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Abstract. Renal interstitial fibrosis (RIF) is a common 
pathological process that accompanies chronic kidney disease 
(CKD) and that progresses to end‑stage renal failure (ESRD). 
Accumulating evidence has revealed that persistent mamma‑
lian target of rapamycin (mTOR) activation in kidneys is closely 
associated with the occurrence and progression of CKD. The 
DEP domain‑containing mTOR interacting protein (Deptor) 
is an endogenous negative regulator of mTOR. Metformin 
can attenuate renal fibrosis in an animal model of diabetic 
nephropathy. Previous studies demonstrated that metformin 
can attenuate renal fibrosis in several models of CKD. 
However, the precise mechanisms of this effect are not well 
understood. The present study aimed to examine the mecha‑
nism of action of metformin on unilateral ureteral obstruction 
(UUO)‑induced RIF in rats in vivo. Sprague‑Dawley rats were 
randomly divided into a sham‑operated group, three UUO 
groups examined at different time points (3, 7 and 14 days 
after UUO surgery), and three metformin‑treated groups, 
treated with three different concentrations of metformin. 
The metformin‑treated groups were administered metformin 
orally every day for 14 consecutive days following surgery. 
The protein expression levels of Deptor, α‑smooth muscle 
actin (α‑SMA), phosphorylated (p‑)mTOR, p‑ribosomal 
protein S6 kinase (p‑p70S6K) and CD68 were assessed. The 
present results suggested that, following UUO, there was a 
significant reduction of Deptor expression, and an increase 
in collagen deposition in the extracellular matrix over time, 
accompanied by an increased expression of several proteins 

including CD68, α‑SMA, p‑mTOR and p‑p70S6K. Notably, 
metformin treatment reversed these effects. In conclusion, the 
present results suggested that metformin attenuated RIF of 
UUO rats, and the mechanism of action was found to be asso‑
ciated with the increase in Deptor expression and inhibition of 
the mTOR/p70S6K pathway in the kidneys of UUO rats.

Introduction

Renal interstitial fibrosis (RIF) is a final common pathway 
for progression of all the various chronic kidney diseases 
(CKD) to end‑stage renal disease (ESRD), causing the need 
of continuous renal replacement therapy in form of dialysis 
or transplantation (1). The main features of RIF, including 
renal tubular atrophy/dilatation, interstitial inflammatory cell 
infiltration, induction of apoptosis, fibroblasts activation and 
extracellular matrix (ECM) deposition, have been previously 
described (2). However, the antifibrotic therapeutic strategies 
currently available have not been able to effectively delay 
progression of CKD to ESRD or to inhibit the side effects 
associated with kidney diseases (3,4). Therefore, it is of great 
importance to understand the mechanism underlying RIF in 
order to develop optimal strategies that are effective and safe 
for treating patients with CKD.

The mammalian target of rapamycin (mTOR), a 
serine/threonine protein kinase, is a member of the phos‑
phatidylinositol‑related kinase (PI3K) family and serves an 
important role in cell growth, proliferation and differentia‑
tion (5). Accumulating evidence demonstrated that persistent 
activation of mTOR is associated with the development of 
RIF in a rat model of hypertensive nephropathy (6), and in 
mice models of unilateral ureteral obstruction (UUO) (7) and 
polycystic nephropathy (8,9). Therefore, inhibition of mTOR 
activity may be an effective therapeutic strategy for CKD 
treatment.

The activity of endogenous mTOR is not only regulated by 
its own expression level, but also by its antagonists. The DEP 
domain‑containing mTOR interacting protein (Deptor) is an 
important component of the mTOR complex and a constitutive 
inhibitor of mTOR activity, acting as an endogenous nega‑
tive regulator of the mTOR signaling pathway (10). Deptor 
is involved in several cellular processes, such as cell growth, 
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apoptosis, autophagy and anti‑inflammatory responses (11). 
Several previous studies have showed that Deptor is highly 
expressed in mesangial cells, proximal tubular epithelial 
cells and embryonic kidney cells, and it is less expressed in 
renal cancer cells (11‑13). Moreover, accumulating evidence 
demonstrated that Deptor is associated with the pathogenesis 
of various kidney diseases (14‑16). Nevertheless, to the best 
of our knowledge, no previous studies showed that Deptor is 
involved in the development of RIF caused by UUO in rat.

Metformin is a biguanide compound that has been used 
as an oral anti diabetic drug for >50 years. In addition to its 
glycemia‑lowering effects, metformin has anti‑inflammatory, 
anti‑cancer and anti‑aging effects (17). Furthermore, 
metformin may prevent or delay the onset and progression 
of renal fibrosis in mice with UUO (18). Recently, it was 
reported that the anti‑cancer effect of metformin is associ‑
ated with the inhibition of the Deptor‑mTOR signaling 
pathway (17). However, to the best of our knowledge, whether 
the mechanism underlying the anti‑renal interstitial fibrosis 
efficacy of metformin is associated with the regulation of the 
Deptor‑mTOR signaling pathway in the kidney has not been 
previously studied. Therefore, the present study aimed to 
investigate whether the effect and mechanism of metformin 
against RIF involved the Deptor‑mTOR signaling pathway 
using an experimental model of RIF in rats following UUO.

Materials and methods

Animals. Ten‑week‑old male Sprague‑Dawley (SD) rats, 
(weight, 180‑220 g) were purchased from the Laboratory 
Animal Center of Xuzhou Medical University (Xuzhou, 
China). The animals were housed in a 12‑h light/dark cycle 
under controlled temperature (23±1˚C) and at 65‑70% rela‑
tive humidity. All animal experiments were approved by The 
Animal Ethics Committee of Xuzhou Medical University 
(Xuzhou, China). Every effort was made to minimize animal 
stress.

Animal grouping and experimental protocols. 54 SD rats were 
randomly divided into various groups: i) A sham‑operated 
group (sham group); ii) three UUO groups examined at three 
different time points (3, 7 and 14 days after UUO); iii) a 
M50 group (UUO rats treated with low‑dose metformin at 
50 mg/kg/day); iv) a M100 group (UUO rats treated with 
medium‑dose metformin at 100 mg/kg/day); and v) a M200 
group (UUO rats treated with high‑dose metformin at 
200 mg/kg/day). Rats treated with metformin were treated 
once a day (1 ml/100 g) for 14 consecutive days after surgery. 
The rats in the sham and UUO groups were administered equal 
volumes of 0.5% sodium carboxymethyl cellulose (CMC‑Na, 
vehicle). Metformin and vehicle were given via intragastric 
administration. In addition, metformin was administered orally 
to the normal rats with the high dose at 200 mg/kg simply had 
no influence on the weight and renal function compared with 
the sham group, which excluded the renal toxicity of the drug, 
and that was consistent with the previous research (19).

For UUO surgery, rats were anesthetized with 10% chloral 
hydrate (350 mg/kg) by intraperitoneal injection (i.p. injec‑
tion), and the left lateral dorsal surface of the rat was incised, 
the left ureter was isolated and ligated with silk sutures, which 

were cut at the middle of the ligation sites to prevent retrograde 
urinary tract infections. Sham surgeries were performed in a 
similar manner, except for the ureter ligation. At the end of 
the experiment, each rat (weight, 210‑250 g) was euthanized 
via exsanguination from the abdominal aorta (blood volume 
extracted, ~9 ml) under deep anesthesia (10% chloral hydrate, 
400 mg/kg, i.p. injection), and death was confirmed by checking 
for lack of breath and heartbeat. The kidney was removed, and 
one part of the kidney was fixed in 4% paraformaldehyde for 
subsequent histological analysis. The remaining parts of the 
kidneys and blood samples were stored at ‑80˚C for biochem‑
ical analysis. Sham operation‑induced minor renal damage in 
the sham group, there was no significant change in the content 
of collagen and renal function within two weeks, and sample 
of the sham group was collected at 14 days after UUO surgery. 
Following intraperitoneal administration of chloral hydrate, 
no obvious signs and symptoms of peritonitis were observed in 
any animal during the course of the experiment.

Renal function assessment. The serum creatinine (Scr) was 
measured using a picric acid method and blood urea nitrogen 
(BUN) was measured using a urease assay as previously 
described (20,21). Serum was obtained from blood samples 
collected in non‑heparinized vacuum tubes, then centri‑
fuged at 3,500 x g for 15 min. Serum samples were stored 
at ‑80˚C for further analysis. The Scr and BUN levels of the 
rats were measured with Scr and BUN assay kits (Jiancheng 
Bioengineering Institute, Nanjing, China), respectively.

Histological analysis. Kidney tissues were fixed in 4% 
formaldehyde and embedded in paraffin for histological 
analysis. Then, 4‑µm‑thick paraffin sections were dewaxed 
and hydrated. The sections were stained with a Sirius‑Red 
staining kit (Bogoo Biotechnology Co. Ltd.) according to the 
manufacturer's protocol. Then, the sections were dehydrated to 
transparency, mounted with neutral gum and examined using 
an Olympus BX43F microscope (Olympus Corporation). All 
histopathological alterations were evaluated by two blinded 
investigators, five sections were randomly selected in each 
slide, and five randomly‑selected fields of view were analyzed 
in each section. The percentage of positive areas were analyzed 
using the Image‑Pro Plus 4.0 software. The kidney weight 
index (mg/g) was calculated as the ratio between the weight of 
the left or right kidney (mg) and the body weight (g) of the rat.

Immunohistochemistry analysis. Assays of Deptor and CD68 
levels by immunohistochemistry were performed as previ‑
ously described (22). The kidney sections embedded with 
paraffin were deparaffinized in xylene and hydrated through 
a decreasing series of alcohol. To inhibit endogenous peroxi‑
dase activity, sections were subsequently placed in 3% H2O2. 
Then, the sections were blocked with 3% BSA, and incubated 
with anti‑Deptor (1:100; Cell Signaling Technology, Inc.) 
and anti‑CD68 (1:50; Boster) antibodies overnight at 4˚C. 
The sections were stained using a polymer HRP detection 
kit (ZSGB‑BIO) and counterstained with hematoxylin. An 
Olympus BX43F microscope (Olympus Corporation) was used 
to examine the sections, and the positive Deptor and CD68 
signals were quantified using the integrated optical density 
value with the Image‑Pro Plus 4.0 software.
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Western blot analysis. Proteins were extracted from kidney 
tissues using RIPA lysis buffer as previously described (23). 
The supernatant was collected, and the concentration was 
determined using a bicinchoninic acid protein assay kit 
(Beyotime Institute of Biotechnology). Then, protein samples 
(40‑60 µg) were separated using 8‑10% SDS‑PAGE and 
transferred onto nitrocellulose membranes. The membranes 
were then blocked in PBS containing 3% BSA and incu‑
bated overnight at 4˚C with appropriate primary antibodies, 
including anti‑mTOR (1:1,000; Cell Signaling Technology, 
Inc.), anti‑phosphorylated (p‑)mTOR (Ser 2448, 1:1,000; 
Cell Signaling Technology, Inc.), anti‑p70S6K (1:500; Cell 
Signaling Technology, Inc.), anti‑p‑p70S6K (Ser 371, 1:500; 
Cell Signaling Technology, Inc.), anti‑Deptor (1:800; Cell 
Signaling Technology, Inc.) and anti‑α‑SMA (1:1,000; Abcam). 
Near‑infrared fluorescence‑conjugated secondary antibodies 
(1:10,000; LI‑COR) were used to detect the proteins at room 
temperature and were developed colorimetrically using the 
Odyssey biocolor infrared fluorescence imaging system 
(LI‑COR). Quantification was performed by measuring the 
signal intensity using the ImageJ software.

Statistical analysis. The results are presented as the 
mean ± SEM. Comparisons between groups were performed 
using one‑way ANOVA followed by Tukey's test. P<0.05 was 
considered to indicate a statistically significant difference. 
Statistical analysis was performed using SPSS 13.0 statistical 
software.

Results

Dynamic changes of Deptor during RIF. The amount of 
fibrotic tissue as measured by Sirius‑Red staining. Kidneys 
from sham‑operated rats exhibited no or very weak positive 
Sirius‑Red staining, while large amount of fibrotic tissue was 
measured by Sirius‑Red staining was accumulated in the 
glomeruli and interstitial regions of UUO rats, which increased 

gradually over time. Highest level of collagen was detected 
at 14 days after surgery (Fig. 1A‑E). Immunohistochemistry 
staining results showed that Deptor decreased in the interstitial 
and glomerular mesangial area in the UUO groups (Fig. 2A‑E). 
Western blotting results were in line with the immunohisto‑
chemistry staining results (Fig. 2F and G). Furthermore, a 
correlation was identified between collagen and Deptor levels. 
The present results suggested that collagen and Deptor levels 
were negatively correlated (Fig. 2H).

Effects of metformin on hypertrophy of kidney and renal func-
tions in UUO rats. Compared with the sham group, UUO rats 
had significantly higher left and right kidney weight index, 
and the left kidney weight index was increased at higher levels 
than that in the right kidney (Fig. 3A). Compared with the 
UUO group, medium and high doses of metformin signifi‑
cantly inhibited the increase in left kidney weight index. Low 
dose of metformin slightly reduced the left kidney weight of 
UUO rats, but the difference was not statistically significant. 
By contrast, the three doses of metformin did not significantly 
affected the right kidney weight index.

The results of renal function test showed that the levels of 
BUN (Fig. 3B) and Scr (Fig. 3C) in the UUO group increased 
significantly compared with sham rats. Compared with the UUO 
untreated group, low, medium and high doses of metformin 
significantly reduced the level of BUN in UUO rats (Fig. 3B). 
High and medium doses of metformin reduced the level of Scr 
(Fig. 3C). Low dose of metformin reduced the level of Scr, but 
the difference was not statistically significant (Fig. 3C).

Effects of metformin on CD68 in UUO rats. CD68 protein 
was lowly expressed in glomerular mesangial and renal inter‑
stitial regions in the sham group. By contrast, a high number 
of regions positive for CD68 staining were identified in the 
UUO group, indicating the presence of an increased number 
of infiltrating macrophages. Compared with the UUO group, 
three doses of metformin reduced the area positive for CD68 

Figure 1. Expression of collagen in the progression of renal interstitial fibrosis induced by UUO. (A) Sham operation. Collagen deposition at (B) 3, (C) 7 and 
(D) 14 days after UUO surgery. (E) Statistical analysis of Sirius‑Red positive area. Content of collagen was assessed by Sirius red‑staining on sections of rat 
kidneys. A large amount of collagen was accumulated in the glomerular and tubular interstitial areas, which increased gradually over time. Highest level of 
collagen was detected at 14 days after surgery. Magnification, x400. All data are presented as the mean ± SEM. n=6. **P<0.01 vs. sham group. UUO, unilateral 
ureteral obstruction.
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in the kidney (P<0.01), indicating that metformin reduced the 
infiltration of macrophages in kidney (Fig. 4A‑F).

Effects of metformin on renal fibrosis in UUO rats. To observe 
the effect of metformin on collagen deposition, the degree of 
RIF in rats was examined by Sirius‑Red staining. As shown 
in Fig. 5, collagen deposition was reduced in the sham group. 
However, there were a large number of red‑positive areas in 
the UUO group, indicating that collagen deposition increased 
in the kidney of UUO rats. Compared with the UUO group, 
three doses of metformin significantly decreased the collagen 
deposition in renal tubules and renal interstitial regions 
(P<0.01), suggesting that metformin decreased the deposition 
of collagen in renal tissue of UUO rats (Fig. 5A‑F).

The myofibroblast, an activated fibroblast characterized by 
α‑SMA positive expression, plays an important role in RIF. 
Therefore, the protein expression level of α‑SMA was detected 
by western blotting. α‑SMA protein in the kidney of normal 

rats was lowly expressed. However, the expression of α‑SMA 
protein in the kidney of UUO rats was significantly higher 
than that in the sham group. Low, medium and high doses of 
metformin reversed the protein expression level of α‑SMA 
in rat kidney. The present results suggested that metformin 
reduced the UUO‑induced RIF (Fig. 5G and H).

Effects of metformin on expression of Deptor in the kidneys 
of UUO rats. The expression of Deptor protein was decreased 
during RIF and was negatively correlated with collagen 
expression. Therefore, the effects of metformin on Deptor 
protein expression were examined in renal tissue of UUO rats. 
Immunohistochemistry and western blotting suggested that 
Deptor protein was highly expressed in the kidney of rats in the 
sham group. Compared with the sham group, the expression of 
Deptor in UUO rats was significantly decreased, whereas the 
three doses of metformin upregulated the expression level of 
Deptor protein in the kidneys (Fig. 6A‑H).

Figure 2. Dynamic changes of Deptor in the progression of renal interstitial fibrosis by immunohistochemistry. Deptor expression in kidneys of rats in the 
(A) sham group and in rats after (B) 3, (C) 7 and (D) 14 days after UUO. Magnification, x400 (E) Statistical analysis of Deptor immunohistochemistry positive 
area. n=6. (F) Protein expression level of Deptor in the kidneys of rats was analyzed by western blotting. (G) Statistical analysis of Deptor expression. n=3. 
(H) Correlation analysis of Deptor and collagen levels. Sirius‑Red positive area of collagen and Deptor immunohistochemistry positive area were plotted and 
analyzed using Pearson's correlation coefficient analysis. Magnification x400.  All data are presented as the mean ± SEM. *P<0.05, **P<0.01 vs. sham group. 
UUO, unilateral ureteral obstruction; Deptor, DEP domain‑containing mTOR interacting protein; IOD, integral optical density.
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Effects of metformin on the activity of the mTOR/p70S6K 
pathway in the kidneys of UUO rats. Deptor is an mTOR 
endogenous antagonist and metformin can upregulate Deptor 

expression. Therefore, the activation of the mTOR/p70S6K 
signaling pathway was examined in renal tissues of UUO 
rats. The western blotting results suggested that there was 

Figure 4. Effect of metformin on inflammation of obstructed kidney. (A) Sham operation. (B) UUO rats. (C) UUO rats treated with low‑concentration of 
metformin, 50 mg/kg/day. (D) UUO rats treated with medium‑concentration of metformin, 100 mg/kg/day. (E) UUO rats treated with high‑concentration of 
metformin, 200 mg/kg/day. (F) Statistical analysis of CD68 expression. Magnification, x400. All data are presented as the mean ± SEM. n=6. **P<0.01 vs. sham 
group; ##P<0.01 vs. UUO group. UUO, unilateral ureteral obstruction; IOD, integral optical density.

Figure 3. Effect of metformin on hypertrophy of kidney and renal function. Kidney weight index (mg/g) was expressed as the ratio of final kidney weight (mg) 
to final body weight (g). (A) Statistical analysis of kidney weight index. (B) Statistical analysis of BUN. (C) Statistical analysis of serum creatinine. All data 
are presented as the mean ± SEM. n=6. *P<0.05, **P<0.01 vs. sham group; #P<0.05, ##P<0.01 vs. UUO group. Sham, Sham‑operated group; UUO, unilateral 
ureteral obstruction group; UUO + M50, UUO rats treated with low‑dose metformin, 50 mg/kg/day; UUO + M100, UUO rats treated with intermediate‑dose 
metformin, 100 mg/kg/day; UUO + M200, UUO rats treated with high‑dose metformin, 200 mg/kg/day; BUN, blood urea nitrogen.
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no significant difference in the expression of total mTOR 
(T‑mTOR) and total p70S6K (T‑p70S6K) in the kidneys of 
each group. The protein expression levels of p‑mTOR and 
p‑p70S6K in the kidneys of sham rats were almost absent. 
Compared with the sham group, the protein expression levels 
of p‑mTOR and p‑p70S6K in the kidneys of UUO rats were 
significantly increased, however metformin significantly 
decreased the phosphorylation levels of mTOR and p70S6K in 
the kidney of UUO rats, but only low dose of metformin had 
no significant difference (Fig. 7A‑D).

Discussion

RIF is the most important factor determining the renal 
outcomes and clinical course of kidney diseases. In the 
present study, the expression level of Deptor was progres‑
sively downregulated over time in UUO rats. Moreover, the 
expression of collagen was found to be negatively correlated 
with the expression of Deptor in renal tissues of UUO rats. 
However, metformin significantly upregulated the protein 
expression level of Deptor, and downregulated the protein 

expression levels of p‑mTOR and p‑p70S6K, and three doses 
of metformin nearly reversed the changes stated above, except 
for the level of p‑mTOR in low dose of metformin group.

Deptor, an endogenous mTOR inhibitory factor discovered 
by Peterson et al (10), is involved in the regulation of cell 
proliferation, survival, transdifferentiation and autophagy. 
Bruneau et al (11) reported that Deptor serves a key role in 
endogenous mechanisms of anti‑inflammation and pro‑reso‑
lution by regulating the endothelial cell‑specific expression of 
chemokines and adhesion molecules, leukocyte‑endothelial 
adhesion, and endothelial migratory responses. Recent studies 
found that Deptor serves an important role in various human 
diseases including kidney diseases (12,24,25). Transforming 
growth factor beta 1 (TGF‑β1) serves an important role in the 
pathogenesis of renal fibrosis. TGF‑β1 can mediate chronic 
inflammation, myofibroblast activation and may promote 
ECM accumulation. It has been reported that TGF‑β1 can 
increase the activity of mTOR and promote collagen secretion 
by down‑regulating Deptor expression (12,15). The present 
study identified gradually increasing collagen deposition in 
the kidneys of rats in the UUO group in a time‑dependent 

Figure 5. Effect of metformin on collagen expression and α‑SMA in obstructed kidney. (A) Sham operation. (B) UUO rats. (C) UUO rats treated with 
low‑concentration metformin, 50 mg/kg/day. (D) UUO rats treated with medium‑concentration metformin, 100 mg/kg/day. (E) UUO rats treated with 
high‑concentration metformin, 200 mg/kg/day. (F) Statistical analysis of Sirius‑Red positive area. Magnification, x400. n=6. (G) Protein expression level 
of α‑SMA in the kidneys of rats was analyzed by western blotting. (H) Statistical analysis of α‑SMA expression level. n=3. All data are presented as the 
mean ± SEM. **P<0.01 vs. sham group; ##P<0.01 vs. UUO group. UUO, unilateral ureteral obstruction; α‑SMA, α‑smooth muscle actin.
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Figure 7. Effect of metformin on the mTOR/p70S6K pathway in obstructed kidneys. Western blot and quantitative analysis of the levels of p‑mTOR (Ser2448) 
and p‑ p70S6K (Ser371) was performed following normalization to T‑mTOR and T‑p70S6K, respectively. GAPDH was used as an internal control. (A) p‑mTOR 
levels were detected in rat kidneys by western blotting. (B) Statistical analysis of the levels of p‑mTOR. (C) p‑p70S6K levels were detected in rat kidneys 
by western blotting. (D) Statistical analysis of the levels of p‑p70S6K. All data are presented as the mean ± SEM. n=3. **P<0.01 vs. sham group; #P<0.05, 
##P<0.01 vs. UUO group. Sham, Sham‑operated group; UUO, unilateral ureteral obstruction group; UUO + M50, UUO rats treated with low‑dose metformin, 
50 mg/kg/day; UUO + M100, UUO rats treated with intermediate‑dose metformin, 100 mg/kg/day; UUO + M200, UUO rats treated with high‑dose metformin, 
200 mg/kg/day; p‑, phosphorylated; T‑, total; p70S6K, ribosomal protein S6 kinase.

Figure 6. Effect of metformin on the expression of Deptor in obstructed kidneys analyzed by immunohistochemistry. Deptor expression in kidneys was investi‑
gated in various groups. (A) Sham operation. (B) UUO rats. (C) UUO rats treated with low‑concentration metformin, 50 mg/kg/day. (D) UUO rats treated with 
medium‑concentration metformin, 100 mg/kg/day. (E) UUO rats treated with high‑concentration metformin, 200 mg/kg/day. (F) Statistical analysis of Deptor 
immunohistochemistry‑positive area. n=6. (G) Protein expression of Deptor in the kidneys of rats was analyzed by western blotting. (H) Statistical analysis 
of Deptor expression level. Magnification, x400. n=3. All data are presented as the mean ± SEM. **P<0.01 vs. sham group; #P<0.05, ##P<0.01 vs. UUO group. 
UUO, unilateral ureteral obstruction; Deptor, DEP domain‑containing mTOR interacting protein; IOD, integral optical density.
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manner, whereas the expression of Deptor in UUO kidneys 
decreased over time, indicating that Deptor may be involved in 
the development of the pathogenesis of renal fibrosis.

Metformin is the most widely used first‑line biguanide 
drug in the treatment of type 2 diabetes. Metformin, in addi‑
tion to its hypoglycemic effect, can also reduce cardiovascular 
complications in diabetic patients (26). Additionally, a previous 
study showed that metformin has antifibrotic activity (18). In 
animal models of non‑alcoholic steatohepatitis, metformin 
could reduce the inflammatory response to prevent hepatic 
fibrosis (27). The present study found that metformin reduced 
the left renal mass index, Scr and BUN levels in UUO rat. 
Sirius‑Red staining showed that metformin treatment also 
reduced the collagen area in renal tubules and interstitial 
regions of UUO rats. The present results suggested that 
metformin may significantly alleviate UUO‑induced RIF and 
improve renal function.

Excessive deposition of ECM is one of the most impor‑
tant features of RIF. α‑SMA+ myofibroblast can secret ECM 
components such as collagen. In the present study, the protein 
level of α‑SMA was upregulated in the kidney of UUO rats, 
suggesting an accumulation of myofibroblasts in the renal 
tissue of rats following UUO. The three concentrations of 
metformin tested in the present study were able to significantly 
reduce α‑SMA protein level and inhibit the formation of 
myofibroblast. In addition, Sirius‑Red staining suggested that 
metformin reduced the deposition of collagen in the kidneys 
of UUO rats.

CD68 is an important marker of macrophages, and several 
previous studies demonstrated that macrophage infiltration 
promotes the development of RIF. Previous studies reported 
that macrophages could release inflammatory mediators such 
as interleukin‑β (IL‑β) and a large number of cytokines to 
promote the expression of adhesion factors, increasing the 
accumulation of inflammatory factors in the inflammatory site, 
thus aggravating the inflammatory response (28). In addition, 
macrophages can also transform into myofibroblasts (MMT) 
to promote the synthesis of ECM, thus leading to RIF (29). The 
present results suggested that the expression of CD68 protein 
was increased in the kidney of UUO rats, and metformin 
treatment effectively inhibited its expression, indicating that 
metformin decreased the infiltration of macrophages, and 
reduced the inflammatory response and the MMT process, 
thereby delaying the progression of renal fibrosis.

Accumulating evidence demonstrated the detrimental 
effects of the mTOR/p70S6K pathway in renal fibrosis. In 
response to various stimuli, mTOR can be activated through 
phosphorylation, and the activated p‑mTOR is involved in the 
regulation of protein synthesis by inducing the phosphorylation 
of p70S6K, which can phosphorylate the ribosomal protein S6 
that is involved in protein translation (30,31). Previous animal 
studies demonstrated that mTOR is highly activated in kidneys 
of diabetic nephropathy rats, but rapamycin could ameliorate 
glomerular hypertrophy, reducing proinflammatory cytokines 
expression, and relieving renal interstitial inflammation and 
fibrosis (32). In addition, rapamycin reduced macrophage 
infiltration in obstructed kidneys, reversed EMT progression 
and alleviated RIF (33). The present study suggested that the 
mTOR/p70S6K signaling pathway was inactive in kidneys 
from the sham group. However, the protein expression levels 

of p‑mTOR and p‑p70S6K were significantly upregulated 
following UUO via the activation of the mTOR/p70S6K 
signaling pathway in the kidneys of UUO rats. Administration 
of metformin for 14 days effectively inhibited the activation of 
the mTOR/p70S6K pathway induced by UUO.

Several reports have demonstrated that activation of 
adenosine monophosphate‑activated protein kinase (AMPK) 
improves renal function in experimental models of acute 
kidney injury (AKI) (34) and CKD (35). The effects of 
metformin are mainly driven by the activation of AMPK, 
which regulates downstream signaling pathways (36). It was 
reported that AMPK also affects proteasomal degradation, and 
AMPK activation by metformin leads to an inhibition of prote‑
asomal function (37). Evidences show that the protein levels of 
Deptor are known to be regulated by a proteasome‑mediated 
proteolytic degradation (10). Previous study has reported 
that metformin increases the protein levels of Deptor via 
suppression of proteasome activity in an AMPK‑dependent 
manner (17). In the present study, the expression of Deptor 
was significantly decreased in the kidneys of UUO rats, and 
metformin treatment efficiently increased the expression level 
of this protein. Therefore, we infer that activation of AMPK by 
metformin could inhibit the activity of proteasome, and subse‑
quently upregulate the expression of Deptor, which leads to 
anti‑fibrotic effect on rat renal fibrosis by suppressing mTOR 
signaling.

In conclusion, the present study suggested that metformin 
ameliorated the impaired renal function in a model of 
UUO‑induced renal fibrosis, and the mechanism mediating 
this effect may be associated with the upregulation of Deptor 
expression level and the inhibition of the mTOR/p70S6K 
signaling pathway. Therefore, in addition to the anti‑diabetic 
therapeutic potential of metformin, this drug may also be 
considered as a potential therapeutic for the treatment of renal 
fibrosis.
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