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Abstract

Background: Obesity is associated with the development and progression of chronic 
kidney disease. Emerging evidence suggests that glucagon-like peptide-1 receptor 
agonist could reduce renal damage and albuminuria. Sirtuin 1 (SIRT1) was considered 
as a crucial regulator in metabolism-related kidney disease. Herein, the role of SIRT1 in 
liraglutide-ameliorated high-fat diet (HFD)-induced kidney injury was illustrated.
Methods: Male C57BL/6 mice were fed HFD for 20 weeks to induce kidney injury that was 
then treated with liraglutide for 8 weeks to estimate its protective effect on the kidney. 
Also, the mechanism of the drug in SV40 MES 13 (SV40) mouse mesangial cells was 
elucidated.
Results: Liraglutide treatment ameliorated HFD-induced metabolic disorders, including 
hyperglycemia, increasing body weight, and insulin resistance. In addition, kidney 
weight, urine albumin-to-creatinine, and kidney morphological changes such as 
vacuolated tubules, glomerulomegaly, thickened glomerular basement membrane, and 
tubulointerstitial fibrosis were also significantly ameliorated. Furthermore, apoptotic 
cells and apoptosis markers were downregulated in the kidney of liraglutide-treated 
mice. In addition, the expression of SIRT1 protein was upregulated, whereas thioredoxin-
interacting protein (TXNIP), which serves as a mediator of oxidative stress and apoptosis 
in metabolism disease, was downregulated by liraglutide. In SV40 cells, the effect of 
liraglutide on reversing the upregulation of cleaved caspase-3 induced by high glucose 
(30 mM) was hampered when SIRT1 was knocked down; also, the downregulation of 
TXNIP by liraglutide was blocked.
Conclusions: Liraglutide might have a beneficial effect on metabolism-related kidney 
damage by inhibiting apoptosis via activation of SIRT1 and suppression of TXNIP pathway.

Introduction

Chronic kidney disease (CKD) is increasing worldwide, 
and obesity is a major risk factor for the development of 
CKD (1, 2) that could be independent of hypertension, 
diabetes, and dyslipidemia (3). The pathological features 
of obesity-related kidney damage include tubular 

hypertrophy, glomerular hypertrophy, thickening of 
the glomerular basement membrane, and mesangial 
matrix expansion (4, 5). These damages contribute to 
albuminuria and ultimately, tubulointerstitial fibrosis 
and glomerulosclerosis (6, 7). Despite the public 
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health correlation between obesity and kidney injury,  
there is no effective drug therapy approved for  
kidney damage.

Glucagon-like peptide-1 (GLP-1) is mainly secreted 
from intestinal L cells. The circulating level of GLP-1 
increases rapidly after food intake (8). GLP-1 receptor 
agonists (GLP-1RAs) have been developed for the treatment 
of type 2 diabetes mellitus (T2DM). GLP-1 receptor is 
found in various locations, such as preglomerular vascular 
smooth muscle, mesangial cells, and proximal tubular 
cells in the kidney (9, 10, 11). Liraglutide, one of the  
GLP-1RAs, has 97% amino acid sequence identity to 
human GLP-1. LEADER (Liraglutide Effect and Action in 
Diabetes: Evaluation of Cardiovascular Outcome Results – 
A Long Term Evaluation) trial revealed that the liraglutide-
treated group reduced the events of new persistent 
microalbuminuria and serum creatinine, end-stage kidney 
disease, and death from kidney disease as compared to 
the traditional diabetes treatment group in patients with 
T2DM and high cardiovascular risk (12). Mechanisms 
linking sustained GLP-1 receptor activation to renal 
protection include control of intense blood glucose level, 
blood pressure level, blood lipid level, and body weight 
and improvement of inflammation and fibrosis of the 
kidney (13). However, the exact mechanisms by which 
GLP-1 and its mimetics improve the renal function are 
not yet well understood.

Sirtuin 1 (SIRT1) is a subtype of sirtuins that play a 
vital role in maintaining the balance of blood glucose, 
blood lipid, and energy metabolism (14). The protective 
effects of SIRT1, such as regulation of energy metabolism, 
anti-fibrosis, and anti-oxidative stress, have been 
detected in various kidney disease models (14, 15, 16). 
A previous study found that loss of SIRT1 led to severe 
apoptosis and fibrosis in the kidney in SIRT1+/− mice 
as compared to wild-type mice after being subjected 
to ureteral obstruction (17). Previous studies have also 
shown that the proximal tubules-specific overexpression 
of SIRT1 enhances the remission of proteinuria caused by 
diabetes (18). Together, these findings indicate that SIRT1 
is essential for renal protection. It has been reported to 
be reduced in various tissues, including the kidney, after 
exposure to a high-fat diet (HFD) (19). Nevertheless, 
the role of SIRT1 in the protective effects of liraglutide 
on kidney disease induced by HFD has not yet been 
evaluated. Herein, we used HFD-induced obese mouse 
model and SV40 mouse mesangial cells as an in vitro 
model to test the hypothesis that SIRT1 is a key pathway 
by which liraglutide contributes to the protective renal 
function in obesity-related kidney injury.

Materials and methods

Animal studies

Seven-week-old C57BL/6J male mice were purchased from 
the Model Animal Research Center (Nanjing, China) and 
housed in a 12 h light: 12 h darkness cycle. After 1 week 
acclimatization period, the animals were fed HFD (60% 
calories from fat, Research Diets, New Brunswick, NJ, 
USA) for 20 weeks to induce kidney injury. Low-fat diet 
(11% calories from fat, Guangdong Medical Laboratory 
Animal Center) was used as control. Then, the mice were 
divided into three groups, of which, one was treated 
with liraglutide (400 µg/kg/day, Novo Nordisk A/S) by 
intraperitoneal injection for 8 weeks; the other two 
groups received saline as the normal control (NC) group. 
During the in vivo experiment, the data of body weight, 
6-h fasting blood glucose (FBG) levels, and food intake 
of all mice were monitored every 2 weeks. At the end of 
the experiments, mice were fasted for 8 h, anesthetized 
with isoflurane, and sacrificed to collect blood and tissue. 
All experiments were approved by the Animal Ethics 
Committees of the Sun Yat-sen University.

Cell culture

SV40 mouse mesangial cells were purchased from the 
Cell Bank of the Chinese Academy of Sciences (Shanghai, 
China) and cultured in normal glucose (5.6 mmol/L 
d-glucose, Sigma-Aldrich) medium containing 5% (v/v) 
fetal bovine serum (FBS), 3:1 mixture of DMEM and Ham’s 
F12 medium, 14 mM HEPES, 1 mmol/L sodium pyruvate, 
100 units/mL penicillin, and 100 µg/mL streptomycin 
at 37°C in a humidified atmosphere of 5% CO2. When 
the cells achieved 60–65% confluency, the medium 
was changed to normal glucose (NG) concentration  
(5.6 mmol/L d-glucose) or high glucose (HG) concentration 
(30 mmol/L d-glucose) in the presence or absence of 1, 10, 
and 100 nmol/L liraglutide (Selleck, Houston, TX, USA) 
for 48 h.

The cells were transfected with a lentiviral vector 
expressing the short hairpin (sh)RNA sequence of Sirt1 to 
knock down SIRT1 expression, while the control vector 
harbored a scramble sequence (GeneChem, Shanghai, 
China). SV40 cells were transfected with lentiviral vectors 
expressing the short hairpin (sh)RNA sequence of Sirt1 
for 12 h to knock down SIRT1 expression, while the 
control vector carried a scramble sequence (GeneChem). 
Subsequently, the medium was changed, and the cells 
were cultured in normal glucose concentration for an 
additional 48 h. Then, the transfected cells were treated 
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with HG (30 mmol/L) and with or without liraglutide 
(100 nmol/L) as indicated for 48 h.

Intraperitoneal glucose tolerance test (IPGTT) and 
intraperitoneal insulin tolerance test (IPITT)

To conduct IPGTT, mice were fasted overnight and then 
given glucose (2 g/kg). After 4 h of fasting, animals were 
subjected to an IPITTat 0.75 units/kg of insulin (Novolin 
R). Blood glucose was measured from the tail vein at 0, 
30, 60, 90, and 120 min post-intraperitoneal injection. 
ONETOUCH Ultra Vue glucometer (Johnson) was used in 
IPGTT and IPITT.

Urine albumin-to-creatinine ratio (ACR)

According to the protocol description, 24-h urine 
collection of mice was quantitatively measured using the 
mouse Albuwell M Kit (1011, Exocell, Philadelphia, PA, 
USA) and Creatinine Companion Kit (1012, Exocell).

Western blot

After homogenizing in RIPA buffer (Thermo Fisher 
Scientific), the protein of kidney tissues and mouse 
mesangial cells were collected by centrifugation at 20,817 g 
for 20 min at 4°C. The protein concentration was determined 
using a BCA kit (Thermo Fisher Scientific). Equivalent of 
protein was separated by 10% or 15% SDS-PAGE. Then, 
the polyvinylidene fluoride membranes were probed 
with primary antibodies for SIRT1 (1:500, Cell Signaling 
Technology), TXNIP (1:1000, Cell Signaling Technology), 
cleaved caspase-3 (1:500, Cell Signaling Technology), and 
Bcl-2 (1:500, Cell Signaling Technology) in Tris–HCl buffer 
saline with 5% BSA at 4°C overnight, followed by incubation 
with secondary antibodies (1:10,000, DyLight 800; Thermo 
Fisher Scientific). The intensity of the immunoreactive 
bands was quantified using the Odyssey Infrared Imaging 
System (LI-COR Biosciences, Lincoln, NE, USA).

Hematoxylin–eosin (H&E) staining

Fresh kidney tissues were fixed in 4% neutral-buffered 
formalin solution. Sections of 8 μm thickness were collected 
on slides and processed by standard H&E staining protocol.

Periodic acid of Schiff-methenamine 
(PASM) staining

Each group of paraffin sections was oxidized, fixed, washed, 
and examined according to standard procedures until a  

black precipitate appeared in the glomerular capillary 
basement membrane. Then, the sections were further 
observed and photographed with a BX63 microscope 
(Olympus) to reveal a black glomerular basement membrane.

Masson trichrome staining

The paraffin sections of each group were dewaxed, 
dehydrated, stained with hematoxylin, and rinsed with 
tap water. Subsequently, the sections were stained with 
a mixture of 1% Ponceau (HL12202, Shanghai Haling 
Biotechnology Co. Ltd, Shanghai, China) and 1% fuchsin 
solution (HPBIO-SJ820, Shanghai Hepeng Biotechnology 
Co., Ltd) before the reaction was terminated by a mixture 
of 1% glacial acetic acid and 1% molybdic acid solution, 
followed by counterstaining with a mixture of 1% brilliant 
green and 1% phosphomolybdic acid. Finally, the sections 
were observed under the microscope (BX63, Olympus) 
with original magnification ×20, and the collagen fibers 
were found to be stained blue.

Terminal deoxynucleotidyl transferase-mediated 
dUTP-biotin nick end labeling (TUNEL) assay

Double-stranded, low molecular weight DNA and single-
strand breaks in high molecular weight DNA were 
identified by TUNEL assay (Roche), according to the 
manufacturer’s protocol. About six to seven random fields 
of view for each kidney sample were examined and images 
acquired at a DM 2500B microscope (Leica Microsystems) 
with original magnification ×20. TUNEL-positive cells 
were counted by Image J software.

Statistical analysis

Statistical analysis was performed using SPSS 24.0, and 
P-value < 0.05 was considered significant. All values are 
expressed as mean ± s.e.m. The two-tailed, unpaired Student’s 
t-test was used to compare the differences between the two 
groups. ANOVA with Bonferroni comparison test was used 
to assess the statistical significance of differences among 
groups. Each experiment was repeated at least three times.

Results

Liraglutide decreased body weight and improved 
glucose homeostasis in HFD-challenged mice

The body weight and the FBG in the HFD mice increased 
significantly as compared to the NC group (Fig. 1A and B).  
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After liraglutide treatment, body weight and FBG were 
significantly reduced as compared to that of HFD mice 
(Fig. 1A and B). Thus, it could be expected that at the end 
of the experiment, the fat content of the mice treated with 
liraglutide was significantly lower than that of HFD mice 
(Fig. 1C). In the current study, treatment with liraglutide 
decreased food intake as compared to the saline group; 
however, there was no significant change (Fig. 1D). 
To investigate whether liraglutide improved glucose 
metabolism, we performed IPGTT and IPITT after 8 weeks 
of liraglutide treatment. Strikingly, liraglutide improved 
glucose tolerance of HFD-induced mice, as indicated by 
the lower glucose levels at 30, 60, and 120 min as well as 
the significantly small area under the curve (AUC) value 
(Fig. 1E). During the IPITT test, administration of insulin 
after liraglutide treatment caused a significant decrease 
in blood glucose levels at 30, 60, and 120 min and the 
significantly small AUC value as compared to the HFD 
mice (Fig. 1F). Taken together, these data showed that 

liraglutide improves body weight, glucose tolerance, and 
insulin resistance in HFD-challenged mice.

Liraglutide alleviated kidney weight, urine ACR, 
and kidney morphology changes induced by HFD

At the end of the experiment, the kidney weight in HFD-
fed mice was significantly decreased after liraglutide 
treatment as compared to the saline control (Fig. 2A). 
The urine ACR of HFD mice was higher than that of NC 
mice, while liraglutide treatment significantly reduced the 
ACR (Fig. 2B). Moreover, the morphological changes in 
the kidney are also obvious. The vacuolated tubules and 
glomerulomegaly were dramatically improved in mice fed 
HFD by liraglutide treatment (Fig. 3C). In addition, PASM 
staining revealed that the thickened glomerular basement 
membrane was improved in the kidney of the HFD-
challenged mice by liraglutide treatment, and Masson 
staining showed that the tubulointerstitial lesions of 

Figure 1
Liraglutide decreased body weight and improved 
glucose homeostasis in HFD-challenged mice. (A) 
Body weight during HFD feeding and liraglutide 
treatment every 2 weeks. (B) Fasting blood 
glucose during HFD feeding and liraglutide 
treatment every 2 weeks. (C) Fat content is 
determined by quantitative magnetic resonance. 
(D) Food intake during HFD feeding and liraglutide 
treatment. (E and F) Intraperitoneal glucose 
tolerance test (E) and insulin tolerance test (F) 
were performed after 8 weeks of liraglutide 
intervention. The AUCs were determined.  
*P < 0.05 NC vs HFD; **P < 0.01 NC vs HFD;  
***P < 0.001 NC vs HFD. #P < 0.05 HFD vs 
HFD + Lira; ##P < 0.01 HFD vs HFD + Lira;  
###P < 0.01 HFD vs HFD + Lira. Values are  
mean ± s.e.m. (n = 5–14). Lira, liraglutide.

Figure 2
Liraglutide alleviated kidney weight, urine ACR, 
and pathological changes induced by HFD. (A) 
Kidney weight was improved after liraglutide 
intervention. (B) Urine ACR was ameliorated after 
liraglutide treatment. (C) Hematoxylin and eosin 
staining (×200), PASM staining (×200), and 
Masson staining (×200) showed that lesions of 
vacuoles, distinct Bowman’s glomerular capsule, 
thickened glomerular basement membrane, and 
lesions of tubulointerstitial fibrosis were 
ameliorated after liraglutide treatment. (black 
arrow) vacuoles in the tubular cells; (red arrow) 
glomerulomegaly; (yellow arrow) thickened 
glomerular basement membrane; (green arrow) 
tubulointerstitial lesions; Lira, liraglutide.
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kidney in HFD-induced mice were alleviated by liraglutide 
treatment (Fig. 3C).

Liraglutide alleviated apoptosis in the kidney of 
HFD-fed mice

Increased apoptosis was observed in diabetic human 
kidney and mouse models with metabolism-related 
kidney disease (20). Bcl-2 is an inhibitor of apoptosis 
(21). The Bcl-2 protein level was decreased in the kidneys 
from HFD mice as compared to those from NC mice (Fig. 
3A and B). The level of cleaved caspase-3 protein, a key 
executor of apoptosis (22), was significantly increased 
in HFD mice (Fig. 3A and B). Conversely, liraglutide 
treatment upregulated Bcl-2 and downregulated cleaved 
caspase-3 significantly (Fig. 3A and B). Furthermore, a 
significant increase was detected in the ratio of apoptotic 
cells in both the tubules and glomerulus of HFD-fed mice 
as compared to NC mice (Fig. 3C and D). After liraglutide 
treatment, the ratio of apoptotic cells in kidney of mice 
fed HFD also decreased significantly (Fig. 3C and D).

Liraglutide reversed the protein expression of 
SIRT1 and TXNIP in HFD-induced kidney injury

To test whether SIRT1 was involved in the beneficial 
effects of liraglutide on the kidney, the protein expression 
was detected by Western blotting. In the current 
study, the expression of SIRT1 in the HFD group was 
significantly lower than that in the NC group (Fig. 4). As 
expected, liraglutide treatment upregulated HFD-induced 
SIRT1 expression significantly (Fig. 4). Thioredoxin-
interacting protein (TXNIP), a pro-inflammatory, pro-
oxidative stress, and pro-apoptotic protein plays a 
vital role in the onset and development of CKD (23, 
24). Compared to the NC group, the protein level of 
TXNIP was significantly induced in the HFD group,  

while the liraglutide administration remarkably 
downregulated the expression of TXNIP (Fig. 4).

Liraglutide prevented apoptosis mediated by SIRT1 
in HG-induced SV40 cells

Next, we verified the above results in SV40 mouse  
mesangial cells in vitro. SV40 cells were exposed to 
5.6 mmol/L (NG) or 30 mmol/L (HG) glucose with or 
without liraglutide for 48 h. Consistent with the in vivo 
findings, the results showed a significant decrease in 
cleaved caspase-3 protein expression in HG-challenged 
cells treated with liraglutide (10 and 100 nmol/L) 
(Fig. 5A and B). Interestingly, liraglutide (100 nmol/L) 
significantly upregulated the expression of SIRT1 protein 
in HG-induced SV40 cells (Fig. 5A and B) compared to 

Figure 3
Liraglutide alleviated apoptosis in the kidney of 
HFD-fed mice. (A) Western blot analysis of Bcl-2 
and cleaved caspase-3 protein levels in different 
groups. (B) Ratios of Bcl-2 to β-actin protein 
expression and cleaved caspase-3 to β-actin 
protein expression were quantified in three 
independent experiments per condition. (C) 
Representative TUNEL staining of kidney tissue 
and an assay of the proportion of TUNEL-positive 
cells was performed using the Image-J software in 
six random fields for each mouse. Values are 
mean ± s.e.m. (n = 3), **P < 0.01 NC vs HFD.  
#P < 0.05 HFD vs HFD + Lira; ##P < 0.01 HFD vs 
HFD + Lira. Lira, liraglutide.

Figure 4
Liraglutide reversed the protein expression of SIRT1 and TXNIP in 
HFD-induced kidney injury. (A) Western blots analysis of SIRT1and TXNIP 
protein levels in different groups. (B) Ratios of SIRT1 to β-actin protein 
expression and TXNIP to β-actin protein expression were quantified in 
three independent experiments per condition. Data are expressed as the 
mean ± s.e.m. (n = 4). **P < 0.01 NC vs HFD. #P < 0.05 HFD vs HFD + Lira; 
###P < 0.001 HFD vs HFD + Lira. Lira, liraglutide.
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the HG group. We also found that liraglutide (10 and  
100 nmol/L) significantly decreased the expression of 
TXNIP protein compared to the HG group (Fig. 5A and 
B). After knocking down SIRT1 in SV40 cells, the above 
effects of liraglutide (100 nmol/L) on the decreased 
expression of cleaved caspase-3 and TXNIP proteins were 
sharply blocked (Fig. 5C and D). These data supported 
that liraglutide downregulated the level of TXNIP and 
cleaved caspase-3 proteins to protect against HG-mediated 
apoptosis of SV40 cells via SIRT1.

Discussion

The obesity epidemic has led to an increased incidence 
of obesity-related renal damage (25, 26). Previous 
studies have demonstrated that weight loss contributes 
to a significant improvement in proteinuria and 
normalization of glomerular hyperfiltration in subjects 
with obesity (27). In this study, C57BL/6J mice fed on HFD 
developed obesity, hyperglycemia, and insulin resistance 
(Fig. 1). Elevated urinary ACR and pathological changes,  

which included glomerulomegaly, vacuolated tubular, 
thickened glomerular basement membrane, and 
tubulointerstitial fibrosis (Fig. 2), confirmed the 
establishment of a murine model to study obesity-related 
kidney disease. Hyperglycemia and hyperlipidemia 
activate apoptosis in animal and human podocytes, 
mesangial cells, and tubular cells (20, 26, 28). Apoptosis 
was contributed to the pathophysiology of kidney injury 
(29, 30). The data demonstrated that HFD-fed mice and 
HG-incubated SV40 cells induce a significant increase 
in apoptotic cells and the expression of apoptosis 
markers, such as cleaved caspase-3 and Bcl-2 (Figs 3, 5A 
and B). Thus, we provided an insight into the putative 
mechanisms underlying obesity-related renal damage and 
albuminuria in order to find novel approaches to protect 
the kidney from damage at the early stage.

LEADER trial demonstrated that liraglutide improves 
the prognosis of renal damage in T2DM (12). However, 
the mechanism is yet poorly understood. Emerging 
evidence showed that the kidney protection of liraglutide 
is partially dependent on the improvements in control 
of blood glucose, blood pressure, blood lipid, and body 

Figure 5
Liraglutide prevented apoptosis-induced RT1/TXNIP pathway in SV40 cells. (A) SV40 cells were treated with HG (30 mmol/L) with or without liraglutide  
(1, 10, and 100 nmol/L, respectively). SIRT1, TXNIP, and cleaved caspase-3 were detected. (B) Ratios of SIRT1 to β-actin, TXNIP to β-actin and cleaved 
caspase-3 to β-actin protein expressions were quantified in three independent experiments per condition. (C) Transfected SV40 cells were treated with 
HG (30 mmol/L) with or without liraglutide (100 nmol/L). SIRT1, TXNIP, and cleaved caspased-3 were detected. (D) Ratios of SIRT1 to β-actin protein, TXNIP 
to β-actin, and cleaved caspase-3 to β-actin protein expression were quantified in three independent experiments per condition. Data are expressed as 
the mean ± s.e.m. (n = 3). **P < 0.01 NG vs HG. #P < 0.05 HG vs HG + Lira-10. &P < 0.05 HG vs HG + Lira-100; &&P < 0.01 HG vs HG + Lira-100; §P < 0.05 
HG + Lira-100 + Scramble vs HG + SIRT1 RNAi; §§P < 0.01 HG + Lira-100+Scramble vs HG + SIRT1 RNAi. †P < 0.05 HG + Lira-100 + Scramble vs HG + Lira-
100 + SIRT1 RNAi; ††P < 0.01 HG + Lira-100 + Scramble vs HG + Lira-100+SIRT1 RNAi. n.s., no significant difference. Lira, liraglutide; Lira-1: 1 nM liraglutide; 
Lira-10: 10 nM liraglutide; Lira-100: 100 nM liraglutide.
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weight (31, 32, 33). GLP-1 treatment suppresses the 
development of vacuolated tubular cells as compared 
to the HFD group (34). The current study demonstrated 
that liraglutide remarkably improved body weight and 
glucose homeostasis when administered once daily (Fig. 
1). Moreover, treatment with liraglutide caused kidney 
weight loss and ameliorated 24-h urinary ACR as well as 
kidney morphology (Fig. 2). Also, some studies observed 
the glucose-independent effects on renal endpoint. 
In microalbuminuria patients with T2DM, treatment 
with exenatide reduced the urinary excretion of TGFβ1 
and type IV collagen independent of glucose-lowering 
as compared to the glimepiride treatment group (35). 
Recent studies have shown that GLP-1R agonists exerted 
the reno-protective anti-inflammatory, anti-fibrosis, 
and anti-apoptosis effects, as well as reduction of renin-
angiotensin-aldosterone system (RASS) (13, 36, 37, 
38). In the present study, we showed that liraglutide 
alleviated apoptosis in the kidney of HFD-induced mice 
and HG-mediated SV40 cells (Figs 3, 5A and B). However, 
the current data could not prove that liraglutide-
improved renal function was secondary to the decline in 
renal damage risk factors, including reduced body weight 
and improved glucose homeostasis or attributed to the 
direct effect of GLP-1R in the kidney. GLP-1R stimulation 
stimulates cAMP and protein kinase A in kidney, which 
in turn, might result in reduced glomerular superoxide, 
renal NAD phosphate (NADPH) oxidase, and advanced 
glycation end products, further resulting in anti-
proliferation, anti-fibrosis, and anti-oxidant actions (39, 
40). Next, we focused on SIRT1, a NAD (NAD+)-dependent 
protein deacetylase. A study found that loss of SIRT1 led 
to severe apoptosis and fibrosis in the kidney in Sirt1+/− 
mice as compared to wild-type mice subjected to ureteral 
obstruction (17). In podocyte-specific Sirt1 knockout 
diabetic nephropathy mouse model, proteinuria increases 
significantly as compared to diabetic nephropathy mouse 
(41). Several studies have demonstrated that SIRT1 plays 
a positive role via the action of GLP-1 on maintaining 
glucose homeostasis (42, 43). The effect of exenatide on 
maintaining glucose homeostasis and improving insulin 
sensibility was attenuated in SIRT1+/− mice fed with HFD 
(42). Liraglutide exerts a potent anti-inflammatory effect 
due to the inhibition of NF-κB pathway and upregulated 
level of SIRT1 in blood samples of patients with obesity 
and T2DM (43). Another study showed that SIRT1 and 
thioredoxin-interacting protein (TXNIP) have opposite 
effects on oxidative stress and metabolism in mediating 
the anti-aging interventions (44). TXNIP is recognized 
as a negative regulator of glucose metabolism and is 

triggered by diabetes and hyperglycemia (24, 45). TXNIP-
deficient mice maintain both adipose and skeletal muscle 
insulin sensitivity when challenged with HFD (46). 
Recent in vitro data indicated that TXNIP mediates the 
hyperglycemia-mediated apoptotic death in pancreatic 
beta cells, skeletal muscle cells, and adipose cells (47). 
Recent studies have shown that GLP-1 agonists, such 
as exendin-4, reduce TXNIP levels, and thus, exert a 
protective effect against β-cell death (48, 49). However, 
the correlation between SIRT1 and TXNIP involved in 
GLP-1 treatment diabetes and the complications is yet 
to be established. In the current study, we examined 
whether the kidney protection effect of liraglutide is 
mediated by TXNIP through the activation of SIRT1. 
In vivo, the treatment with liraglutide upregulated the 
expression of SIRT1 and downregulated the expression 
of TXNIP proteins in the kidney of HFD-induced mice 
(Fig. 4). In vitro, after knocking down Sirt1, liraglutide 
treatment did not ameliorate the expression of TXNIP 
and cleaved caspase-3 proteins in HG-cultured SV40 
cells (Fig. 5C and D). In vitro results supported that the 
glomerular anti-apoptosis effect of liraglutide might 
be mediated by SIRT1 through the downregulation  
of TXNIP.

In conclusion, we demonstrated that liraglutide, a 
GLP-1RA, protects against metabolism-related kidney 
damage and apoptosis, at least in part, by activation of the 
SIRT1 and suppression of TXNIP. Liraglutide might have a 
direct beneficial effect on CKD via this mechanism.
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