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Background. The role of exendin-4 in brown adipose tissue (BAT) activation was not very clear. This study is to verify the role of
BAT involved in renal benefits of exendin-4 in diabetes mellitus (DM).Methods. In vivo, C57BL/6 mice were randomly divided into
nondiabetic (control) and diabetic groups (DM). The diabetic mice were randomized into a control group (DM-Con), BAT-
excision group (DM+Exc), exendin-4-treated group (DM+E4), and BAT-excision plus exendin-4-treated group (DM+Exc+E4).
The weight, blood glucose and lipids, 24 h urine albumin and 8-OH-dG, and renal fibrosis were analyzed. In vitro, we
investigated the role of exendin-4 in the differentiation process of 3T3-L1 and brown preadipocytes and its effect on the rat
mesangial cells induced by oleate. Results. The expressions of UCP-1, PGC-1α, ATGL, and CD36 in BAT of DM mice were all
downregulated, which could be upregulated by exendin-4 treatment with significant effects on ATGL and CD36. BAT-excision
exacerbated high blood glucose (BG) with no significant effect on the serum lipid level. Exendin-4 significantly lowered the level
of serum triglycerides (TG) and low-density lipoprotein- (LDL-) c, 24 h urine albumin, and 8-OH-dG; improved renal fibrosis
and lipid accumulation; and activated renal AMP-activated protein kinase (AMPK) in diabetic mice regardless of BAT excision.
In vitro, there was no significant effect of exendin-4 on brown or white adipogenesis. However, exendin-4 could improve lipid
accumulation and myofibroblast-like phenotype transition of mesangial cells induced by oleate via activating the AMPK
pathway. Conclusions. Exendin-4 could decrease the renal lipid deposit and improve diabetic nephropathy via activating the
renal AMPK pathway independent of BAT activation.

1. Introduction

Diabetic kidney disease (DKD), one of the serious complica-
tions of diabetes, has becoming the leading cause of end-stage
renal disease (ESRD) all over the world [1, 2]. Not only can
hyperglycemia lead to DKD, obesity-induced lipid deposition
can also lead to the renal cells exposed to high concentration
of free fatty acids (FFA) [3], which is associated with micro-

vascular and matrix remodeling in the kidney disorders such
as DKD.

Glucagon-like peptide-1 (GLP-1), an incretin hormone,
improves glucose metabolism through promoting secretion
of insulin, inhibiting secretion of glucagon, and gastric emp-
tying [4, 5]. Recent studies indicated that exendin-4, a GLP-
1R agonist (GLP-1RA), could improve DKD through multi-
ple mechanisms [6–8]. Brown adipose tissue (BAT) can also
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improve obesity and its related diseases. Activating BAT
improved nephropathy in diabetic mice induced by high-fat
diet (HFD)/streptozotocin (STZ) [9, 10]. It has been reported
that bone morphogenetic protein 7 (BMP7) and AMP-
activated kinase (AMPK) could regulate the signal pathway
of the development of BAT, which also play a key role in
the kidney disorders [11, 12]. BAT has been verified as an
endocrine organ to regulate the metabolism of distant
organs [13]. However, it is unknown yet whether the bene-
ficial effect of exendin-4 on diabetic nephropathy is depen-
dent on BAT activation.

Considering exendin-4 in the activation of brown
adipose tissue (BAT), a promising approach against obesity
and diabetes, is distinctly reported in several literatures. We
mainly explored the renal beneficial effects and its mecha-
nism of exendin-4 in DM and whether this effect is achieved
by directly acting on BAT.

2. Materials and Methods

2.1. Cell Cultures. Rat mesangial cell lines (HBZY-1, MCs)
were cultured in complete DMEM culture medium (HyClone,
MA, USA), 10% fetal bovine serum, penicillin, and strepto-
mycin. The cells were incubated at 37°C in a humidified
95% air, 5% CO2 atmosphere-designated incubator. Original
oleic acid or palmitic acid (both from Sigma-Aldrich, Santa
Clara, CA, USA) were added to mimic the FFA-albumin
complexes in obesity. MCs were cultured in DMEMmedium
alone for 12 hours for synchronization and then were
exposed to FFA-BSA complexes (200μmol/L), with or with-
out the additional application of exendin-4 (0.1, 1, 10, 20, or
100nM), compound C (10μM), or AICAR (1mM). The
MTT (Cell Signaling Technology, Danvers, MA, USA)
method was used to examine the cell proliferation.

Mouse 3T3-L1 preadipocytes were obtained from the
Chinese Academy of Sciences, and the brown preadipocytes
were established as previously described [14]. First, we iso-
lated the interscapular BAT of C57BL/6, then we use collage-
nase to digest the BAT. Differentiation of preadipocytes was
carried out according to the protocol which has been
described in detail in the previous study [15, 16]. Cells were
incubated with or without exendin-4 (10 nmol/L) from day
0 to day 8. Furthermore, the differentiated cells were cultured
with serum-free DMEM after differentiation, and 12 hours
before treatment, the cells were then treated with exendin-4
(10 nmol/L) or vehicle.

2.2. Animal Experiments. Male C57BL/6J mice (six weeks
old) were purchased from the Guangdong Medical Labora-
tory Animal Center. All mice were nurtured under controlled
conditions (temperature 22°C, 12-hour light-dark cycle) in
the specific pathogen-free (SPF) barrier facility at the South-
ern Medical University.

2.3. Mouse Models of T2DM. The male C57BL/6J mice were
randomized to the chow diet (CD, n = 8) or high-fat diet
(HFD, 60% of total calorie from fat, n = 39) groups. After 4
weeks, the HFD group was made diabetic by STZ (120μg/g
body weight, pH4.5; Sigma S0130) diluted in 10mmol/L

sodium citrate buffer; the control mice were infused with
the same amount of citrate buffer. The mice were judged to
be diabetic when the blood glucose exceeded 250mg/dL.
Then, the diabetic mice were divided into 4 groups
(n = 8-10 per group): diabetic mice (DM-Con), BAT-
excision diabetic mice (DM+Exc), exendin-4-treated diabetic
mice (DM+E4), and exendin-4-treated diabetic mice with
BAT excision (DM+Exc+E4). The BAT was removed
from the intrascapular region of the diabetic mice in the
DM+Exc group and the DM+Exc+E4 group. Exendin-4
(sigma E7144) was administered to DM+E4 mice and DM
+Exc+E4 mice by intraperitoneal injection for 8 weeks, and
the DM-Con mice received the injection of saline. Mice were
euthanized after 12 weeks, and the kidneys were obtained for
further analyses.

2.4. Biochemical Measurements. Blood glucose levels were
measured using an Accu-Chek glucose monitor (Bayer
Corp.) every week. After mice were euthanized, collected
blood and the serum was stored at -80°C. The concentrations
of triglycerides (TG), HDL-cholesterol (HDL-C), and LDL-
cholesterol (LDL-C) were measured by commercial kits
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

Twenty-four-hour urine collections for measurements
were obtained from mice placed in metabolic cages. Uri-
nary microalbumin concentrations and the levels of 8-
hydroxy-2′-deoxyguanosine (8-OH-dG) were measured
using enzyme-linked immunosorbent assay (ELISA) kits
from Bethyl Laboratories, Inc., Montgomery, TX, USA,
and CUSABIO, USA, respectively.

2.5. Quantitative Real-Time PCR and Western Blot Analysis.
Total RNA was extracted with TRIzol (Takara, Dalian,
China), and the RNA quality was detected by the Nano-
Drop ND-1000 spectrophotometer (Thermo Fisher Scien-
tific Inc., MA, USA). The cDNA was synthesized by M-
MLV Kit (Invitrogen, Carlsbad, CA, USA). The SYBR
Green qPCR kit (Takara, Dalian, China) was used to per-
form real-time quantitative PCR (RT-qPCR) in the Roche
LightCycler 480 II system (Roche, Basle, Switzerland). The
expression of the transcript is normalized by the expres-
sion level of β-actin.

RIPA lysis buffer (Beyotime, Shanghai, China) was used
to extract the total protein of the sample, and the protein
concentration was measured by a BCA assay (Takara,
Dalian, China). The protein was separated by 10% SDS-
PAGE (Bio-Rad, Hercules, CA, USA) and transferred to
the PVDF membrane (Merck Millipore, MA, USA). Block-
ing with 5% skim milk in TBST for 1-2 hours, the PVDF
membrane was incubated with primary antibodies overnight
at 4°C. The primary antibodies were as follows: phospho-
adenosine 5′-monophosphate- (AMP-) activated protein
kinase (AMPK) α (Thr172) and AMPKα, phospho-acetyl-
CoA carboxylase (ACC) (Ser79) and ACC, transforming
growth factor- (TGF-) β1 (all from Cell Signaling Technol-
ogy, Danvers, MA, USA), collagen I (Col-1) and fibronectin
(FN) (both from Abcam, Cambridge, MA, USA), and α-
smooth muscle actin (SMA) and β-actin (both from Boster
Bio Co., Wuhan, China).
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Figure 1: Exendin-4 treatment improved metabolism in diabetic mice induced by high-fat diet (HFD) and STZ. The body weight (a), random
blood glucose (b, d), and food intake (c) were recorded during the period of building the model of diabetic mice. The serum levels of TG (e),
LDL (f), and HDL (g) were measured by ELISA. BAT-specific genes (h) were analyzed. n = 6‐8 for each group. ∗P < 0:05, ∗∗P < 0:01, and
∗∗∗P < 0:001 vs. control group; #P < 0:05 and ###P < 0:001 vs. DM+Exc group; &P < 0:05 and &&&P < 0:001 vs. DM-Con group; +P < 0:05
vs. DM+E4 group.
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Figure 2: Continued.
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2.6. Histological Analysis. Oil Red O (Sigma-Aldrich)
staining was used to determine TG accumulation as previ-
ously described [17]. The total TG of MCs was extracted
and measured by a TG Assay Kit (Applygen Technologies
Inc., Beijing, China). After being fixed for 48 h by 4% parafor-
maldehyde, the renal tissue was dehydrated and then embed-
ded in paraffin, cut into 4μm thick slices, and stained with
periodic acid-Schiff (PAS) and Masson’s trichrome. All
sections were detected by Olympus B ×40 upright light
microscope (Olympus, Tokyo, Japan).

2.7. Statistical Analysis. All data were represented as the
mean ± SD. The differences between two independent
groups were examined by two-tailed Student’s t-test, and
the differences among three independent groups were
examined by one-way ANOVA. Statistical analysis was
performed by using SPSS 20. There was a significant dif-
ference when P < 0:05.

3. Results

3.1. Exendin-4 Improved Glucose and Lipid Metabolism in
Diabetic Mice. After 8 weeks, the body weight and blood glu-
cose of diabetic mice increased significantly compared with
those of the control group (Figures 1(a) and 1(b)). However,
there was no significant difference between the two groups
with regard to food intake (Figure 1(c)). The blood glucose
level of the DM+Exc group was significantly higher than
that of the other groups. Exendin-4 treatment could restore
this effect to some extent with no significance (Figure 1(d)).
To explore the effect of exendin-4 on lipid metabolism, we
measured the contents of TG, LDL, and HDL. DM-Con
mice and DM+Exc mice showed great higher levels of TG
and LDL, which could be reversed by exendin-4 treatment
(Figures 1(d)–1(g)). But there was no significant effect on
the HDL level.

The expressions of peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC-1α), uncoupled
protein-1 (UCP-1), cluster of differentiation 36 (CD36),
and adipose triglyceride lipase (ATGL) in BAT of DM

mice were all downregulated. Exendin-4 treatment could
upregulate ATGL and CD36 significantly and nonsignifi-
cantly increased the expression of UCP-1 and PGC-1α
(Figure 1(h)).

3.2. Exendin-4 Ameliorated the Progress of Diabetic
Nephropathy and Activated Renal AMPK Pathway. Exen-
din-4 decreased urinary albumin excretion and the urinary
8-OH-dG level (Figures 2(a)–2(b)). Diabetic mice also
showed obvious glomerular mesangial expansion; the PAS
and Masson staining indicated that the increase in DM-
Con mice and DM+Exc mice was suppressed by exendin-4
(Figure 2(c)). We also detected the mRNA abundance of
renal TGF-β1, Col-1, and FN to explore the renal fibrosis
in mice, a major pathological change in DKD. The mRNA
of TGF-β1, Col-1, and FN (Figures 2(d)–2(f)) and the pro-
tein of TGF-β1 (Figures 2(g) and 2(h)) were significantly
increased in DM-Con mice and DM+Exc mice. And
exendin-4 completely reduced these increases. These results
demonstrated that BAT excision could aggravate the damage
of renal function, and exendin-4 treatment could improve
this damage.

AMPK regulates a series of physiological events, includ-
ing mitochondrial function and cellular growth [18, 19].
Our previous study found that exendin-4 could alleviate
rat mesangial cell proliferation induced by high glucose
through decrease of the phosphorylation of extracellular
regulated protein kinases (ERK) and the expression of rapa-
mycin (mTOR) via AMPK activation [20]. In this study, we
found that renal AMPK phosphorylation was significantly
decreased in diabetic mice, which could be improved by
exendin-4 treatment (Figures 2(i) and 2(j)).

3.3. Exendin-4 Has No Significant Effect on Adipocytes In
Vitro. We further analyzed the effect of exendin-4 on
white and brown adipogenesis in vitro. The expressions
of UCP-1, PGC-1α, Cell Death-Inducing DFFA-Like Effec-
tor A (CIDEA), peroxisome proliferator-activated recep-
tor- (PPAR-) γ, CCAAT Enhancer Binding Protein alpha
(CEBPα), CEBPβ, CD36, cyclooxygenase (COX) 2, cytochrome
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Figure 2: Exendin-4 ameliorated the progress of diabetic nephropathy and activated the renal AMPK pathway. The 24-hour urinary
albumin (a) and 24-hour urinary 8-OH-dG (b) were measured by ELISA. (c) Periodic acid-Schiff (PAS) and Masson staining of
kidney. Magnification ×400. (d–f) The renal mRNA expression of TGF-β1, Col-1, and FN, respectively (n = 6 per group). Western
blot analysis of renal TGF-β1 (g, h) and AMPK (i, j) protein and the quantitative analysis results (n = 5 per group). n = 6~8 per
group. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 vs. control group; #P < 0:05, ##P < 0:01, and ###P < 0:001 vs. DM+Exc group; &P < 0:05,
&&P < 0:01, and &&&P < 0:001 vs. DM-Con group.
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(Cytoc) 1, and ATGL were determined during the differenti-
ation process of 3T3-L1 and brown preadipocytes. The
results showed that only PPAR-γ was significantly downreg-
ulated by exendin-4 in mature 3T3-L1 cells (Figure 3(a))
and that there was no effect in brown mature adipocytes
(Figure 3(b)). During the differentiation, only CD36was upreg-
ulated by exendin-4 at day 3 in WT-1 cells (Figures 3(c) and
3(d)), and there was no significant effect on the differentia-
tion of 3T3-L1 (Figures 3(e) and 3(f)). Thus, exendin-4 did
not exert obvious effect on brown adipogenesis and activity
in vitro.

3.4. Exendin-4 Improved the Myofibroblast-Like Phenotype
Transition in MCs Induced by Oleate. The cell activity mea-
sured by MTT metabolism was decreased by 13:8 ± 0:8% in
the oleate group at 48 hours compared to the BSA group
(Figure 4(a)). Oil Red O staining revealed that exposure
to oleate greatly increased the size and quantity of neutral
lipid droplets in the cytosol, while the body of cells stimu-
lated with palmitate shrank and became rounded with pyk-
notic nuclei compared to that of the control (Figure 4(c)).
Both mRNA (Figure 4(b)) and protein (Figure 4(d)–4(h))
expressions of TGF-β1, FN, α-SMA, and Col-1 were
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Figure 3: Effects of exendin-4 on adipogenesis-related genes during differentiation of 3T3-L1 and brown preadipocytes (WT-1). The mRNA
expression of PPAR-γ, CEBPα, CEBPβ, UCP-1, PGC-1α, CIDEA, CD36, COX2, Cytoc1, and ATGL in mature 3T3-L1 cells (a) and brown
preadipocytes (b) with exendin-4 (10 nM) stimulation for 24 hours and days 3 and 8 of differentiation in 3T3-L1 cells (c, d) and brown
preadipocytes (e, f), stimulated by exendin-4 (10 nM) (n = 3 per group). ∗P < 0:05 vs. control.
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Figure 4: Effect of FFA-BSA complexes on myofibroblast-like phenotype transition and lipid accumulation in cultured mesangial cells.
Quiescent mesangial cells were treated with media (control, Con), 1% fatty acid-free BSA (BSA) alone, 200 μM oleate- or palmitate-1%
fatty acid-free BSA (OA-BSA and PA-BSA, respectively), or exendin-4 of 0 (vehicle control), 0.1, 1, 10, 20, and 100 nM for 48 hours. (a)
Proliferation of MCs by MTT assay. (b) Expressions of TGF-β1, FN, α-SMA, and collagen I by quantitative RT-PCR. (c) Lipid
accumulation in MCs determined by Oil Red O assay. Inset presents ×10 magnification to illustrate size and location of lipid droplets in
cytoplasm. (d) Western bolt analysis of TGF-β1, FN, α-SMA, and collagen I. Quantitative analyses of the results are also shown: TGF-β1
(e), FN (f), α-SMA (g), and Col-1 (h). Values are the mean ± SD of 3 independent experiments. ∗P < 0:05 and ∗∗P < 0:01 vs. BSA group,
&P < 0:05 and &&P < 0:01 vs. OA-BSA with 0 nM exendin-4 group. (i) Dose response of MC viability in response to increasing
concentration of exendin-4. ^P < 0:05 vs. other groups.
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Figure 5: Exendin-4 regulates the expressions of TGF-β1, FN, α-SMA, and Col-1 in MCs treated by oleate via AMPK activation. EX: exendin-4;
CC: compound C; AI: AICAR. MCs were cultured in DMEM and 1% BSA or 200μMoleate-BSA for 48 hours. Exendin-4 (20 nM), compound C
(10μM), or AICAR (1mM) were used to assess the effect of AMPK on myofibroblast marker protein expression. Supernatants were assayed by
ELISA after treatment with a different reagent. Western bolt of p-AMPK (a), p-ACC (b), TGF-β1, FN, α-SMA, and Col-1 (c) and quantitative
analyses of the results are also shown (d–g). (h) Secreted TGF-β1 in the cell culture supernatants. Values are the mean ± SD of 3 independent
experiments. ∗∗P < 0:01 vs. BSA group; &&P < 0:01 vs. OA group; #P < 0:05 and ##P < 0:01 vs. OA+EX group.
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significantly increased in the oleate group compared with
the BSA control, while this increase is suppressed by treat-
ment with 10nM and 20nM of exendin-4. There were no
significant changes observed in the cell viability between
groups (Figure 4(i)).

3.5. AMPK Pathway Involved in the Effects of Exendin-4
on Myofibroblast-Like Phenotype Transition and Lipid
Accumulation in MCs. The phosphorylation of AMPK and
ACC was inhibited in MCs cultured with oleate, while

20 nM of exendin-4 significantly restored their phosphoryla-
tion (Figures 5(a) and 5(b)). The effect of exendin-4 was
reversed by compound C. On the contrary, AICAR had a
similar effect as exendin-4. AICAR and exendin-4 signifi-
cantly inhibited oleate-induced protein expression of fibro-
genic markers (Figures 5(c)–5(g)), which can be reversed by
compound C. Moreover, exendin-4, as well as AICAR, signif-
icantly decreased the TGF-β1 secretion induced by oleate in
cell culture supernatants, which was also reversed by com-
pound C (Figure 5(h)).
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Figure 6: Effects of exendin-4 on lipid accumulation and mRNA expression of SREBP-1, FAS, PPAR-α, and CPT-1 mediated by AMPK
activation. Exendin-4 (20 nM), compound C (10 μM), or AICAR (1mM) were used to assess the effect of AMPK in MCs cultured with 1%
BSA or 200μM oleate-BSA. Deposition of neutral lipid was characterized by Oil Red O (a), and triglyceride (TG) contents of the cell were
measured by glyceridase assay (b). The mRNA expressions of SREBP-1, FAS, PPAR-α, and CPT-1 were measured by quantitative RT-PCR
(c–f). ∗P < 0:05 vs. BSA group; &P < 0:05 and &&P < 0:01 vs. OA group; #P < 0:05 and ##P < 0:01 vs. OA+EX group, n = 3.
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Oleate greatly increased the lipid accumulation in MCs
which can be decreased by exendin-4 (Figure 6(a)). A gly-
ceridase assay was used to accurately reflect TG changes in
MCs. The result showed that exendin-4 inhibited oleate-
induced TG accumulation significantly (Figure 6(b)),
which can be attenuated by compound C. The expressions
of SREBP-1 and FAS were inhibited by exendin-4 and
AICAR (Figures 6(c) and 6(d)), which were reversed by
compound C. Oleate downregulated the expressions of
PPAR-α and CPT-1, which were reversed by exendin-4
(Figures 6(e) and 6(f)).

4. Discussion

Exendin-4, a GLP-1RA, has already been used for several
years to treat patients with type 2 diabetes, especially obese
patients. In trials designed for cardiovascular outcomes,
GLP-1RAs, such as liraglutide and semaglutide, were associ-
ated with a relevant reduction in the incidence and progres-
sion of nephropathy [21, 22]. In STZ-induced diabetic rats,
continuous i.p. infusion of exendin-4 decreased renal expres-
sion of the proinflammatory factor, reduced albuminuria,
and blocked glomerular and tubulointerstitial fibrosis [23].
Exendin-4 treatment significantly ameliorated glomerular
hyperfiltration, extracellular matrix formation, inflamma-
tion, and apoptosis in db/db mice [7]. These studies indicated
that exendin-4 could not only improve the glucose and lipid
metabolism, but also ameliorate the pathological process of
diabetic nephropathy. In our study, exendin-4 improved glu-
cose and lipid metabolism and renal fibrosis in diabetic mice.
In vitro, treatment with exendin-4 significantly reduced the
expression of matrix proteins in a dose-dependent manner
in rat mesangial cells induced by oleate. GLP-1 has a direct
role against renal oxidative stress by inhibition of NAD(P)H
oxidases through cAMP-protein kinase A (PKA) pathway
activation [24, 25]. The beneficial effect of exendin-4 on
human MCs cultured in high glucose is largely dependent
on the activation of adenylate cyclase [26]. In our study,
exendin-4 inhibited TGF-β1 and myofibroblast-like pheno-
type transition of MCs induced by oleate via AMPK path-
way activation.

AMPK, a metabolic sensor of ATP in the cells, has
been implicated as a target for correcting metabolism,
especially in the kidney [12, 27]. Activated AMPK regulates
cellular responses to low energy states and coordinates the
activity of enzymes of lipid metabolism [28]. Moreover,
it has been widely reported that AMPK attenuated hepatic
lipogenesis through phosphorylation of downstream ACC
and downregulation of the related enzymes associated with
lipid metabolism [29]. Similarly, our study showed that
exendin-4 increased phosphorylation of AMPK and ACC,
which correlated with decreased TG contents in the cul-
tured MCs. Oleate inhibited the expression of PPAR-α
and CPT-1, while exendin-4 reversed all of these changes,
indicating that the renal benefits of exendin-4 can be
mediated by promoting lipolysis and inhibiting lipogenesis
via AMPK pathway activation.

Activation of brown adipose tissue (BAT) is a promising
method to combat obesity and metabolic diseases, such as

T2DM and dyslipidemia, which not only depends on ther-
mogenesis but also on secretory function [13, 30, 31]. Previ-
ous studies reveal that BAT transplantation could improve
obesity and hyperglycemia in mice [9, 10]. Exendin-4 acti-
vated central GLP-1R to increase plasma TG and glucose
clearance in HFD-induced mice via BAT activation and
WAT browning mediated by the hypothalamic AMPK path-
way [32]. Considering that the intracerebroventricular infu-
sion of exendin-4 was different from our intraperitoneal
injection and the distributions of GLP-1R, these could lead
to distinct consequences. In this study, exendin-4 treatment
upregulated the expression of UCP-1, PGC-1α, ATGL, and
CD36 in BAT of DM mice; the expression of these genes
was downregulated in DM mice. However, exendin-4 could
improve metabolism and renal lipid deposit regardless of
whether BAT is removed. Lately, a randomized, double-
blind, placebo-controlled trial shows that there was no effect
of exenatide (exendin-4) administration on measures of
energy expenditure (EE) or substrate oxidation in nondia-
betic subjects with obesity [33]. However, some studies
reported that GLP-1 promoted the expression of PPAR-γ
and CEBPα in 3T3-L1 adipocytes [34]. In our study,
exendin-4 did not show directly the effect on adipocytes
in vitro but it could improve the activity of BAT in DM
mice. It seems more likely that cerebral GLP-1R is involved
in BAT activation.

In conclusion, exendin-4 treatment could decrease renal
lipid deposits and improve diabetic nephropathy via activat-
ing the renal AMPK pathway regardless of the BAT status.

Data Availability

The data used to support the findings of this study are
available from the corresponding authors upon request.

Ethical Approval

All animal experiments were conducted in accordance
with the Animal Care and Use Committee of the Southern
Medical University and approved by the appropriate ethics
committees.

Conflicts of Interest

The authors declare that they have no conflict of interest.

Authors’ Contributions

Shu Fang, Yingying Cai, and Fuping Lyu contribute equally
to this study.

Acknowledgments

This study was sponsored by the National Natural Science
Foundation of China (81870612, 81628004, 31400992, and
81470047) and Guangdong Natural Science Foundation
(2019A1515011997).

10 Journal of Diabetes Research



References

[1] H. J. Anders, T. B. Huber, B. Isermann, and M. Schiffer, “CKD
in diabetes: diabetic kidney disease versus nondiabetic kidney
disease,” Nature Reviews. Nephrology, vol. 14, no. 6, pp. 361–
377, 2018.

[2] K. Reidy, H. M. Kang, T. Hostetter, and K. Susztak,
“Molecular mechanisms of diabetic kidney disease,” The
Journal of Clinical Investigation, vol. 124, no. 6, pp. 2333–
2340, 2014.

[3] A. E. Declèves, Z. Zolkipli, J. Satriano et al., “Regulation of lipid
accumulation by AMK-activated kinase in high fat diet-
induced kidney injury,” Kidney International, vol. 85, no. 3,
pp. 611–623, 2014.

[4] E. P. Liao, “Management of type 2 diabetes: new and future
developments in treatment,” The American Journal of Medi-
cine, vol. 125, no. 10, pp. S2–S3, 2012.

[5] D. J. Drucker, “The biology of incretin hormones,” Cell Metab-
olism, vol. 3, no. 3, pp. 153–165, 2006.

[6] A. Ojima, Y. Ishibashi, T. Matsui et al., “Glucagon-like peptide-
1 receptor agonist inhibits asymmetric dimethylarginine gener-
ation in the kidney of Streptozotocin-induced diabetic rats by
blocking advanced glycation end product–induced protein argi-
nine methyltranferase-1 expression,” The American Journal of
Pathology, vol. 182, no. 1, pp. 132–141, 2013.

[7] C. W. Park, H. W. Kim, S. H. Ko et al., “Long-term treatment
of glucagon-like peptide-1 analog exendin-4 ameliorates dia-
betic nephropathy through improving metabolic anomalies
in db/db mice,” Journal of the American Society of Nephrology,
vol. 18, no. 4, pp. 1227–1238, 2007.

[8] A. Mima, J. Hiraoka-Yamomoto, Q. Li et al., “Protective effects
of GLP-1 on glomerular endothelium and its inhibition by
PKCβ activation in diabetes,” Diabetes, vol. 61, no. 11,
pp. 2967–2979, 2012.

[9] X. Liu, Z. Zheng, X. Zhu et al., “Brown adipose tissue trans-
plantation improves whole-body energy metabolism,” Cell
Research, vol. 23, no. 6, pp. 851–854, 2013.

[10] X. Liu, S. Wang, Y. You et al., “Brown adipose tissue transplan-
tation reverses obesity in Ob/Ob mice,” Endocrinology,
vol. 156, no. 7, pp. 2461–2469, 2015.

[11] H. Zhang, M. Guan, K. L. Townsend et al., “MicroRNA-455
regulates brown adipogenesis via a novel HIF1an-AMPK-
PGC1α signaling network,” EMBO Reports, vol. 16, no. 10,
pp. 1378–1393, 2015.

[12] P. Bhargava and R. G. Schnellmann, “Mitochondrial energetics
in the kidney,” Nature Reviews. Nephrology, vol. 13, no. 10,
pp. 629–646, 2017.

[13] F. Villarroya, R. Cereijo, J. Villarroya, and M. Giralt, “Brown
adipose tissue as a secretory organ,” Nature Reviews. Endocri-
nology, vol. 13, no. 1, pp. 26–35, 2017.

[14] J. Klein, M. Fasshauer, M. Ito, B. B. Lowell, M. Benito, and
C. R. Kahn, “Beta(3)-adrenergic stimulation differentially
inhibits insulin signaling and decreases insulin-induced glu-
cose uptake in brown adipocytes,” Journal of Biological Chem-
istry, vol. 274, no. 49, pp. 34795–34802, 1999.

[15] C. Wu, H. Zhang, J. Zhang et al., “Inflammation and fibrosis in
perirenal adipose tissue of patients with aldosterone-
producing adenoma,” Endocrinology, vol. 159, no. 1, pp. 227–
237, 2018.

[16] C. Y. Wu, H. B. Zhang, J. Zhang et al., “Increased oxidative
stress, inflammation and fibrosis in perirenal adipose tissue

of patients with cortisol-producing adenoma,” Adipocytes,
vol. 8, no. 1, pp. 347–356, 2019.

[17] S. J. Shin, J. H. Lim, S. Chung et al., “Peroxisome proliferator-
activated receptor-α activator fenofibrate prevents high-fat
diet-induced renal lipotoxicity in spontaneously hypertensive
rats,” Hypertension Research, vol. 32, no. 10, pp. 835–845,
2009.

[18] L. L. Dugan, Y. You, S. S. Ali et al., “AMPK dysregulation pro-
motes diabetes-related reduction of superoxide and mitochon-
drial function,” The Journal of Clinical Investigation, vol. 123,
no. 11, pp. 4888–4899, 2013.

[19] N. B. Ruderman, D. Carling, M. Prentki, and J. M. Cacicedo,
“AMPK, insulin resistance, and the metabolic syndrome,”
The Journal of Clinical Investigation, vol. 123, no. 7,
pp. 2764–2772, 2013.

[20] W. Xu, M. Guan, Z. Zheng et al., “Exendin-4 alleviates high
glucose-induced rat mesangial cell dysfunction through the
AMPK pathway,” Cellular Physiology and Biochemistry,
vol. 33, no. 2, pp. 423–432, 2014.

[21] S. P. Marso, G. H. Daniels, K. Brown-Frandsen et al., “Liraglu-
tide and cardiovascular outcomes in type 2 diabetes,” The New
England Journal of Medicine, vol. 375, no. 4, pp. 311–322, 2016.

[22] S. P. Marso, S. C. Bain, A. Consoli et al., “Semaglutide and car-
diovascular outcomes in patients with type 2 diabetes,” The
New England Journal of Medicine, vol. 375, no. 19, pp. 1834–
1844, 2016.

[23] R. Kodera, K. Shikata, H. U. Kataoka et al., “Glucagon-like
peptide-1 receptor agonist ameliorates renal injury through
its anti-inflammatory action without lowering blood glucose
level in a rat model of type 1 diabetes,” Diabetologia, vol. 54,
no. 4, pp. 965–978, 2011.

[24] H. Hendarto, T. Inoguchi, Y. Maeda et al., “GLP-1 analog lir-
aglutide protects against oxidative stress and albuminuria in
streptozotocin-induced diabetic rats via protein kinase A-
mediated inhibition of renal NAD(P)H oxidases,”Metabolism,
vol. 61, no. 10, pp. 1422–1434, 2012.

[25] H. Fujita, T. Morii, H. Fujishima et al., “The protective roles of
GLP-1R signaling in diabetic nephropathy: possible mecha-
nism and therapeutic potential,” Kidney International,
vol. 85, no. 3, pp. 579–589, 2014.

[26] W. Li, M. Cui, Y. Wei, X. Kong, L. Tang, and D. Xu, “Inhibi-
tion of the Expression of TGF-β1 and CTGF in Human
Mesangial Cells byExendin-4, a Glucagon-like Peptide-
1Receptor Agonist,” Cellular Physiology and Biochemistry,
vol. 30, no. 3, pp. 749–757, 2012.

[27] J. Lempiäinen, P. Finckenberg, J. Levijoki, and E. Mervaala,
“AMPK activator AICAR ameliorates ischaemia reperfusion
injury in the rat kidney,” British Journal of Pharmacology,
vol. 166, no. 6, pp. 1905–1915, 2012.

[28] B. Viollet, M. Foretz, B. Guigas et al., “Activation of AMP-
activated protein kinase in the liver: a new strategy for the
management of metabolic hepatic disorders,” The Journal of
Physiology, vol. 574, no. 1, pp. 41–53, 2006.

[29] M. Y. Kim, J. H. Lim, H. H. Youn et al., “Resveratrol prevents
renal lipotoxicity and inhibits mesangial cell glucotoxicity in a
manner dependent on the AMPK–SIRT1–PGC1α axis in
db/db mice,” Diabetologia, vol. 56, no. 1, pp. 204–217, 2013.

[30] J. D. Crane, R. Palanivel, E. P. Mottillo et al., “Inhibiting
peripheral serotonin synthesis reduces obesity and metabolic
dysfunction by promoting brown adipose tissue thermogene-
sis,” Nature Medicine, vol. 21, no. 2, pp. 166–172, 2015.

11Journal of Diabetes Research



[31] K. I. Stanford, R. J. W. Middelbeek, K. L. Townsend et al.,
“Brown adipose tissue regulates glucose homeostasis and insu-
lin sensitivity,” The Journal of Clinical Investigation, vol. 123,
no. 1, pp. 215–223, 2013.

[32] S. Kooijman, Y. Wang, E. T. Parlevliet et al., “Central GLP-1
receptor signalling accelerates plasma clearance of triacylglyc-
erol and glucose by activating brown adipose tissue in mice,”
Diabetologia, vol. 58, no. 11, pp. 2637–2646, 2015.

[33] A. Basolo, J. Burkholder, K. Osgood et al., “Exenatide has a
pronounced effect on energy intake but not energy expendi-
ture in non-diabetic subjects with obesity: A randomized, dou-
ble-blind, placebo- controlled trial,” Metabolism, vol. 85,
pp. 116–125, 2018.

[34] J. Yang, J. Ren, J. Song et al., “Glucagon-like peptide 1 regulates
adipogenesis in 3T3-L1 preadipocytes,” International Journal
of Molecular Medicine, vol. 31, no. 6, pp. 1429–1435, 2013.

12 Journal of Diabetes Research


	Exendin-4 Improves Diabetic Kidney Disease in C57BL/6 Mice Independent of Brown Adipose Tissue Activation
	1. Introduction
	2. Materials and Methods
	2.1. Cell Cultures
	2.2. Animal Experiments
	2.3. Mouse Models of T2DM
	2.4. Biochemical Measurements
	2.5. Quantitative Real-Time PCR and Western Blot Analysis
	2.6. Histological Analysis
	2.6. Histological Analysis
	2.7. Statistical Analysis

	3. Results
	3.1. Exendin-4 Improved Glucose and Lipid Metabolism in Diabetic Mice
	3.2. Exendin-4 Ameliorated the Progress of Diabetic Nephropathy and Activated Renal AMPK Pathway
	3.3. Exendin-4 Has No Significant Effect on Adipocytes In Vitro
	3.4. Exendin-4 Improved the Myofibroblast-Like Phenotype Transition in MCs Induced by Oleate
	3.5. AMPK Pathway Involved in the Effects of Exendin-4 on Myofibroblast-Like Phenotype Transition and Lipid Accumulation in MCs

	4. Discussion
	Data Availability
	Ethical Approval
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

