed impaired renal function and elevated renal
inflammation, oxidative stress and fibrosis, whereas Lira significantly ameliorated these
adverse effects in HFD rats. Metabolomic results indicated that Lira could directly reduce
renal lipid and energy metabolic disorders in HFD rats. Furthermore, we revealed that Lira
inhibited renal lipids deposition by coordinating lipogenic and lipolytic signals, and partly
restored renal mitochondria function via Sirt1/AMPK/PGClo pathways in HFD rats. Our
findings suggested that GLP-1R agonist is a promising therapy for obesity-associated CKD.

Supporting information

S1 Fig. (A) The IPGTT test in control, HFD and HFD + Lira rats. (B) The AUC of each group
driven from IPGTT test (** p<0.01 compared with control; # p<0.05 compared with HED).
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S2 Fig. Evaluation of (A) IL-6 and (B) TGF-f in the serum of rats by ELISA method (**
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trol rat, the keys for identified metabolites were listed.
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$4 Fig. Representative 600 MHz "H NMR spectra of kidneyaqueous extract from normal
control rat, the identified metabolites were marked.
(TIF)

S1 Table. Primers sequences for real-time PCR in this study.
(DOCX)

S1 File. Supporting methods.
(DOCX)

Acknowledgments

This work was supported by grants from National Natural Science Foundation of China
(31200754, 81571808) and China Postdoctoral Science Foundation (2012M511931).

Author Contributions

Conceptualization: Chengshi Wang, Ling Li, Yanrong Lu, Jingping Liu.

Data curation: Chengshi Wang, Ling Li, Lan Li, Jingping Liu.

Formal analysis: Chengshi Wang, Ling Li, Shuyun Liu, Guangneng Liao.
Funding acquisition: Jingqiu Cheng, Yanrong Lu, Jingping Liu.

Investigation: Chengshi Wang.

Methodology: Chengshi Wang, Ling Li, Shuyun Liu, Guangneng Liao, Jingping Liu.
Project administration: Chengshi Wang, Yanrong Lu, Jingping Liu.

Resources: Ling Li, Jingping Liu.

Software: Chengshi Wang, Ling Li, Shuyun Liu.

Supervision: Chengshi Wang, Guangneng Liao, Lan Li, Yanrong Lu, Jingping Liu.

Validation: Ling Li, Shuyun Liu, Lan Li, Younan Chen, Jingqiu Cheng, Yanrong Lu, Jingping
Liu.

Visualization: Chengshi Wang, Ling Li, Guangneng Liao, Younan Chen, Jingqiu Cheng, Yan-
rong Lu, Jingping Liu.
Writing - original draft: Chengshi Wang.

Writing - review & editing: Yanrong Lu, Jingping Liu.

References

1. Bolignano D, Zoccali C. Effects of weight loss on renal function in obese CKD patients: a systematic
review. Nephrol Dial Transplant. 2013; 28 Suppl 4:iv82-98. https://doi.org/10.1093/ndt/gft302 PMID:
24092846.

PLOS ONE | https://doi.org/10.1371/journal.pone.0193473 March 28,2018 13/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0193473.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0193473.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0193473.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0193473.s006
https://doi.org/10.1093/ndt/gft302
http://www.ncbi.nlm.nih.gov/pubmed/24092846
https://doi.org/10.1371/journal.pone.0193473

@° PLOS | ONE

GLP-1 receptor agonist ameliorates obesity-induced chronic kidney injury

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Goran MI, Ball GD, Cruz ML. Obesity and risk of type 2 diabetes and cardiovascular disease in children
and adolescents. J Clin Endocrinol Metab. 2003; 88(4):1417-27. https://doi.org/10.1210/jc.2002-
021442 PMID: 12679416.

Fox CS, Larson MG, Leip EP, Culleton B, Wilson PW, Levy D. Predictors of new-onset kidney disease
in a community-based population. JAMA. 2004; 291(7):844-50. https://doi.org/10.1001/jama.291.7.844
PMID: 14970063.

Gelber RP, Kurth T, Kausz AT, Manson JE, Buring JE, Levey AS, et al. Association between body
mass index and CKD in apparently healthy men. Am J Kidney Dis. 2005; 46(5):871-80. https://doi.org/
10.1053/j.ajkd.2005.08.015 PMID: 16253727.

Wang Y, Chen X, Song Y, Caballero B, Cheskin LJ. Association between obesity and kidney disease: a
systematic review and meta-analysis. Kidney Int. 2008; 73(1):19-33. https://doi.org/10.1038/sj.ki.
5002586 PMID: 17928825.

Stenvinkel P, Zoccali C, Ikizler TA. Obesity in CKD—what should nephrologists know? J Am Soc
Nephrol. 2013; 24(11):1727-36. https://doi.org/10.1681/ASN.2013040330 PMID: 24115475; PubMed
Central PMCID: PMCPMC3810091.

Hsu CY, McCulloch CE, Iribarren C, Darbinian J, Go AS. Body mass index and risk for end-stage renal
disease. Ann Intern Med. 2006; 144(1):21-8. PMID: 16389251.

Mathew AV, Okada S, Sharma K. Obesity related kidney disease. Current diabetes reviews. 2011; 7
(1):41-9. PMID: 21067508.

Thethi T, Kamiyama M, Kobori H. The link between the renin-angiotensin-aldosterone system and renal
injury in obesity and the metabolic syndrome. Curr Hypertens Rep. 2012; 14(2):160-9. https://doi.org/
10.1007/s11906-012-0245-z PMID: 22302531; PubMed Central PMCID: PMCPMC3337881.

Katagiri D, Hamasaki Y, Doi K, Okamoto K, Negishi K, Nangaku M, et al. Protection of glucagon-like
peptide-1 in cisplatin-induced renal injury elucidates gut-kidney connection. J Am Soc Nephrol. 2013;
24(12):2034—43. https://doi.org/10.1681/ASN.2013020134 PMID: 24092928; PubMed Central PMCID:
PMCPMC3839550.

Mima A, Hiraoka-Yamomoto J, Li Q, Kitada M, Li C, Geraldes P, et al. Protective effects of GLP-1 on
glomerular endothelium and its inhibition by PKCbeta activation in diabetes. Diabetes. 2012; 61
(11):2967-79. https://doi.org/10.2337/db11-1824 PMID: 22826029; PubMed Central PMCID:
PMCPMC3478518.

Hocher B, Tsuprykov O. Diabetic nephropathy: Renoprotective effects of GLP1R agonists and SGLT2
inhibitors. Nat Rev Nephrol. 2017; 13(12):728-30. https://doi.org/10.1038/nrneph.2017.140 PMID:
28989173.

Doyle ME, Egan JM. Mechanisms of action of glucagon-like peptide 1 in the pancreas. Pharmacol Ther.
2007; 113(83):546-93. https://doi.org/10.1016/j.pharmthera.2006.11.007 PMID: 17306374; PubMed
Central PMCID: PMCPMC1934514.

Buteau J. GLP-1 receptor signaling: effects on pancreatic beta-cell proliferation and survival. Diabetes
Metab. 2008; 34 Suppl 2:5S73-7. https://doi.org/10.1016/S1262-3636(08)73398-6 PMID: 18640589.

Takashima S, Fujita H, Fujishima H, Shimizu T, Sato T, Morii T, et al. Stromal cell-derived factor-1 is
upregulated by dipeptidyl peptidase-4 inhibition and has protective roles in progressive diabetic
nephropathy. Kidney Int. 2016; 90(4):783-96. https://doi.org/10.1016/j.kint.2016.06.012 PMID:
27475229.

Fujita H, Morii T, Fujishima H, Sato T, Shimizu T, Hosoba M, et al. The protective roles of GLP-1R sig-
naling in diabetic nephropathy: possible mechanism and therapeutic potential. Kidney Int. 2014; 85
(3):579-89. https://doi.org/10.1038/ki.2013.427 PMID: 24152968.

Yin QH, Zhang R, LiL, Wang YT, Liu JP, Zhang J, et al. Exendin-4 Ameliorates Lipotoxicity-induced
Glomerular Endothelial Cell Injury by Improving ABC Transporter A1-mediated Cholesterol Efflux in
Diabetic apoE Knockout Mice. J Biol Chem. 2016; 291(51):26487-501. https://doi.org/10.1074/jbc.
M116.730564 PMID: 27784780; PubMed Central PMCID: PMCPMC5159509.

Toblli JE, Cao G, Rico L, Angerosa M. Cardiovascular, liver, and renal toxicity associated with an intra-
venous ferric carboxymaltose similar versus the originator compound. Drug design, development and
therapy. 2017; 11:3401-12. https://doi.org/10.2147/DDDT.S151162 PMID: 29238166; PubMed Central
PMCID: PMC5716307.

LiuJ, Wang C, Liu F, Lu Y, Cheng J. Metabonomics revealed xanthine oxidase-induced oxidative stress
and inflammation in the pathogenesis of diabetic nephropathy. Anal Bioanal Chem. 2015; 407(9):2569—
79. https://doi.org/10.1007/s00216-015-8481-0 PMID: 25636229.

Muenter K, Dashwood MR. Blockade of the renin-angiotensin and endothelin systems on progressive
renal injury. Hypertension. 2001; 37(5):E13. PMID: 11358955.

PLOS ONE | https://doi.org/10.1371/journal.pone.0193473 March 28,2018 14/16


https://doi.org/10.1210/jc.2002-021442
https://doi.org/10.1210/jc.2002-021442
http://www.ncbi.nlm.nih.gov/pubmed/12679416
https://doi.org/10.1001/jama.291.7.844
http://www.ncbi.nlm.nih.gov/pubmed/14970063
https://doi.org/10.1053/j.ajkd.2005.08.015
https://doi.org/10.1053/j.ajkd.2005.08.015
http://www.ncbi.nlm.nih.gov/pubmed/16253727
https://doi.org/10.1038/sj.ki.5002586
https://doi.org/10.1038/sj.ki.5002586
http://www.ncbi.nlm.nih.gov/pubmed/17928825
https://doi.org/10.1681/ASN.2013040330
http://www.ncbi.nlm.nih.gov/pubmed/24115475
http://www.ncbi.nlm.nih.gov/pubmed/16389251
http://www.ncbi.nlm.nih.gov/pubmed/21067508
https://doi.org/10.1007/s11906-012-0245-z
https://doi.org/10.1007/s11906-012-0245-z
http://www.ncbi.nlm.nih.gov/pubmed/22302531
https://doi.org/10.1681/ASN.2013020134
http://www.ncbi.nlm.nih.gov/pubmed/24092928
https://doi.org/10.2337/db11-1824
http://www.ncbi.nlm.nih.gov/pubmed/22826029
https://doi.org/10.1038/nrneph.2017.140
http://www.ncbi.nlm.nih.gov/pubmed/28989173
https://doi.org/10.1016/j.pharmthera.2006.11.007
http://www.ncbi.nlm.nih.gov/pubmed/17306374
https://doi.org/10.1016/S1262-3636(08)73398-6
http://www.ncbi.nlm.nih.gov/pubmed/18640589
https://doi.org/10.1016/j.kint.2016.06.012
http://www.ncbi.nlm.nih.gov/pubmed/27475229
https://doi.org/10.1038/ki.2013.427
http://www.ncbi.nlm.nih.gov/pubmed/24152968
https://doi.org/10.1074/jbc.M116.730564
https://doi.org/10.1074/jbc.M116.730564
http://www.ncbi.nlm.nih.gov/pubmed/27784780
https://doi.org/10.2147/DDDT.S151162
http://www.ncbi.nlm.nih.gov/pubmed/29238166
https://doi.org/10.1007/s00216-015-8481-0
http://www.ncbi.nlm.nih.gov/pubmed/25636229
http://www.ncbi.nlm.nih.gov/pubmed/11358955
https://doi.org/10.1371/journal.pone.0193473

@° PLOS | ONE

GLP-1 receptor agonist ameliorates obesity-induced chronic kidney injury

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Wu LL, Cox A, Roe CJ, Dziadek M, Cooper ME, Gilbert RE. Transforming growth factor beta 1 and
renal injury following subtotal nephrectomy in the rat: role of the renin-angiotensin system. Kidney Int.
1997; 51(5):1553-67. PMID: 9150473.

Raun K, von Voss P, Gotfredsen CF, Golozoubova V, Rolin B, Knudsen LB. Liraglutide, a long-acting
glucagon-like peptide-1 analog, reduces body weight and food intake in obese candy-fed rats, whereas
a dipeptidyl peptidase-IV inhibitor, vildagliptin, does not. Diabetes. 2007; 56(1):8—15. https://doi.org/10.
2337/db06-0565 PMID: 17192459.

Chung HW, Lim JH, Kim MY, Shin SJ, Chung S, Choi BS, et al. High-fat diet-induced renal cell apopto-
sis and oxidative stress in spontaneously hypertensive rat are ameliorated by fenofibrate through the
PPARalpha-FoxO3a-PGC-1alpha pathway. Nephrol Dial Transplant. 2012; 27(6):2213-25. https://doi.
org/10.1093/ndt/gfr613 PMID: 22076434.

Einbinder Y, Ohana M, Benchetrit S, Zehavi T, Nacasch N, Bernheim J, et al. Glucagon-like peptide-1
and vitamin D: anti-inflammatory response in diabetic kidney disease in db/db mice and in cultured
endothelial cells. Diabetes Metab Res Rev. 2016; 32(8):805—15. https://doi.org/10.1002/dmrr.2801
PMID: 26991522.

Kodera R, Shikata K, Kataoka HU, Takatsuka T, Miyamoto S, Sasaki M, et al. Glucagon-like peptide-1
receptor agonist ameliorates renal injury through its anti-inflammatory action without lowering blood glu-
cose level in a rat model of type 1 diabetes. Diabetologia. 2011; 54(4):965—78. https://doi.org/10.1007/
s00125-010-2028-x PMID: 21253697.

Consoli A, Nurjhan N, Reilly JJ Jr., Bier DM, Gerich JE. Mechanism of increased gluconeogenesis in
noninsulin-dependent diabetes mellitus. Role of alterations in systemic, hepatic, and muscle lactate and
alanine metabolism. J Clin Invest. 1990; 86(6):2038—45. https://doi.org/10.1172/JCI114940 PMID:
2254458; PubMed Central PMCID: PMC329842.

Guillet C, Masgrau A, Walrand S, Boirie Y. Impaired protein metabolism: interlinks between obesity,
insulin resistance and inflammation. Obesity reviews an official journal of the International Association
for the Study of Obesity. 2012; 13 Suppl 2:51-7. https://doi.org/10.1111/].1467-789X.2012.01037 .x
PMID: 23107259.

LiuS, YuanY, Zhou Y, Zhao M, Chen Y, Cheng J, et al. Phloretin attenuates hyperuricemia-induced
endothelial dysfunction through co-inhibiting inflammation and GLUT9-mediated uric acid uptake. Jour-
nal of cellular and molecular medicine. 2017; 21(10):2553-62. https://doi.org/10.1111/jcmm.13176
PMID: 28402018; PubMed Central PMCID: PMC5618667.

Andersen K, Kesper MS, Marschner JA, Konrad L, Ryu M, Kumar Vr S, et al. Intestinal Dysbiosis, Bar-
rier Dysfunction, and Bacterial Translocation Account for CKD-Related Systemic Inflammation. J Am
Soc Nephrol. 2017; 28(1):76-83. https://doi.org/10.1681/ASN.2015111285 PMID: 27151924; PubMed
Central PMCID: PMC5198279.

Vinolo MA, Rodrigues HG, Nachbar RT, Curi R. Regulation of inflammation by short chain fatty acids.
Nutrients. 2011; 3(10):858-76. https://doi.org/10.3390/nu3100858 PMID: 22254083; PubMed Central
PMCID: PMC3257741.

Zhong Z, Wheeler MD, Li X, Froh M, Schemmer P, Yin M, et al. L-Glycine: a novel antiinflammatory,
immunomodulatory, and cytoprotective agent. Current opinion in clinical nutrition and metabolic care.
20083; 6(2):229-40. https://doi.org/10.1097/01.mc0.0000058609.19236.a4 PMID: 12589194.

Han X, Chesney RW. The role of taurine in renal disorders. Amino acids. 2012; 43(6):2249-63. https://
doi.org/10.1007/s00726-012-1314-y PMID: 22580723.

Sharma K, Karl B, Mathew AV, Gangoiti JA, Wassel CL, Saito R, et al. Metabolomics reveals signature
of mitochondrial dysfunction in diabetic kidney disease. J Am Soc Nephrol. 2013; 24(11):1901-12.
https://doi.org/10.1681/ASN.2013020126 PMID: 23949796; PubMed Central PMCID:
PMCPMC3810086.

Imai S, Guarente L. NAD+ and sirtuins in aging and disease. Trends Cell Biol. 2014; 24(8):464—-71.
https://doi.org/10.1016/j.tcb.2014.04.002 PMID: 24786309; PubMed Central PMCID:
PMCPMC4112140.

Weinberg JM. Lipotoxicity. Kidney Int. 2006; 70(9):1560-6. https://doi.org/10.1038/sj.ki.5001834 PMID:
16955100.

Bobulescu IA. Renal lipid metabolism and lipotoxicity. Curr Opin Nephrol Hypertens. 2010; 19(4):393—
402. https://doi.org/10.1097/MNH.0b013e32833aa4ac PMID: 20489613; PubMed Central PMCID:
PMCPMC3080272.

Nosadini R, Tonolo G. Role of oxidized low density lipoproteins and free fatty acids in the pathogenesis
of glomerulopathy and tubulointerstitial lesions in type 2 diabetes. Nutr Metab Cardiovasc Dis. 2011; 21
(2):79-85. https://doi.org/10.1016/j.numecd.2010.10.002 PMID: 21186102.

PLOS ONE | https://doi.org/10.1371/journal.pone.0193473 March 28,2018 15/16


http://www.ncbi.nlm.nih.gov/pubmed/9150473
https://doi.org/10.2337/db06-0565
https://doi.org/10.2337/db06-0565
http://www.ncbi.nlm.nih.gov/pubmed/17192459
https://doi.org/10.1093/ndt/gfr613
https://doi.org/10.1093/ndt/gfr613
http://www.ncbi.nlm.nih.gov/pubmed/22076434
https://doi.org/10.1002/dmrr.2801
http://www.ncbi.nlm.nih.gov/pubmed/26991522
https://doi.org/10.1007/s00125-010-2028-x
https://doi.org/10.1007/s00125-010-2028-x
http://www.ncbi.nlm.nih.gov/pubmed/21253697
https://doi.org/10.1172/JCI114940
http://www.ncbi.nlm.nih.gov/pubmed/2254458
https://doi.org/10.1111/j.1467-789X.2012.01037.x
http://www.ncbi.nlm.nih.gov/pubmed/23107259
https://doi.org/10.1111/jcmm.13176
http://www.ncbi.nlm.nih.gov/pubmed/28402018
https://doi.org/10.1681/ASN.2015111285
http://www.ncbi.nlm.nih.gov/pubmed/27151924
https://doi.org/10.3390/nu3100858
http://www.ncbi.nlm.nih.gov/pubmed/22254083
https://doi.org/10.1097/01.mco.0000058609.19236.a4
http://www.ncbi.nlm.nih.gov/pubmed/12589194
https://doi.org/10.1007/s00726-012-1314-y
https://doi.org/10.1007/s00726-012-1314-y
http://www.ncbi.nlm.nih.gov/pubmed/22580723
https://doi.org/10.1681/ASN.2013020126
http://www.ncbi.nlm.nih.gov/pubmed/23949796
https://doi.org/10.1016/j.tcb.2014.04.002
http://www.ncbi.nlm.nih.gov/pubmed/24786309
https://doi.org/10.1038/sj.ki.5001834
http://www.ncbi.nlm.nih.gov/pubmed/16955100
https://doi.org/10.1097/MNH.0b013e32833aa4ac
http://www.ncbi.nlm.nih.gov/pubmed/20489613
https://doi.org/10.1016/j.numecd.2010.10.002
http://www.ncbi.nlm.nih.gov/pubmed/21186102
https://doi.org/10.1371/journal.pone.0193473

@° PLOS | ONE

GLP-1 receptor agonist ameliorates obesity-induced chronic kidney injury

38.

39.

40.

41.

42,

43.

44,

45.

Frederico MJ, Vitto MF, Cesconetto PA, Engelmann J, De Souza DR, Luz G, et al. Short-term inhibition
of SREBP-1c expression reverses diet-induced non-alcoholic fatty liver disease in mice. Scand J Gas-
troenterol. 2011; 46(11):1381-8. https://doi.org/10.3109/00365521.2011.613945 PMID: 21936721.

Wang S, Moustaid-Moussa N, Chen L, Mo H, Shastri A, Su R, et al. Novel insights of dietary polyphe-
nols and obesity. J Nutr Biochem. 2014; 25(1):1-18. https://doi.org/10.1016/j.jnutbio.2013.09.001
PMID: 24314860; PubMed Central PMCID: PMCPMC3926750.

Jelenik T, Roden M. Mitochondrial plasticity in obesity and diabetes mellitus. Antioxid Redox Signal.
2013; 19(8):258-68. https://doi.org/10.1089/ars.2012.4910 PMID: 22938510; PubMed Central PMCID:
PMCPMC3691915.

Cheng Z, Aimeida FA. Mitochondrial alteration in type 2 diabetes and obesity: an epigenetic link. Cell
Cycle. 2014; 13(6):890-7. https://doi.org/10.4161/cc.28189 PMID: 2455281 1; PubMed Central PMCID:
PMCPMC3984312.

Xu S, Nam SM, Kim JH, Das R, Choi SK, Nguyen TT, et al. Palmitate induces ER calcium depletion and
apoptosis in mouse podocytes subsequent to mitochondrial oxidative stress. Cell Death Dis. 2015; 6:
e1976. https://doi.org/10.1038/cddis.2015.331 PMID: 26583319; PubMed Central PMCID:
PMCPMC4670935.

Decleves AE, Zolkipli Z, Satriano J, Wang L, Nakayama T, Rogac M, et al. Regulation of lipid accumula-
tion by AMP-activated kinase [corrected)] in high fat diet-induced kidney injury. Kidney Int. 2014; 85
(3):611-23. https://doi.org/10.1038/ki.2013.462 PMID: 24304883; PubMed Central PMCID:
PMCPMC4244908.

Canto C, Auwerx J. PGC-1alpha, SIRT1 and AMPK, an energy sensing network that controls energy
expenditure. Curr Opin Lipidol. 2009; 20(2):98—105. https://doi.org/10.1097/MOL.0b013e328328d0a4
PMID: 19276888; PubMed Central PMCID: PMCPMC3627054.

XuF, LiZ, Zheng X, Liu H, Liang H, Xu H, et al. SIRT1 mediates the effect of GLP-1 receptor agonist
exenatide on ameliorating hepatic steatosis. Diabetes. 2014; 63(11):3637—46. https://doi.org/10.2337/
db14-0263 PMID: 24947350.

PLOS ONE | https://doi.org/10.1371/journal.pone.0193473 March 28,2018 16/16


https://doi.org/10.3109/00365521.2011.613945
http://www.ncbi.nlm.nih.gov/pubmed/21936721
https://doi.org/10.1016/j.jnutbio.2013.09.001
http://www.ncbi.nlm.nih.gov/pubmed/24314860
https://doi.org/10.1089/ars.2012.4910
http://www.ncbi.nlm.nih.gov/pubmed/22938510
https://doi.org/10.4161/cc.28189
http://www.ncbi.nlm.nih.gov/pubmed/24552811
https://doi.org/10.1038/cddis.2015.331
http://www.ncbi.nlm.nih.gov/pubmed/26583319
https://doi.org/10.1038/ki.2013.462
http://www.ncbi.nlm.nih.gov/pubmed/24304883
https://doi.org/10.1097/MOL.0b013e328328d0a4
http://www.ncbi.nlm.nih.gov/pubmed/19276888
https://doi.org/10.2337/db14-0263
https://doi.org/10.2337/db14-0263
http://www.ncbi.nlm.nih.gov/pubmed/24947350
https://doi.org/10.1371/journal.pone.0193473

