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Abstract. Increased mesangial cell proliferation is a major 
pathological feature of early‑stage diabetic nephropathy 
(DN). The present study investigated the effects of the 
Traditional Chinese Medicine Shenkang injection (SKI) and 
its main component emodin (EM) on high glucose‑cultured 
mesangial cells. The proliferation rate, cell cycle distribu-
tion, apoptosis and morphology of rat renal mesangial cells 
(RMCs) cultured in the presence of various concentra-
tions of glucose (5.6 or 25 mM), SKI (25, 50 or 100 mg/l) 
or EM (10, 20 or 40  µM) were assessed at time‑points 
of 12, 24 or 48 h. High‑glucose treatment promoted the 
proliferation of RMCs, which was significantly inhibited 
by SKI and EM, while these drugs had no effect on RMCs 
under normal glucose conditions, as indicated by an MTT 
assay. Furthermore, flow cytometric analysis revealed that 
SKI and EM inhibited the cell cycle progression of RMCs 
and induced apoptosis. Transmission electron microscopy 
revealed morphological characteristics of apoptosis and 
western blot analysis demonstrated the upregulation of 
B‑cell lymphoma 2‑associated X protein (bax) and activa-
tion of caspases in RMCs following treatment with SKI 
or EM under high‑glucose conditions. In conclusion, SKI 
and its major active component EM were shown to inhibit 
high‑glucose‑induced proliferation of RMCs via inducing 
cell cycle arrest at G1 phase as well as cellular apoptosis 

via upregulation of pro‑apoptotic mediators bax and caspase 
activation, and may therefore be suitable for the treatment 
of DN.

Introduction

Diabetic nephropathy (DN) is one of the most severe micro-
vascular complications of type I and II diabetes, and is a major 
cause of end‑stage renal disease (1). One major pathological 
feature of DN is increased proliferation of renal mesangial 
cells (RMCs). Although the precise mechanism underlying the 
onset and progression of DN has not yet been elucidated, several 
in vivo studies have demonstrated a significant association 
between RMC expansion and early stages of DN. Specifically, 
these studies showed that hypercellularity in the mesangial 
cell population precedes expansion of the extracellular matrix 
(ECM) and glomerular sclerosis (2,3). Proliferation of RMCs is 
also correlated with the degree of glycemic control, indicating 
that abnormally high blood glucose levels may be a crucial risk 
factor triggering DN (4). Few studies have explored effective 
strategies for pharmacological intervention of DN, and there 
is a critical need to identify drugs with the potential to inhibit 
or control excessive proliferation of RMCs and thus serve to 
impede the progression of DN.

Shenkang injection (SKI) is a patented Chinese medicine, 
which is an extract composed of Rheum officinale, Salvia milt-
iorrhiza, Carthamus tinctorius and radix Astragali, and is 
used to treat chronic renal failure (5). Several clinical reports 
have shown that SKI can inhibit the production of factors that 
either promote the synthesis of ECM (transforming growth 
factor‑β1 and connective tissue growth factor) or antagonize 
pathways responsible for the degradation of ECM (tissue 
inhibitor of metalloproteinase‑1 and plasminogen activator 
inhibitor‑1) in the kidney (6). A clinical study showed that SKI 
treatment significantly improved the clearance rate of serum 
creatinine (7), while another study showed that in patients 
diagnosed with early DN, SKI treatment significantly reduced 
the levels of the urine protein β2‑microglobulin (8).
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In the combined herbal medicine SKI, rhubarb is the main 
ingredient, while emodin (EM; 3‑methyl‑1,6,8‑trihydroxy 
anthraquinone) (Fig. 1) is one of the major active compo-
nents. The present study aimed to assess whether SKI or 
EM are suitable for the treatment of diabetic nephropathy. 
In  vivo studies showed that EM significantly decreased 
the levels of blood glucose, triglycerides and total serum 
cholesterol, while improving glucose tolerance and insulin 
sensitivity (9‑11). Furthermore, following administration for 
eight weeks, renal lesions in rats were significantly amelio-
rated and the levels of serum creatinine, urea and 24‑h 
urine protein were decreased  (12). In vitro, EM markedly 
suppressed high glucose‑induced cell proliferation, reduced 
the expression of fibronectin and collagen IV, decreased the 
phosphorylation of p38 mitogen‑activated protein kinase and 
upregulated the expression of peroxisome proliferator‑acti-
vated receptor γ (13,14).

The present study assessed the effects of SKI and EM on the 
pathology of DN and investigated the underlying mechanisms. 
Specifically, the anti‑proliferative and apoptotic effects of SKI 
and its major component EM on high glucose‑stimulated renal 
mesangial cells (RMCs) were assessed.

Materials and methods

Cell culture and reagents. The well‑characterized rat RMC 
line HBZY‑1 was obtained from The Chinese Center for Type 
Culture Collection (Wuhan, China). Cells were cultured in 
Dulbecco's modified Eagle's medium (DMEM; containing 
5.6 mM or 25 mM glucose; Thermo Fisher Scientific, Inc., 
Beijing, China) supplemented with 10% fetal calf serum 
(FCS; Zhejiang Tianhang Biotechnology Co., Ltd., Zhejiang, 
China), 10,000 U/ml penicillin and 10,000 µg/ml streptomycin 
(Thermo Fisher Scientific, Inc.) at 37˚C in a humidified atmo-
sphere containing 5% CO2. RMCs between passages 3 and 10 
were used for all experiments. Following pre‑incubation in 
DMEM (containing 5.6 mM glucose) supplemented with 0.1% 
FCS for 24 h, cells were divided into the following experimental 
groups: Normal glucose (NG; 5.6 mM glucose); high glucose 
(HG; 25 mM glucose); high glucose and different concentra-
tions of SKI (HG + SKI‑100 mg/l, 25 mM glucose + 100 mg/l 
SKI; HG + SKI‑50 mg/l, 25 mM glucose + 50 mg/l SKI; 
HG + SKI‑25 mg/l, 25 mM glucose + 25 mg/l SKI); high 
glucose and different concentrations of EM (HG + EM‑40 µM, 
25 mM glucose + 40 µM EM; HG + EM‑20 µM, 25 mM 
glucose + 20 µM EM; HG + EM‑10 µM, 25 mM glucose + 10 µM 
EM); mannitol (MN; 5.6 mM glucose and 19.4 mM mannitol). 
Mannitol was purchased from Sigma‑Aldrich (St. Louis, MO, 
USA). SKI (0.3 g/ml) was supplied by Xi'an Shiji Shengkang 
Pharmaceutical Industry Co., Ltd. (Xi'an, China) and the pres-
ence of EM was confirmed using high‑performance liquid 
chromatography. EM was purchased from the National Food 
and Drug Testing Institute (Beijing, China).

Cell proliferation assay. A 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑di-
phenyltetrazolium bromide (MTT) assay was used as a 
qualitative index of cell viability. All cells were treated with 
20 µl MTT (5 mg/ml; Invitrogen; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA) after 12, 24 or 48 h of culture 
under the different experimental conditions stated above, and 

further cultured for another 4 h. Next, they were lysed using 
dimethylsulfoxide (0.15 ml/well; Sigma‑Aldrich). Once the 
formazan crystals dissolved completely, the optical density 
was measured at 490 nm using a Microplate Reader Model 
M680‑UV Spectrophotometer (Bio‑Rad Laboratories, Inc., 
Hercules, CA, USA).

Cell cycle analysis. The cell cycle distribution of cells in the 
different treatment groups was analyzed using flow cytometry. 
After 24 h of culture under the different experimental condi-
tions, (0.5‑1)x106 cells were harvested by enzymatic digestion 
with trypsin, washed twice with phosphate‑buffered saline 
(PBS) and fixed in 70% ethanol at 20˚C. The fixed cells were 
re‑suspended in 500 µl PBS and RNase A (100 µg/ml; Takara 
Bio, Inc., Otsu, Japan) and incubated at 37˚C for 1 h. Next, the 
cells were treated with propidium iodide (PI; 50 µg/ml; Takara 
Bio, Inc.) for 30 min. The DNA content of 2x105 cells from 
each experimental group was determined using a flow cytom-
eter (LSRFortessa; Becton Dickinson, San Jose, CA, USA), 
and the data were analyzed using Mod Fit LT 2.0 software 
(Verity Software, Topsham, ME, USA).

Apoptosis assay. Apoptotic cells were identified using an 
Annexin V/PI apoptosis kit (Keygen Biotech, Nanjing, China) 
and flow cytometry. After 24 h of culture under the different 
experimental conditions, (0.5‑1)x106 cells were harvested and 
re‑suspended in 500 µl binding buffer. Next, the cells were 
incubated with 5 µl Annexin V‑fluorescein isothiocyanate 
(FITC) and 5 µl PI (50 mg/ml) for 15 min in the dark and 
immediately analyzed by flow cytometry. Data from at least 
2x105 cells of each sample were acquired and analyzed using 
Cell Quest software, version 7.5.3 (Becton Dickinson). In the 
PI vs. FITC scatter plot, the percentage of cells in the lower 
right quadrant of (early apoptotic cells), upper right quadrant 
(late apoptotic cells), upper left quadrant (necrotic cells) and 
lower left quadrant (live cells) was calculated for comparison.

Transmission electron microscopy (TEM). To further assess 
the occurrence of apoptosis, the morphology of the cells 
was observed by TEM. After 24 h of culture under different 
experimental conditions, cells were collected by centrifuga-
tion (1,080 x g, 3 min), washed twice with PBS and fixed in 
freshly made 1% paraformaldehyde with 2% glutaraldehyde 
(Wuhan Boster Biological Technology, Ltd., Wuhan, China) 
for 24 h. Next, the samples were treated with 1% osmium 
tetroxide (Beijing CoWin Biotech Co., Ltd., Beijing, China) for 
2 h, dehydrated using a graded ethanol series and embedded in 
araldite. Ultra‑thin sections were prepared, stained with uranyl 

Figure 1. Chemical structure of emodin.
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acetate (Shanghai Jianglai Biotechnology Co., Ltd., Shanghai, 
China) and lead citrate and observed by TEM (JEM‑101; Jeol 
Electron Inc, Tokyo, Japan).

Western blot analysis. Cells cultured under the different 
experimental conditions for 24 h were harvested and washed 
with ice‑cold PBS. Whole‑cell protein extracts were obtained 
by lysing the cells with radioimmunoprecipitation assay lysis 
buffer (Beyotime Institute of Biotechnology, Haimen, China). 
Protein concentrations were determined using the bicinchonic 
acid method (Beyotime Institute of Biotechnology). Total 
proteins (50 µg/lane) were then separated by 10% sodium 
dodecyl sulfate polyacrylamide gel electrophoresis, transferred 
onto nitrocellulose membranes (0.45 µm; Bio‑Rad Laboratories, 
Inc.) and blocked with 5% skimmed milk in Tris‑buffered 
saline (pH 7.6; TBS) at room temperature. The membranes 
were then incubated overnight at 4˚C with primary antibodies 
against B‑cell lymphoma 2 (bcl‑2)‑associated X protein (bax; 
rabbit monoclonal; 1:2,000 dilution; cat. no. ab32503; Abcam, 
Cambridge, MA, USA), bcl‑2 (rabbit monoclonal; 1:1,000 
dilution; cat. no. ab32124; Abcam), caspase‑8 (rabbit poly-
clonal; 1:2,000 dilution; cat. no. ab25901; Abcam), caspase‑6 
(rabbit monoclonal; 1:1,000 dilution; cat. no.  P55212; 
Epitomics; Abcam), caspase‑3 (rabbit monoclonal; 1:1,000; 
cat. no P42574; Epitomics; Abcam), cleaved caspase‑3 (rabbit 
monoclonal; 1:500 dilution; cat. no. AC033; Beyotime Institute 
of Biotechnology) and β‑actin (rabbit polyclonal; 1:1,000; 
cat. no. AP0060; Bioworld Technology, Inc., St. Louis Park, 
MN, USA). Subsequent to washing with TBS three times, the 
membranes were incubated with the anti‑rabbit or anti‑mouse 
IgG antibodies conjugated with horseradish peroxi-
dase (1:2,000 dilution; Beyotime Institute of Biotechnology) 
for 1.5 h at room temperature. Subsequent to washing the 
membranes three times, the resulting immune complexes were 
detected using enhanced chemiluminescence kits (Thermo 
Fisher Scientific, Inc.). Immunolabeled bands were further 
quantified using the Gel Doc™ XR and Lab image 4.0.1 soft-
ware (Bio‑Rad Laboratories, Inc.). All values were normalized 
to the absorbance of the internal control (β‑actin).

Statistical analysis. Differences between experimental 
groups were tested for statistical significance using one‑way 
analysis of variance followed by Tukey's test. GraphPad Prism, 
version 6.0 (GraphPad Software, Inc., La Jolla, CA, USA) 
was used for the analysis. All values are expressed as the 

mean ± standard deviation. P<0.05 was considered to indicate 
a statistically significant difference between values.

Results

SKI and EM inhibit RMC proliferation induced by HG. To 
determine the effects of SKI and EM on the proliferation 
of RMCs under normal glucose conditions, an MTT assay 
was performed, revealing that the drugs did not affect RMCs 
(Fig. 2). Next, the effects of SKI and EM on RMCs cultured 
under HG conditions were assessed (Fig.  3). The results 
showed that in comparison to the NG group, 25 mM glucose 
(HG) increased the proliferation of RMCs after 12, 24 and 
48 h of culture, which was significantly inhibited by treat-
ment with 25 and 50 mg/l SKI. However, a concentration of 
100 mg/l SKI only significantly inhibited the HG‑induced 
increase in cell division at 48 h. In addition, EM dose‑ and 
time‑dependently inhibited HG‑induced RMC proliferation 
at concentrations of 10, 20 and 40 µM. Finally, exposure 
to 25 mM mannitol, an osmotic control, did not alter the 
growth rate of the RMCs. This suggested that HG‑induced 
RMC proliferation was not a consequence of high osmolarity 
(Fig. 3).

SKI and EM inhibit cell cycle progression of RMCs stimu-
lated by HG. To further evaluate the mechanisms of the 
anti‑proliferative effects of SKI and EM, flow cytometric 
cell cycle analysis of cells in the various treatment groups 
was performed. As shown in Fig. 4, in comparison to the 
HG group, treatment with 25, 50 or 100 mg/l SKI increased 
the G1 phase population from 59.0±1.6 to 76.6±1.2, 77.7±2.1 
and 69.5±1.3%, respectively. EM dose‑dependently inhibited 
cell cycle progression, as treatment with 25, 50 and 100 mg/l 
EM led to an increase in the percentage of cells in G1 phase 
to 75.4±0.7%, 78.8±0.9% and 83.2±1.1%, respectively. In 
addition, it was observed that in comparison with the MN 
and NG groups, HG conditions promoted cell cycle progres-
sion (G1, 58.0±0.2%; S, 19.4±0.6%; G2, 22.6±0.4%). There 
was no notable difference between the MN and NG groups, 
suggesting that changes in cell cycle progression triggered by 
HG were not a result of the high osmolarity in HG cultures. In 
conclusion, the results showed that HG conditions promoted 
cell cycle progression and proliferation of RMCs, which was 
significantly reversed by SKI and EM by causing G1‑phase 
arrest. 

Figure 2. Effect of SKI and EM on renal mesangial cell proliferation under normal glucose conditions. Values are expressed as the mean ± standard deviation. 
NG, normal glucose; SKI, Shenkang injection; EM, emodin.
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SKI and EM enhance the apoptotic rate of RMCs exposed to 
HG. Next, the present study assessed whether SKI and EM 
inhibited the increase in proliferation of RMCs under HG 
by promoting apoptosis (programmed cell death). To address 
this question, cellular morphology was first observed by 
TEM. As shown in Fig. 5, cells in the MN and HG groups 
did not display any changes in their typical morphology 
compared to those in the NG group. However, following 
exposure to different concentrations of SKI and EM for 24 h, 
obvious morphological changes characteristic for apoptosis 

were observed in these cells. These typically included chro-
matin condensation, vacuolization in the mitochondria and 
degranulation in the endoplasmic reticulum, as indicated in 
Fig. 5.

To further confirm this observation, flow cytometric anal-
ysis of RMCs in the various treatment groups was performed. 
As shown in Fig. 6, SKI significantly induced either late or 
early apoptosis in RMCs under HG; furthermore, EM was 
found to dose‑dependently induce apoptosis and necrosis, 
while dose‑dependently reducing the viability of the cells. In 

Figure 4. Effects of SKI and EM on the cell cycle distribution of renal mesangial cells induced by high glucose following 24 h of incubation. Values from 
five independent experiments are presented as the mean ± standard deviation. **P<0.01 vs. HG group. NG, normal glucose; HG, high glucose; SKI, Shenkang 
injection; EM, emodin; MN, mannitol. 

Figure 3. Effects of SKI and EM on renal mesangial cell proliferation stimulated by high glucose assessed by an MTT assay at 12, 24 and 48 h. Values are 
expressed as the mean ± standard deviation. #P<0.05 vs. NG group, ##P<0.01 vs. NG group; *P<0.05 vs. HG group, **P<0.01 vs. HG group. NG, normal glucose; 
HG, high glucose; SKI, Shenkang injection; EM, emodin; MN, mannitol.
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Figure 5. Effects of SKI and EM on morphological characteristics of apoptosis (indicated by arrows; a, vacuolization in the mitochondria; b, chromatin con-
densation; c, degranulation in the endoplasmic reticulum) in renal mesangial cells cultured in high glucose. Representative transmission electron microscopy 
images (magnification, x20,000) of cells exposed for 24 h are shown. NG, normal glucose; HG, high glucose; SKI, Shenkang injection; EM, emodin; MN, 
mannitol. 

Figure 6. Effects of SKI and EM on renal mesangial cell apoptosis under high‑glucose conditions. Representative flow cytometric dot plots of cells treated for 
24 h and stained with Annexin V/PI are shown. Cells in the quadrants were quantified as follows: Q1, necrotic cells; Q2, late apoptotic cells; Q3, normal cells; 
Q4, early apoptotic cells. Values from five independent experiments are presented as the mean ± standard deviation. *P<0.05 vs. HG group, **P<0.01 vs. HG 
group. NG, normal glucose; HG, high glucose; SKI, Shenkang injection; EM, emodin; MN, mannitol. 
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addition, there was no obvious increase in cell death in the 
MN, NG and HG groups. 

Finally, western blot analysis was performed to determine 
which components of the apoptotic pathway are impacted by 
SKI and EM treatment. Incubation of RMCs with various 
concentrations of SKI for 24 h under HG led to a significant 
upregulation of bax, caspase‑3, cleaved caspase‑3, caspase‑6 
and caspase‑8 (Fig.  7A). Furthermore, EM was found to 
dose‑dependently increase the levels of all of these proteins 
(Fig. 7B).

All of these results indicated that SKI and EM induced 
mitochondria‑mediated apoptosis in RMCs under HG. 

Discussion

SKI is a Traditional Chinese Medicine whose major active 
component is EM. Although it is widely used to treat DN in 

China, the precise molecular functions of its components and 
its mechanism of action have remained to be elucidated. The 
present study demonstrated the inhibitory effects of SKI and 
EM on HG‑induced proliferation of RMCs. Furthermore, the 
underlying mechanisms were revealed to comprise inhibi-
tion of DNA synthesis resulting from cell cycle arrest in 
G1 phase, as well as induction of mitochondrial apoptosis 
in RMCs. Morphological changes in RMCs were observed 
following exposure to different concentrations of SKI and 
EM, including chromatin condensation, vacuolization in 
the mitochondria and degranulation in the endoplasmic 
reticulum. Furthermore, flow cytometric analysis revealed an 
increase in the apoptotic rate of RMCs exposed to SKI and 
EM for 24 h under HG. The underlying molecular mechanism 
was further elucidated using western blot analysis, revealing 
an upregulation of the apoptotic proteins bax, caspase‑3, 
cleaved caspase‑3, caspase‑6 and caspase‑8 in addition to 

Figure 7. Effects of (A) SKI and (B) EM treatment for 24 h on the protein expression of bax, caspase‑3, caspase‑6, caspase‑8, cleaved caspase‑3 and bcl‑2 
under high‑glucose conditions as detected by western blot analysis. Values from three independent experiments are presented as mean ± standard devia-
tion. *P<0.05 vs. HG group, **P<0.01 vs. HG group. NG, normal glucose; HG, high glucose; SKI, Shenkang injection; EM, emodin; MN, mannitol; bax, 
bcl‑2‑associated X protein; bcl‑2, B‑cell lymphoma 2.

  A   B
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downregulation of bcl‑2 in RMCs following incubation with 
SKI and EM. These results revealed that SKI and EM can 
inhibit HG‑induced RMC proliferation by regulating cell 
cycle progression and inducing apoptosis.

Studies have shown that a proliferative response of RMCs 
subsequent to a variety of stimuli is associated with matrix 
accumulation and the development of glomerulosclerosis, 
which eventually leads to progressive renal disease. HG 
concentrations were shown to contribute to uncontrolled 
proliferation of RMCs, distal tubular epithelial cells and 
vascular smooth muscle cells during diabetes (15‑17). The 
present study used rat RMCs as an in vitro model to study 
changes in cell proliferation during the early stages of diabetic 
nephropathy. As clinical trials have demonstrated that HG 
is the principal cause of renal damage in type I and type II 
diabetes (18), HG culture conditions were applied to stimulate 
RMC proliferation.

During cell cycle progression, the transition from G1 to 
S phase is essential for DNA synthesis, which is followed 
by G2 phase and finally the M phase, in which mitotic cell 
division takes place (19,20). In the present study, compared 
to the NG group, HG conditions significantly promoted cell 
cycle progression. However, treatment with different concen-
trations of SKI and EM led to G1‑phase arrest. Furthermore, 
in the MN group the cell cycle distribution was not markedly 
affected, confirming that HG‑associated osmotic pressure was 
not involved in these effects. These results suggested that HG 
induces RMC proliferation by promoting cell cycle progres-
sion in RMCs, and that SKI and EM can reverse this effect by 
arresting cells in G1 phase.

Apoptotic cell death is characterized by specific biochem-
ical and morphological changes, which can be identified using 
several assays, including morphological analysis by high‑reso-
lution microscopy, as well as flow cytometry and western 
blot analysis. In the present study, TEM was used to examine 
HG‑induced RMCs treated with various concentrations of 
SKI and EM, revealing the following morphological changes: 
Chromatin condensation, vacuolization in the mitochondria 
and degranulation in the endoplasmic reticulum. However, 
the MN, and HG groups did not show any morphological 
abnormalities compared with the NG group. Flow cytometry 
was further used to verify the increase in the percentage of 
apoptotic cells in the SKI and EM groups. The results clearly 
showed that SKI and EM induced apoptosis in RMCs under 
HG conditions.

Bax is a pro‑apoptotic protein that facilitates apop-
tosis through an intrinsic, damage‑induced pathway, and 
amplifies apoptotic signaling upregulated via extrinsic, 
receptor‑mediated triggers  (21). The effect of bax medi-
ated‑apoptosis is largely dependent on the concentration of 
bax and its inhibitor bcl‑2. It is expressed in viable cells and 
activated in response to pro‑apoptotic stimuli. Caspase‑3, 
‑6 and ‑8 are members of a family of cysteine proteases 
originally discovered for their role in apoptosis. During this 
process, caspases participate in signaling cascades where 
the upstream initiator caspases activate the downstream 
executioner caspases, which in turn cleave a specific subset 
of cellular targets (22). To elucidate the mechanism of action 
underlying EM and SKI‑induced apoptosis in RMCs, the 
expression levels of bax, bcl‑2, caspase‑3, cleaved caspase‑3, 

caspase‑6, and caspase‑8 were examined by western blot 
analysis in the present study.

In conclusion, the present study demonstrated that SKI 
and its major active component EM inhibited HG‑stimulated 
proliferation of RMCs by causing cell cycle arrest at G1 phase 
and inducing apoptosis. At the molecular level, the under-
lying mechanism was shown to include upregulation of bax, 
caspase‑3, cleaved caspase‑3, caspase‑6 and caspase‑8, and 
downregulation of bcl‑2. The present study supported the use 
of SKI and EM for potential use as therapeutics for DN.
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