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Purpose: The activation of autophagy has potential protective effect on diabetic nephro-
pathy (DN) podocyte injury, and the AMPK/mTOR signaling pathway is an important 
regulatory pathway of autophagy. Emodin has been reported to effectively delay DN 
progression; however, the therapeutic mechanisms involved in vivo remain ambiguous. 
The present study aimed to elucidate the mechanism of emodin in improving renal tissue 
and podocyte injury in DN by regulating the AMPK/mTOR-autophagy signaling pathway.
Methods: All rats were divided into 4 groups: a Sham group, a Vehicle group, a low-dose 
emodin (LD-Emo) group (20 mg/kg/day) and a high-dose emodin (HD-Emo) group (40 mg/ 
kg/day). The different doses of Emo and distilled water were daily administrated for 8 weeks 
after the induction of DN by the unilateral nephrectomy combined with intraperitoneal 
injections of streptozotocin (STZ). The rats' general status, blood glucose, biochemical 
parameters, urinary protein excretion, renal histological changes and cell apoptosis in renal 
tissue, as well as the key protein expressions in the AMPK/mTOR signaling pathway and 
apoptosis-related proteins were examined, respectively.
Results: Emodin ameliorated the general condition, kidney weight and urinary protein excretion 
of the rats, but has little influence on serum biochemical parameters and did not lower blood 
glucose; emodin attenuated renal fibrosis including the cell numbers, extracellular matrix rate 
and collagen area in glomerulus, simultaneously relieved podocyte foot process fusion, up- 
regulated the expression of nephrin protein and suppressed glomerular and tubular epithelial cell 
apoptosis. In addition, emodin can induce and enhance autophagy in podocytes including 
increased expression of LC3-II/I, Beclin-1, p-AMPK protein and decreased expression of p62, 
p-mTOR protein, as well as increased autophagosomes in podocytes.
Conclusion: We have demonstrated that emodin, as a natural regulator in vivo, reduced proteinuria 
and alleviated renal fibrosis without affecting hyperglycemia in DN rats. The potential mechanisms 
by which emodin exerts its renoprotective effects in vivo are through suppressing cell apoptosis and 
enhancing autophagy of podocytes via the AMPK/mTOR signaling pathway in the kidney.
Keywords: emodin, diabetic nephropathy, autophagy, cell apoptosis, AMPK/mTOR 
signaling pathway

Introduction
Diabetic nephropathy (DN) is a serious microvascular complication of diabetes 
mellitus, which has become the main cause of end-stage renal disease (ESRD) and 
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has brought heavy economic burden to the whole society.1 

Therefore, the development of novel approaches for treat-
ment of DN is urgently needed. Podocytes are terminally 
differentiated glomerular epithelial cells, which reside on 
the glomerular basement membrane (GBM) outside the 
glomerular capillaries. Proteinuria is a significant clinical 
feature of DN and usually associates with different degrees 
of podocyte injury.2 Nephrin is a main podocyte cytoske-
letal protein and slit diaphragm structural protein, which 
plays a key role in maintaining the integrity and normal 
function of glomerular filtration barrier by regulating the 
structure and function of podocytes.3 The abnormal 
expression and function of nephrin in diabetic patients 
may damage the integrity of renal filtration membrane 
structure and barrier function, and participate in the pro-
duction of diabetic glomerulosclerosis and proteinuria.

Autophagy is the self-degradation of lysosome- 
dependent macromolecular proteins and organelles that pro-
vides raw materials and nutrition for cell repair, and realizes 
organelle renewal by scavenging senescent organelles and 
long-lived proteins.4 Apoptosis is a programmed method of 
gene regulation and biological autonomy in order to main-
tain a constant number of cells. At present, it has been 
confirmed that autophagy exists in the process of apoptosis, 
and there is a certain relationship between autophagy and 
apoptosis. The same stimulus can cause autophagy and 
apoptosis at different intensities. Podocytes, as terminal 
differentiated cells, have limited regenerative capacity. 
Under the stimulation of various stress factors in the process 
of DN, a large number of damaged proteins and organelles 
accumulate in podocytes, which will lead to podocyte loss 
and podocyte apoptosis. Studies have found that podocytes 
maintain the basic level of autophagy under normal 
conditions,5 while autophagy activity is significantly 
increased after podocytes are damaged.6 Therefore, there is 
a close relationship between autophagy and apoptosis in 
podocytes. Podocyte autophagy deficiency is an important 
trigger point of proteinuria, while maintaining a certain level 
of autophagy can reduce the occurrence of apoptosis.

Emodin is an anthraquinone derivative with a chemical 
name of 1,3,8-trihydroxy-6-methylanthraquinone, which is the 
main effective monomer of rhubarb in traditional Chinese 
medicine.7 Pharmacological studies have demonstrated that 
emodin has pharmacological effects such as anti-bacterial,8 

anti-inflammation,9 anti-oxidation,10 immunosuppression,11 

anti-renal fibrosis,12 anticancer,13 etc. Rhubarb, as 
a traditional Chinese medicine, has a extensive pharmacologi-
cal effects, and rhubarb preparations have been widely used in 

clinical treatment of DN. Emodin, as the main active ingredi-
ent of rhubarb, has been reported to inhibit cell proliferation 
and fibronectin expression by inhibiting the p38 MAPK path-
way in vivo and in vitro.14,15 Another study showed that 
emodin treated early DN by inhibiting high glucose-induced 
podocyte transdifferentiation, increasing nephrin protein 
expression and reducing proteinuria.16 But in general, there 
is not much research of the pharmacological mechanism of 
emodin on its protection in DN podocyte injury; similarly, it is 
unclear whether the underlying mechanism of emodin in the 
treatment of DN is associated with podocyte autophagy. 
Studies have reported that the pathogenesis of DN is related 
to nutritional sensitive pathways such as the mammalian target 
of rapamycin (mTOR) and AMP activated protein kinase 
(AMPK) signaling pathway.17 And autophagy can be pro-
moted by AMPK, while it is inhibited by mTOR; AMPK 
promotes autophagy by directly activating Ulk1 through phos-
phorylation of Ser 317 and Ser 777, under nutrient sufficiency, 
while the high activity of mTOR prevents Ulk1 activation by 
phosphorylating Ulk1 Ser 757 and disrupting the interaction 
between Ulk1 and AMPK.18 It has been reported that emodin 
is an effective AMPK activator,19 and our previous studies 
have shown that emodin ameliorates cisplatin-induced apop-
tosis of rat renal tubular cells in vitro through modulating the 
AMPK/mTOR signaling pathways and activating autophagy.7 

Whether emodin can effectively protect podocyte injury in 
DN, and whether it is related to the AMPK/mTOR- 
autophagy signaling pathway, is not clear.

Hence, in this study, we established a rat model of DN 
by unilateral nephrectomy combined with intraperitoneal 
injection of streptozotocin (STZ). We tried to elucidate the 
mechanism of emodin in improving renal tissue and podo-
cyte injury in DN by regulating the AMPK/mTOR- 
autophagy signaling pathway. It provides a new target for 
emodin in the treatment of DN, and also provides a novel 
and effective therapeutic method for DN patients.

Materials and Methods
Reagents, Drug and Animals
Emodin (MB5674, HPLC ≥98%) was purchased from 
Dalian Meilun Biotechnology Co., Ltd (Dalian, China). 
Emodin was dissolved in 0.5% sodium carboxymethyl cel-
lulose and prepared into emodin suspension (10 mg/mL). 
Streptozotocin (STZ, CAS#: 18883-66-4) was purchased 
from Aladdin Reagent Co., Ltd (Shanghai, China). 
Apoptosis was detected by terminal deoxynucleotidyl trans-
ferase (TdT)-mediated deoxyuridine triphosphate (dUTP)- 
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biotin nick end labeling (TUNEL) assay with a detection kit 
(Cat. No. 11684817910; Roche, Switzerland). Blood glucose 
meter and blood glucose test paper were purchased from 
3Nod Electronics Co., Ltd (Shenzhen, China).

All experiments were performed using male Sprague- 
Dawley (SD) rats, aged 8 weeks and weighing 200±20g, 
purchased from Experimental Animal Center of China Three 
Gorges University (Qualified by Hubei Center for Disease 
Control and Prevention, Wuhan, Hubei Province, China). 
Rats were kept in an environmentally controlled breeding 
room (temperature: 23°C±2°C, humidity: 60%±5%, a 12- 
hour light/dark cycle), and fed a standard rat chow and given 
tap water ad libitum in the Experimental Animal Center of 
Wuhan Servicebio Technology Co., Ltd (Wuhan, China). 
They were acclimatized for 1 week before the experiment. 
The surgical procedures and experimental protocol were 
approved by the Animal Ethics Committee of Wuhan No. 
1 Hospital and complied with ethical standards in 
Laboratory Animal – Guideline for Ethical Review of 
Animal Welfare (The National Standard of the People’s 
Republic of China GB/T 35892-2018).

Experimental Design
The experimental procedure is illustrated in Figure 1. The 
DN model in rats was established by unilateral nephrectomy 
combined with STZ intraperitoneal injections with low 
doses of 35 mg/kg BW twice at 72-hour interval.20 We 
collected blood through the tail vein, and then used the 
blood glucose meter to detect the blood glucose of rats. 
Twenty-six rats were randomly divided into 4 groups: 5 

rats in a Sham operation group (Sham operation + distilled 
water), 7 rats in a Vehicle group (DN + distilled water), 7 
rats in a low-dose emodin (LD-Emo) group (DN + low-dose 
of emodin suspension), 7 rats in a high-dose emodin (HD- 
Emo) group (DN + high-dose of emodin suspension). 
According to previous studies,16,21,22 20 mg/kg and 40 mg/ 
kg of emodin suspension were respectively given in LD- 
Emo group and HD-Emo group by gavage every day. Sham 
operation and Vehicle group were given equal amounts of 
distilled water by gavage every day for 8 weeks. The rats 
were weighed weekly, and the dosage was adjusted. After 8 
weeks of administration, all rats were anesthetized by intra-
peritoneal injection of ketamine and sacrificed through car-
diac puncture. Blood samples and kidneys were collected for 
detection of various indicators.

General Status, Blood Glucose, Urinary 
Albumin and Urinary Creatinine Ratio 
(Urinary ACR)
The spirit, diet, drinking water, fur color, defecation and 
activities of the rats in each group were observed 
every day. Body weight (BW), blood glucose (BG) and 
urinary ACR of rats were detected respectively before and 
every 2 weeks after modeling. At the end of 8 weeks of 
administration, the rats were weighed. The appearance and 
morphology of the kidney were observed and photo-
graphed. After the kidney was removed, the kidney weight 
(KW) was recorded, and the kidney weight/body weight 
(KW/BW) was calculated.

Figure 1 Experimental procedure. 
Abbreviations: Sham, Sham operation + distilled water group; Vehicle, DN + distilled water group; LD-Emo, DN + low-dose emodin group; HD-Emo, DN + high-dose 
emodin group; DN, diabetic nephropathy; STZ, streptozotocin.
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Serum Biochemical Parameters
After 8 weeks of administration, rats were anesthetized with 
ketamine, the thoracic cavity was dissected and 5 mL of 
blood was collected through the heart. Serum indicators 
including albumin (Alb), blood urea nitrogen (BUN), serum 
creatinine (Scr), uric acid (UA), total cholesterol (TC) and 
triglyceride (TG) were detected by automatic biochemical 
analyzer (Laboratory Department of Wuhan No. 1 Hospital).

Renal Histology
The abdominal cavities of rats were carefully incised, and 
then the right kidney was removed from renal hilum. After 
removing the kidney, renal cortex and medulla were sepa-
rated. A small amount of renal cortex at both renal poles 
was taken and fixed in 10% neutral buffered formalin, 
dehydrated for 16 h, embedded in paraffin, cut into 
3-μm-thick slices, and periodic acid Schiff (PAS) staining 
and Masson staining were performed. The number of 
glomerular cells, extracellular matrix (ECM) and collagen 
deposition were observed by light microscopy. Twenty 
glomeruli of each section were selected randomly, and 
the cell numbers, the relative area of ECM and collagen 
in glomeruli were calculated with Image-Pro Plus 6.0 soft-
ware (Media Cybernetic, Washington, USA).

Electron Microscopy
Renal tissue samples for electron microscopic assessment 
were fixed in 2.5% glutaraldehyde in 0.1 mol/L phosphate 
buffer (PB) for several days at 4°C. After washing in PB 
and post-fixing in 1% OsO4 for 2 h, the fixed material was 
dehydrated through an ethanolpropylene oxide series and 
embedded in Araldite M. The ultrathin sections were pre-
pared and stained with uranyl acetate and lead citrate. 
Transmission electron microscopy was performed using 
transmission electron microscope HT7800 (HITACHI, 
Japan) in the Ultrastructural Pathology Center of Renmin 
Hospital of Wuhan University.

TUNEL Assay
The sections were stained according to the manufacturer’s 
protocol for paraffin-embedded tissues. The sections were 
heated at 65°C for 2 h, and then deparaffinization was 
performed, followed by washing in 2 changes of xylene, 
15–20 min each. The tissue sections were dehydrated in 2 
changes of pure ethanol for 10 min each, followed by 
dehydration in gradient ethanol of 95%, 90%, 80% and 
70% ethanol, respectively, 5 min each and washed in 

distilled water. They were then incubated with 20 µg/mL 
proteinase K solution at 37°C for 25 min and washed three 
times with PBS, 5 min each. And then the tissues were 
immersed in 3% hydrogen peroxide in methanol for 15 
min to block endogenous peroxidase activity and were 
washed again with PBS. TUNEL reaction: Mix reagent 1 
(TdT) and reagent 2 (dUTP) (both from the TUNEL assay 
kit) at a ratio of 1:9. Prepare this reaction solution accord-
ing to demand before use. Add this mixture to objective 
tissue placed in a flat wet box, incubate at 37°C for 2 h in 
a moist and dark environment. The tissues were then 
washed three times with PBS, 5 min each. Subsequently, 
the tissues were incubated with DAPI solution at room 
temperature for 10 min, kept in dark place. And then they 
were washed three times again with PBS, 5 min each. 
Some of the liquid was discarded, then a coverslip with 
anti-fade mounting medium was applied. Microscopy 
detection was performed and images collected by 
Fluorescent Microscopy. DAPI glows blue by UV excita-
tion wavelength 330–380 nm and emission wavelength 
420 nm; FITC glows green by excitation wavelength 
465–495 nm and emission wavelength 515–555 nm; CY3 
glows red by excitation wavelength 510–560 nm and 
emission wavelength 590 nm. Nucleus is blue by labeling 
with DAPI. TUNEL assay kit is from Roche and labeled 
with FITC. Positive apoptosis cells are green.

Western Blot Analysis
Western blot analysis was performed using the following 
antibodies: anti-rat nephrin (ab58968), anti-rat AMPK 
(ab80039), anti-rat p-AMPK (ab23875), anti-rat β-actin 
(ab227387) antibodies were from Abcam Ltd, HKSP, 
New Territories, HK; anti-rat LC3 I/II (12741), anti-rat 
Beclin-1 (3495), anti-rat mTOR (2983), anti-rat p-mTOR 
(5536), anti-rat Cleaved caspase3 (9661) antibodies were 
from Cell Signaling Technology Company, Beverly, MA, 
USA; anti-rat p62 (A19700) antibodies were from 
ABclonal Biotechnology Co., Ltd, Wuhan, China; anti-rat 
Bax (GB11007) antibodies were from Servicebio 
Technologies Co., Ltd, Wuhan, China; anti-rat caspase3 
(BM4620) antibodies were from Boster Biological 
Technology Co., Ltd, Wuhan, China. Horseradish perox-
idase (HRP)-conjugated anti-rabbit immunoglobulins and 
anti-mouse immunoglobulins were from KPL 
Company, USA.

Renal cortex samples (100 mg) were washed by phos-
phate-buffered saline and centrifugated for 3 to 5 times. 
Total protein lysate that contains protease inhibitors and 
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phosphatase inhibitors was used for extracting the total 
protein. Lysate protein concentrations were determined 
by bicinchoninic acid (BCA) protein concentration assay 
kit (Beyotime Biotechnology, Shanghai, China). The total 
protein was mixed with 5×electrophoresis sample buffer 
(Beyotime Biotechnology, Shanghai, China). Equal 
amounts of protein in each sample were subjected to 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) with 10% acrylamide gels, and then electro-
phoretically transferred to polyvinylidene fluoride mem-
brane (Millipore, Bedford, USA). The membranes were 
blocked with 5% skimmed milk in tris-buffered saline- 
Tween-20 (TBS-T). The blots were incubated with pri-
mary antibodies (diluted according to the manufacturer’s 
instructions). They were washed with tris-buffered saline 
tween (TBST) and incubated with HRP-conjugated anti- 
rabbit or anti-mouse immunoglobulins. The membranes 
were coated using HRP-labeled chemiluminescent sub-
strates (Millipore, Bedford, USA), eventually exposed 
and fixed in the dark box. This procedure was carried out 
3 times. The results were quantified using Image-Pro Plus 
6.0 software (Media Cybernetic, Washington, USA), 
which were contrasted with densitometric signal of β- 
actin, respectively, and the ratios were expressed as the 
relative protein contents.

Statistical Analyses
The results were expressed as mean ± SEM. Statistical 
analysis was performed using one-way analysis of variance 
(ANOVA); LSD method was used for multiple comparison. 
P < 0.05 was defined as statistically significant. All data 
were analyzed using statistical software SPSS 24.0.

Results
Emodin Ameliorates the General Status 
and Renal Morphological Appearance in 
Rats with DN
During the experiment, in addition to the sham-operated 
rats, the other three groups of DN rats exhibited increased 
diet, drinking and urine, low activity, dull fur and BW loss 
at different degrees; the rats in Vehicle group were most 
obvious. After drug intervention, low activity of rats was 
gradually ameliorated after the treatment with emodin at 
both low and highdose. Subsequently, BW of rats in emo-
din-treated groups increased gradually, at the end of 8 
weeks of administration, in comparison with the rats in 
the Sham group, BW of DN rats declined (P < 0.01), and 

in the emodin-treated groups, BW of rats was higher 
compared with those in the Vehicle group; there were 
significant differences among the three groups (P < 0.05) 
(Figure 2A).

The ratio of KW to BW in the Vehicle group was 
obviously higher than that in the Sham group (P < 0.01), 
while KW/BW of rats in the emodin-treated groups 
declined, and the differences were statistically compared 
with the Vehicle group (P < 0.01), but they were still 
higher than that in the Sham group, and there was statis-
tically significant differences between the two treatment 
groups (P < 0.05) (Figure 2B). In addition, renal appear-
ance in the Sham group was moderated and crimson, while 
those in Vehicle group were swollen and ischemic. The 
kidneys of rats treated with emodin at both low and high 
dose were significantly ameliorated, with less swelling and 
ischemia (Figure 2C). In sum, these results showed that 
emodin could ameliorate the rat’s general status and renal 
morphological appearance of DN rats, as well as influen-
cing BW and KB/BW; all of these have little correlation to 
emodin dosage.

Emodin Can Ameliorate Urinary ACR, 
but Had No Significant Effect on Blood 
Glucose and Serum Biochemical 
Parameters
As shown in Figure 3A, at the end of 8 weeks of adminis-
tration, urinary ACR in the Vehicle group reached an abnor-
mal level (73.34 ± 5.15 mg/g), which was significantly 
higher than that in the Sham group (2.28 ± 0.27 mg/g) 
(P < 0.01), while the level of urinary ACR was significantly 
decreased in the LD-Emo group (17.02 ± 1.22 mg/g) and the 
HD-Emo group (14.23 ± 2.35 mg/g), and the difference 
reached statistical significance compared with the Vehicle 
group (P < 0.01), but there was no statistical difference 
between the LD-Emo group and the HD-Emo group (P > 
0.05). After successful modeling, the BG of rats in the 
Vehicle group remained at a high level, and at the end of 
the 8th week of administration, the BG of rats in the Vehicle 
group (29.21 ± 0.81 mmol/L) was still very high; however, it 
is worth noting that BG of rats in the LD-Emo group (27.10 
± 1.13 mmol/L) and the HD-Emo group (26.70 ± 0.70 
mmol/L) also remained at high levels, respectively, and the 
differences were statistically significant compared with the 
Sham group (6.88 ± 0.83 mmol/L) (P < 0.01), but there was 
no statistical difference between the Vehicle group and the 
emodin-treatment groups (P > 0.05) (Figure 3).
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Compared with the Sham group, Alb in the Vehicle 
group decreased significantly (P < 0.01), but both emo-
din-treatment groups did not improve Alb (P > 0.05). 

BUN in the Vehicle group was dramatically increased 
(P < 0.01), and the increased BUN was decreased by 
emodin treatment in both the LD-Emo and the HD-Emo 

Figure 2 Effects of Emo on changes in body weight, kidney weight/body weight and renal appearance. 
Notes: (A) body weight, (B) kidney weight/body weight, (C) renal appearance. (a) Sham group, (b) Vehicle group, (c) LD-Emo group, (d) HD-Emo group. Data are 
expressed as mean ± SEM. *P < 0.05, #P < 0.01. 
Abbreviations: Emo, emodin; BW, body weight; KW/BW, kidney weight/body weight; LD-Emo, low-dose emodin; HD-Emo, high-dose emodin.

Figure 3 Effects of Emo on changes in urinary albumin/urinary creatinine ratio and blood glucose. Data are expressed as mean ± SEM. #P < 0.01. 
Notes: (A) Urinary albumin/urinary creatinine ratio, (B) blood glucose. 
Abbreviations: Emo, emodin; Urinary ACR, urinary albumin/urinary creatinine ratio; BG, blood glucose; LD-Emo, low-dose emodin; HD-Emo, high-dose emodin.
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group (P < 0.01). Scr and UA were increased in the 
Vehicle group; compared with the Vehicle group, Scr 
and UA in emodin-treatment groups decreased slightly, 
but there was no significant difference (P > 0.05). TC was 
increased in the Vehicle group and emodin-treatment 
groups (P < 0.01); there were no statistical 
differences among the three groups (P > 0.05). TG was 
increased in the Vehicle group (P < 0.01), and similarly 
there was no statistical difference between the Vehicle 
group and emodin-treatment groups (P > 0.05) 
(Table 1). In sum, these results showed that emodin 
could ameliorate urinary ACR, but could not lower BG 
and had no significant effect on serum biochemical para-
meters in DN model rats.

Effects of Emodin on Histological 
Changes in Rats with DN
We observed glomerular morphological changes by light 
microscopy among 4 groups of rats. As shown in Figure 
4A and B, no pathological changes were observed under 
light microscopy in the Sham group. However in the 
Vehicle group, mesangial tissues were showing obvious 
signs of hyperplasia, including glomerular mildhypertro-
phy, capillary loop area reduction, glomerular cell pro-
liferation, ECM expansion and diffused increasing ECM 
areas. With HD-Emo treatment, the injurious glomerular 
morphological changes were visibly attenuated, which 
was superior to the LD-Emo group. When compared 
with the Sham group, the cell numbers, rate of ECM 
and collagen area in glomerulus were significantly 
increased in the Vehicle group, respectively, but 
decreased in emodin-treated groups (Figure 4C–E). 
However, no significant differences of glomerular mor-
phological changes were found between the LD-Emo 
group and the HD-Emo group.

In the Sham group, electron microscopy showed nor-
mal glomerular basement membrane and podocyte foot 

process. But in the DN rats, the glomerular basement 
membrane was occasionally thickened. Besides, there 
were apparent fusion and effacement of most podocyte 
foot processes. However, the injury of podocyte was mark-
edly relieved in the emodin-treated groups (Figure 4F).

Emodin Suppressed Glomerular and 
Tubular Epithelial Cell Apoptosis in Rats 
with DN
TUNEL staining and Western blot analysis were used to con-
firm the presence of apoptosis in diabetic rats and observe the 
effect of emodin on apoptosis. There were very few TUNEL- 
positive cells in the Sham group, but a higher level of glomer-
ular and tubular epithelial cell apoptosis was detected in the 
Vehicle group. After emodin treatment, a marked decrease of 
TUNEL-positive cells was observed, indicating the suppres-
sion of glomerular and tubular epithelial cell apoptosis in rats 
with DN by emodin (Figure 5A–D). Western blot analysis 
showed that, in the Vehicle group, the expression of Bax and 
Cleaved caspase-3 increased. However, after the intervention 
with emodin, expression of Bax and Cleaved caspase-3 was 
significantly suppressed (Figure 6A–C).

Effects of Emodin on Renal Cortical 
Expression of Nephrin and Autophagy in 
Podocytes in Rats with DN
To determine whether the renoprotective effects of emodin 
are related to podocytes in diabetic rats, nephrin expression 
in the renal cortical expression was analysed by Western 
blot. As shown in Figure 7A and B, the expression of 
nephrin was significantly reduced in the Vehicle group. In 
parallel to the attenuation of proteinuria, the impaired 
expression of nephrin was visibly restored by the treatment 
with emodin. To clarify the role of autophagy in the reno-
protective effects of emodin, we examined the expressions 
of microtubule-associated protein 1 light-chain 3 (LC3), 

Table 1 Comparison of Blood Biochemical Parameters of Rats Among Groups at the end of 8 Weeks

Group Sham (n = 5) Vehicle (n = 7) LD-Emo (n = 7) HD-Emo (n = 7)

Alb (g/L) 28.06 ± 0.35 24.87 ± 0.60** 25.13 ± 0.30** 25.79 ± 0.49**

BUN (mmol/L) 5.36 ± 0.26 27.46 ± 1.86** 13.96 ± 1.64**,# 10.13 ± 1.64*,#

Scr (μmol/) 35.80 ± 1.16 43.57 ± 3.33* 42.71 ± 1.95 42.29 ± 2.33
UA (μmol/L) 49.00 ± 3.78 61.00 ± 9.43 54.57 ± 3.57 52.29 ± 6.20

TC (mmol/L) 1.25 ± 0.05 1.75 ± 0.15** 1.73 ± 0.02** 1.71 ± 0.04**

TG (mmol/L) 0.23 ± 0.02 0.40 ± 0.03** 0.37 ± 0.02** 0.36 ± 0.03**

Notes: *P < 0.05, **P < 0.01 vs Sham group. #P < 0.01 vs Vehicle group. 
Abbreviations: Alb, albumin; BUN, blood urea nitrogen; Scr, serum creatinine; UA, uric acid; TC, total cholesterol; TG, triglyceride. Data are expressed as mean ± SEM.
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Beclin-1 and p62 protein by Western blot. The expression of 
LC3-II/I and Beclin-1 was significantly reduced in the 
Vehicle group, but was markedly increased in emodin- 
treated groups. Conversely, the expression of p62 protein 
exhibited the opposite trend (Figure 7A, C–E). Given the 
vital role of the AMPK/mTOR pathway in autophagy,18 we 
examined the influence of emodin on this pathway. Western 
blot analysis showed that the expression of p-AMPK pro-
tein was decreased in the Vehicle group, but was signifi-
cantly increased in emodin-treated groups. Conversely, the 
expression of p-mTOR protein was induced in the Vehicle 
group, but was visibly inhibited by the treatment with 
emodin (Figure 7F–H).

In addition, we observed the autophagosomes in podo-
cytes by transmission electron microscopy. A few autop-
hagosomes were observed in the Sham group, but were 
absent in the Vehicle group; after intervention by emodin, 
autophagosomes increased gradually (arrow mark), sug-
gesting that autophagy has a self-stabilizing effect and 
the renoprotective effects of emodin were associated with 
reversing insufficient autophagy in podocytes under dia-
betic conditions (Figure 8).

Discussion
In light of previous studies,20 a diabetic nephropathy model 
was established by unilateral nephrectomy combined with 

Figure 4 Effects of Emo on the glomerular morphological changes. 
Notes: (A) Light microscopy, periodic acid-Schiff (PAS) staining (magnification, ×400), (B) light microscopy, Masson staining (magnification, ×400), (C) the number of 
glomerular cells, (D) the rate of ECM/glomerular area, (E) the rate of collagen/glomerular area, (F) electron microscopy, 5000×. (a) Sham group, (b) Vehicle group, (c) LD- 
Emo group, (d) HD-Emo group. Data are expressed as mean ± SEM. #P < 0.01. 
Abbreviations: Emo, emodin; ECM, extracellular matrix; LD-Emo, low-dose emodin; HD-Emo, high-dose emodin.
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STZ intraperitoneal injections with low doses of 35 mg/kg 
BW twice at a 72-hour interval, a model which has stable 
hyperglycemia and typical pathological characteristics of renal 
fibrosis such as glomerular hypertrophy, glomerular cell pro-
liferation and ECM deposition. In the present study, our data 
demonstrated that the increased urinary ACR in DN rats was 
significantly suppressed by emodin treatment. In addition, 
pathological changes to glomerular as well as damaged podo-
cytes were visibly attenuated with the treatment of emodin. 
Nevertheless, emodin had no effect on hyperglycemia in these 
DN model rats, suggesting that the renoprotective effects of 
emodin were independent of BG control.

Proteinuria is an important risk factor and predictor of 
the progression of renal diseases.23 The damage of podo-
cyte foot processes structure plays an important role in the 
impaired glomerular filtration and proteinuria.24 In DN, 
podocyte injury, which is closely related to proteinuria, 
includes podocyte fusion, podocyte number or density 
reduction and podocyte apoptosis.25,26 These pathological 
changes are not only an important factor in the progression 
of DN, but also a key target of drug therapy. Our results 
showed apparent fusion and effacement of most podocyte 
foot processes in the Vehicle group, which were markedly 
relieved in the emodin-treated groups. Nephrin is a main 

Figure 5 Effects of Emo on the glomerular and tubular epithelial cell apoptosis. 
Notes: TUNEL staining (magnification, ×200). (A) Nucleus is blue by labeling with DAPI, (B) positive apoptosis cells are green, (C) merging of A and B, (D) quantification of 
the number of apoptotic cells. (a) Sham group, (b) Vehicle group, (c) LD-Emo group, (d) HD-Emo group. Data are expressed as mean ± SEM. #P < 0.01. 
Abbreviations: Emo, emodin; TUNEL, terminal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine triphosphate (dUTP)-biotin nick end labeling; LD-Emo, low- 
dose emodin; HD-Emo, high-dose emodin.
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podocyte cytoskeletal protein, which is mainly expressed 
by the slit diaphragm of glomerular podocytes, and 
reduced expression of nephrin directly affects the mor-
phology and function of podocytes. Previous studies have 
shown that the expression of nephrin was significantly 
decreased in rats with DN,27,28 contributing to the induc-
tion of proteinuria. In our study, the dramatically 
decreased nephrin expression in STZ-induced diabetic 
rats was significantly up-regulated by emodin. These 
results suggest that emodin could reduce proteinuria by 
up-regulating the expression of nephrin, thus protecting 
podocytes from damage induced by diabetes and delaying 
the progression of DN.

Autophagy is the process of removing the overall 
degradation of damaged proteins and organelles,4 which 
contributes to maintaining podocyte function. Under nor-
mal conditions, podocytes maintain a certain level of 
autophagy; in our experimental results, we observed 
a few autophagosomes in the Sham group. Previous 
research reports that insufficient autophagy in podocytes 

was observed in DN rats, and massive proteinuria was 
accompanied by podocyte loss.29 Consistently, our study 
shows that autophagosomes are absent in DN rats, and, 
after intervention by emodin, autophagosomes increased 
gradually, suggesting that autophagy has a self-stabilizing 
effect and plays a protective role in podocyte damage. To 
further confirm autophagy, we examined the expression of 
LC3-II as well as Beclin-1, which serve as valuable mole-
cular biomarkers for the detection and assessment of 
autophagic activity, and the conversion of LC3-I to LC3- 
II is considered as a standard marker of autophagy.30 

Western blotting showed that, compared with the Sham 
group, the expression of LC3-II and Beclin-1 protein was 
significantly decreased in DN rats, and restored after emo-
din intervention. P62 protein (sequestosome 1, SQSTM1) 
is abbreviated as selective autophagy adaptor protein, 
which plays a variety of roles in the removal of cell 
selective autophagy and ubiquitinated protein. When 
autophagosomes combine with lysosomes to degrade con-
tent, p62 protein is largely consumed. Therefore, when 

Figure 6 Effects of Emo on the protein expression of Bax and Cleaved caspase-3 in the kidney. 
Notes: (A) Western blot analysis of Bax, Cleaved caspase-3 and caspase-3 protein expression. (B and C) Quantitative analysis of Bax and Cleaved caspase-3 protein 
expression. Data are expressed as mean ± SEM. *P < 0.05, #P< 0.01. 
Abbreviations: Emo, Emodin; LD-Emo, low-dose Emodin; HD-Emo, high-dose Emodin.
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a large amount of p62 protein is found to accumulate in the 
cell, it indicates that autophagy is in a suppressed state.31 

In our study, Western blotting showed that p62 protein 

expression is dramatically increased in DN rats, while 
obviously suppressed after emodin intervention. 
Collectively, these findings suggest that autophagy 

Figure 7 Effects of Emo on the protein expression of nephrin, LC3-II/I, Beclin-1, p62, p-AMPK, AMPK, p-mTOR and mTOR in the kidney. 
Notes: (A) Western blot analysis of nephrin, LC3-II/I, Beclin-1 and p62 protein expression. (B–E) Quantitative analysis of nephrin, LC3-II/I, Beclin-1 and p62 protein 
expression. (F) Western blot analysis of p-AMPK, AMPK, p-mTOR and mTOR protein expression. (Gand H) Quantitative analysis of p-AMPK and p-mTOR protein 
expression. Data are expressed as mean ± SEM. #P < 0.01. 
Abbreviations: Emo, Emodin; LD-Emo, low-dose Emodin; HD-Emo, high-dose Emodin; LC3, microtubule-associated protein 1 light-chain 3; P62 protein, p62/sequestosome-1 
protein; AMPK, adenosine 5ʹ-monophosphate (AMP)-activated protein kinase; p-AMPK, phospho-AMPK; mTOR, mammalian target of rapamycin; p-mTOR, phospho-mTOR.

Figure 8 Effects of Emo on the autophagy of podocytes in rats with DN. 
Notes: Electron microscopy (magnification, 15,000×). The white arrow indicates autophagosome. (A) Sham group, (B) Vehicle group, (C) LD-Emo group, (D) HD-Emo 
group. 
Abbreviations: Emo, emodin; LD-Emo, low-dose emodin; HD-Emo, high-dose emodin.
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activation is likely a kind of self-protection in dealing with 
diabetic stress in podocytes, and rescuing insufficient 
autophagy in podocytes under diabetic conditions plays 
an important role in the renoprotective effects of emodin.

The atypical serine/threonine protein kinase, mTOR, is 
a target protein of rapamycin, which can regulate cell 
growth and autophagy. In the state of adequate nutrition 
or without stress, mTOR is activated and autophagy is 
inhibited; however, when cells are in starvation or stress 
state under nutritional deficiency, mTOR activity is inhib-
ited and autophagy is activated.32 Previous studies have 
shown that the pathogenesis of DN is related to autophagy 
inhibition induced by mTOR signaling pathway 
activation.33 The mTOR signaling pathway is activated 
in the early stage of DN, and its over-activation can 
cause glomerular podocyte damage. Strict control of 
mTOR activity is the key to maintaining glomerular podo-
cyte function. AMPK is an important serine/threonine 
protein kinase, which is one of the upstream pathways of 
mTOR. Under the condition of ischemia and hypoxia, the 
nutrient deficiency and ATP level decreased, activation of 
AMPK leads to the phosphorylation and activation of 
TSC1/2 complex, which can indirectly inhibit mTOR 
activity by inhibiting rheb enzyme activity, or directly 
phosphorylate Raptor, a subunit of mTORC1, to inhibit 
mTOR, thus enhancing autophagy.18 Studies have 
shown that the phosphorylation of AMPK was inhibited 
in the kidney tissue of DN; in STZ-induced diabetic rats, 
the addition of AMPK agonists can significantly increase 
the phosphorylation of AMPK, thus reducing kidney 
damage and proteinuria.34,35 In STZ-induced diabetic 
mice, the activation of AMPK can reduce podocyte apop-
tosis and proteinuria, suggesting that the activation of 
AMPK may be involved in the protection of podocytes.36 

In our study, we found that emodin significantly increased 
p-AMPK protein levels and inhibited p-mTOR protein 
levels in the kidneys of STZ-induced diabetic rats, indicat-
ing that emodin enhanced autophagy by increasing AMPK 
protein levels. In addition, a previous study has shown that 
emodin can improve dyslipidemia in rats fed with high-fat 
diet by activating AMPK.21 Currently, our data show that 
emodin up-regulated AMPK phosphorylation and down- 
regulated mTOR phosphorylation, suggesting that emodin 
might positively regulate the autophagic process.

Cellular apoptosis, especially podocyte apoptosis, 
plays an important role in renal diseases. As terminally 
differentiated cells, podocytes lack repair capacity and 
regeneration potency after damage. Under the stimulation 

of various stress factors in the process of DN, a large 
number of damaged proteins and organelles accumulate 
in podocytes, which will lead to podocyte loss and podo-
cyte apoptosis. Decrease in the number of podocytes 
causes proteinuria, and finally results in glomerular 
sclerosis.37,38 It has been shown that the expression of pro- 
apoptotic proteins (Bax and Cleaved caspase-3) was 
increased in DN rats. In the current study, DN rats exhib-
ited increased expression of Bax and Cleaved caspase-3, 
which were significantly reduced by emodin intervention. 
The effect of emodin on cellular apoptosis was also con-
firmed by TUNEL staining. The number of apoptotic 
glomerular and tubular epithelial cells was significantly 
increased in the Vehicle group, which was significantly 
improved after the intervention with emodin. These results 
indicate that emodin can reduce the STZ-induced glomer-
ular and tubular epithelial cell apoptosis.

Conclusion
Our results demonstrated that emodin, as a natural regu-
lator in vivo, reduced proteinuria and alleviated renal 
fibrosis without affecting hyperglycemia in DN rats. The 
potential mechanisms by which emodin exerts its renopro-
tective effects in vivo are through suppressing cell apop-
tosis and enhancing autophagy of podocytes via the 
AMPK/mTOR signaling pathway in the kidney. These 
findings provide new insights into the molecular mechan-
isms underlying the renoprotective effects of emodin 
in DN.
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