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Background: Diabetic nephropathy (DN) is a common form of diabetic complication which 
threatens the health of patients with diabetes. It has been reported that chrysophanol (CHR) 
can alleviate the progression of diabetes; however, the role of CHR in DN remains unclear.
Methods: To mimic DN in vitro, human podocytes (AB8/13 cells) were treated with high 
glucose (HG). Meanwhile, Western blot was performed to detect protein expressions. CCK-8 
assay was used to test cell viability and cell proliferation was detected by Ki-67 staining. In 
addition, flow cytometry was performed to investigate cell apoptosis and cycle and cell 
migration was tested by transwell assay. Moreover, in vivo model of DN was established to 
detect the effect of CHR on DN in vivo.
Results: HG-induced AB8/13 cell growth inhibition was significantly rescued by CHR. In 
addition, HG notably promoted the migration of AB8/13 cells, while this phenomenon was 
obviously reversed by CHR. Moreover, CHR inhibited the progression of DN via inactiva-
tion of TGF-β/EMT axis. Furthermore, CHR alleviated the symptom of DN in vivo.
Conclusion: CHR significantly alleviated the progression of DN via inactivation of TGF-β/ 
EMT signaling in vitro and in vivo. Our findings were helpful to uncover the mechanism by 
which CHR regulates DN, as well as inspire the development of novel therapy against DN.
Keywords: diabetic nephropathy, chrysophanol, TGF-β, EMT

Introduction
Diabetic nephropathy (DN) is a frequent type of diabetic complication which results 
from permanent uncontrolled diabetes, and it usually causes end-stage renal dis-
eases (ESRD).1,2 In addition, DN also results in increased thickness of the basement 
membrane, glomerular sclerosis and renal fibrosis.3,4 Nowadays, the main treatment 
of DN is drug therapy,5 while the effect of drug therapy remains limited. Thus, it is 
necessary to explore new strategies for the treatment of DN.

Chrysophanol (CHR, 1,8-dihydroxy-3-methyl-anthraquinone) is a natural pro-
duct originated from Rheum undulatum L. Some reports have indicated that CHR 
has various physiological functions including anti-tumor and anti-inflammatory.6,7 

Meanwhile, a previous study confirmed that CHR can inhibit the progression of 
diabetes.8 In addition, it has reported that CHR can alleviate myocardial injury 
induced by diabetes. However, the role of CHR in DN remains unclear.

TGF-β has been reported to promote fibronectin and collagen production by 
transcriptional activation of the relevant genes.9 Recent reports have indicated that 
TGF-β acts as a key mediator in the progression of DN.10,11 Meanwhile, Epithelial- 
Mesenchymal Transition (EMT) has been regarded as a key mediator in embryonic 
development and tumor metastasis. In addition, a recent study has reported that 
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activation of EMT process in podocytes could lead to the 
development of DN.12 Furthermore, it has been reported 
that upregulation of TGF-β signaling pathway could pro-
mote EMT process in the progression of DN.13 Based on 
these backgrounds, TGF-β/EMT plays an important role 
in DN.

In the current study, we aimed to investigate the effect 
of CHR on the progression of DN and explore the under-
lying mechanism. We hope our finding may shed new 
lights on the treatment of DN.

Materials and Methods
Reagents
Chrysophanol and other reagents were obtained from 
Sigma- Aldrich (Saint Louis, MO, USA).

Cell Culture and Treatments
The human podocytes (AB8/13) was obtained from 
American Type Culture Collection (ATCC, Manassas, VA, 
USA) and cultured in RPMI 1640 Medium supplemented 
with 10% fetal bovine serum (Thermo Fisher Scientific, 
Waltham, MA, USA), 100 μg/mL streptomycin and 100 
U/mL penicillin at 37°C with 5% CO2. To mimic DN 
in vitro, AB8/13 cells were treated with 30 mM high glu-
cose (HG, Sigma- Aldrich, Saint Louis, MO, USA) for 48 h.

Cell Counting Kit (CCK)-8 Assay
CCK-8 kit (Dojindo Laboratories, Tokyo, Japan) was used 
to detect the cell proliferation following the manufac-
turer’s instructions. The cells (1 x 104) were seeded into 
96-well plates and cultured overnight. After indicated 
treatments, 10 μL CCK-8 reagents were added into each 
well and then further incubated for another 2 h. The opti-
cal density at 450 nm was measured using a microplate 
reader (Bio-Rad Laboratories, Richmond, CA, USA).

Immunofluorescence Staining
Immunofluorescence staining for Ki-67 was also con-
ducted to evaluate the cell proliferation. After washing 
with phosphate buffer saline (PBS) for 3 times, the cells 
were fixed in 4% paraformaldehyde at 4°C for 30 min. 
Then, cells were permeabilized with 0.2% Triton X-100 in 
PBS for 5 min. Potential non-specific binding sites 
blocked with 3% bovine serum albumin (BSA) in PBS 
for 1 h at room temperature. Next, cells were incubated 
with primary antibodies for Ki-67 (1:300, Abcam, 
Cambridge, MA, USA). Subsequently, cells were 

incubated with goat anti-rabbit secondary antibody 
(1:500, Thermo Fisher Scientific, Alexa Fluor 488), at 
37°C for 1 h. The nuclei were stained with 4ʹ,6-diami-
dino-2-phenylindole (DAPI, 1:300, Abcam) overnight at 
4°C. The samples were immediately observed by fluores-
cence microscope (Zeiss, Heidenheim, Germany).

Cell Migration Assay
The 8 mm pore transwell chambers (Corning, New York, 
NY, USA) were used to determine the rate of cell migra-
tion. Cell culture medium containing 4×105 cells/200 μL 
were added into the upper chamber. Meanwhile, the cell 
culture medium supplemented with 10% FBS was added 
to the lower chamber of the well. After culturing for 48 h, 
the migrated cells were fixed with 4% paraformaldehyde, 
followed by staining with 4% crystal violet. Migrated cells 
were counted under a light microscope.

Enzyme-Linked Immunosorbent Assay 
(ELISA)
The levels of interleukin-6 (IL-6), interleukin-1β (IL-1β) 
and tumor necrosis factor-α (TNF-α) in supernatants of 
podocytes were detected using ELISA kits from R&D 
Systems (Minneapolis, MN, USA).

Western Blot Assay
After specific treatment, cells were harvested and lysed 
using RIPA buffer (Beyotime, Shanghai, China). The con-
centration of total protein was determined by BCA Protein 
Assay Kit (Beyotime). Equal amounts of the total protein 
(20 μg) were separated on 10% polyacrylamide gel elec-
trophoresis (SDS-PAGE) gels followed by transferred onto 
polyvinylidene fluoride (PVDF) membranes (Millipore, 
Billerica, MA, USA). After that, the membranes were 
blocked with 5% skim milk for 1 h at room temperature. 
Then, the membranes were probed with primary antibodies 
against E-cadherin (1:1000, Abcam), N-cadherin (1:1000, 
Abcam), α-smooth muscle aorta (α-SMA, 1:1000, 
Abcam), Collagen III (1:1000, Abcam), Fibronectin 
(1:1000, Abcam), phosphorylated drosophila mothers 
against decapentaplegic 2 (p-Smad2; 1:1000, Abcam), 
drosophila mothers against decapentaplegic 2 (Smad2; 
1:1000, Abcam), phosphorylated drosophila mothers 
against decapentaplegic 3 (p-Smad3; 1:1000, Abcam), 
drosophila mothers against decapentaplegic 3 (Smad3; 
1:1000, Abcam), p53 (1:1000, Abcam), cyclin-dependent 
kinase 2 (CDK2; 1:1000, Abcam), BCL2-Associated 
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X (Bax; 1:1000, Abcam), Cleaved caspase 3 (1:1000, 
Abcam), and X-linked inhibitor of apoptosis protein 
(XIAP; 1:1000, Abcam) overnight at 4°C. Then, the mem-
branes were incubated with anti-rabbit secondary antibo-
dies (1:2000, Abcam) for 2 h. The immune blots were 
visualized using electrochemiluminescence (ECL) reagent 
(Beyotime). β-actin was used as an internal control.

Apoptosis and Cell Cycle Assay
Apoptosis and cell cycle assay were performed at 24 
h after indicated treatment for each group. The apoptosis 
rate was determined using Annexin V-FITC (fluorescein 
isothiocyanate) Apoptosis Kit (BD Biosciences, Franklin 
Lakes, NJ, USA) as per the manufacture’s protocol. For 
cell cycle assay, the cells were fixed with 75% ethanol at 
4°C overnight followed by supplementing with 500 µL PI/ 
RNase Staining Buffer solution (BD Biosciences) for 30 
minutes. The apoptosis rate and cell cycle were analyzed 
on a FACScan™ flow cytometry system.

Mice
C57BL/6 mice (eight-week-old, male) were purchased 
from Vital River (Beijing, China). All protocols involved 
animals were approved by the Animal Care and Use 
Committee of the Peking Union Medical College 
Hospital. All animal procedures were carried out in com-
pliance with the National Research Council Guide for the 
Care and Use of Laboratory Animals.

Diabetic Nephropathy Modeling
C57BL/6 mice were randomly assigned to four groups 
(n=5): Control, streptozotocin (STZ) treatment, STZ+ 
50 mg/kg CHR treatment, and STZ + 100 mg/kg CHR 
treatment. In order to induce diabetes, STZ (60 mg/kg 
body weight, Sigma-Aldrich) was intraperitoneally 
injected into mice according to previous references.14,15 

When the blood glucose of mice reached approximately 20 
mmol/l, CHR (50 mg/kg or 100 mg/kg) was administered 
orally once daily. After 4 weeks of CHR treatment, urine 
samples were collected (within 24 h), and the mice were 
sacrificed to harvest kidneys and blood for further 
analysis.

Histology
Mouse kidney tissue blocks were fixed in 10% buffered 
formalin, dehydrated in graded ethanol, cleared in xylene, 
and embedded in paraffin. Serial sections were cut at 5 μm 
thickness. After deparaffinized and rehydrated, the 

sections were stained with hematoxylin-eosin (H&E) or 
Masson’s trichrome. Inflammatory cell infiltration in the 
tissue sample was observed under a light microscope.

Detection of Serum Creatinine (CR) and 
Urea Nitrogen (BUN)
The levels of serum creatinine (CR) and blood urea nitro-
gen (BUN) were respectively quantified using Creatinine 
Assay Kit and Urea Assay Kit according to manufacturer’s 
instructions (Nanjing Jiancheng Bioengineering Institute, 
Jiangsu, China).

Statistical Analysis
All experiments were performed as least in triplicates. All 
data were manifested as the mean ±  standard deviation 
(SD). Difference among groups was determined by one- 
way analysis of variance (ANOVA) followed by Tukey’s 
test. Data were statistically significant when P < 0.05. 
Statistical analyses were accomplished with GraphPad 
Prism 7.0 (GraphPad Software, San Diego, CA, USA).

Results
HG-Induced AB8/13 Cell Growth 
Inhibition Was Significantly Reversed by 
CHR
To test the cytotoxicity of CHR, CCK-8 assay was per-
formed. As indicated in Figure 1A, 10, 20 or 40 μM CHR 
had no significant effect on cell viability, while 60 or 80 μM 
CHR exhibited notable cytotoxicity. Therefore, the non-
toxic concentration of 40 μM CHR was selected for use in 
the following experiments. In addition, HG significantly 
decreased the viability of podocytes, while this phenom-
enon was obviously reversed by CHR (Figure 1B). 
Moreover, HG-induced inhibition of cell proliferation was 
notably reversed in the presence of CHR (Figure 1C). 
Altogether, HG-induced AB8/13 cell growth inhibition 
was significantly reversed by CHR.

CHR Inhibited the EMT Process in 
HG-Treated AB8/13 Cells in vitro
In order to investigate the effect of CHR on cell migration, 
transwell assay was used. As revealed in Figure 2A, 30 
mM HG significantly promoted the migration of podo-
cytes, while this phenomenon was partially reversed by 
CHR. In addition, the levels of TNF-α, IL-6 and IL-1β in 
supernatants of podocytes were notably upregulated by 
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HG, while HG-induced increase of inflammatory 
responses was greatly inhibited by CHR (Figure 2B–D). 
Meanwhile, HG significantly increased the protein expres-
sions of N-cadherin, α-SMA, Collagen III and Fibronectin 
in podocytes (Figure 2E). In contrast, the expression of 
E-cadherin in podocytes was notably inhibited by HG 
(Figure 2E). However, the effect of HG on these proteins 
was significantly reversed by CHR (Figure 2E). Taken 
together, CHR inhibited the EMT process in HG-treated 
AB8/13 cells in vitro.

CHR Alleviated HG-Induced Cytotoxicity 
in AB8/13 Cells via Inactivation of TGF-β 
Signaling
For the purpose of exploring the mechanism by which 
CHR mediated HG-induced cytotoxicity, Western blot 
was performed. As demonstrated in Figure 3A–D, the 
expressions of p-Smad2, p-Smad3 and p53 in podocytes 

were notably increased by HG, which was partially res-
cued in the presence of CHR. In contrast, HG greatly 
decreased the protein level of CDK2, while this phenom-
enon was obviously reversed by CHR (Figure 3A and E). 
Taken together, CHR alleviated HG-induced cytotoxicity 
in AB8/13 cells via inactivation of TGF-β signaling.

TGF-β Activator Reversed the 
Therapeutic Effect of CHR on HG- 
Treated AB8/13 Cells in vitro
To detect the cell apoptosis, flow cytometry was used. As 
expected, HG-induced cell apoptosis increase was signifi-
cantly inhibited by CHR, while the anti-apoptotic effect of 
CHR was partially reversed in the presence of TGF-β 
activator (SRI-011381; N′-Cyclohexyl-N-(phenylmethyl)- 
N-(4-piperidinylmethyl)-urea) (Figure 4A). In addition, 
HG-induced activation of pro-apoptotic proteins (Bax 
and cleaved caspase 3) was significantly inhibited by 

Figure 1 HG-induced AB8/13 cell growth inhibition was significantly reversed by CHR. (A) AB8/13 cells were treated with 10, 20, 40, 60 or 80 μM CHR. Then, cell viability 
was tested by CCK-8 assay. (B) AB8/13 cells were treated with 30 mM HG or 30 mM HG + 40 μM CHR. Then, cell viability was tested by CCK-8 assay. (C) The 
proliferation of AB8/13 cells was measured by Ki-67 staining. Red fluorescence indicates Ki-67. Blue fluorescence indicates DAPI. **P < 0.01 compared to control. ##P < 0.01 
compared to 30 mM HG.
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CHR as well (Figure 4B–D). Meanwhile, CHR partially 
reversed HG-induced inhibition of XIAP expression in 
podocytes (Figure 4B and E). However, the effect of 
CHR on these three proteins was significantly abolished 
in the presence of SRI-011381 (Figure 4B–E). Similarly, 
HG-induced G1 arrest in podocytes was significantly res-
cued by CHR, while the effect of CHR on cell cycle 
distribution was partially reversed by SRI-011381 (Figure 
4F). To sum up, SRI-011381 reversed the therapeutic 
effect of CHR on HG-treated AB8/13 cells in vitro.

Anti-Apoptotic Effect of CHR in HG- 
Treated Podocytes Was Further 
Enhanced by TGF-β Inhibitor
To further confirm the mechanism by which CHR mediates 
HG-induced cytotoxicity in vitro, flow cytometry was per-
formed. As indicated in Figure 5A, HG-induced increase of 
cell apoptosis was significantly inhibited by CHR, and the 
anti-apoptotic effect of CHR was further enhanced by 

LY2109761 (TGF-β inhibitor). In addition, the inhibitory 
effect of CHR on p-Smad2, p-Smad3 and cleaved caspase 3 
in HG-treated podocytes were notably reversed by SRI- 
011381 (Figure 5B–E). In contrast, LY2109761 further 
increased the effect of CHR on these proteins (Figure 5B– 
E). Taken together, anti-apoptotic effect of CHR in HG- 
treated podocytes was further enhanced by TGF-β inhibitor.

CHR Significantly Alleviated the Symptom 
of DN in vivo
To investigate the effect of CHR on DN, in vivo model of 
DN was established. After treatment of STZ, mice exhibited 
loss of appetite and listlessness, while CHR alleviated these 
symptoms. As shown in Figure 6A, STZ significantly 
increase the blood glucose in mice; however, the increase 
of blood glucose was inhibited in the presence of CHR. In 
addition, inflammation infiltration and glomerular hypertro-
phy in kidney tissues of mice were observed after STZ 
treatment, while this phenomenon was greatly alleviated 
by 50 or 100 mg/kg CHR (Figure 6B). Consistently, 

Figure 2 CHR inhibited the EMT process in HG-treated AB8/13 cells in vitro. (A) Cell migration was tested by transwell assay. (B–D) The levels of IL-6, IL-1β and TNF-α in 
supernatants of AB8/13 cells were detected by ELISA. (E) The protein expressions of E-cadherin, N-cadherin, α-SMA, Collagen III and Fibronectin in podocytes were 
detected by Western blot. The relative protein expressions were quantified by normalizing to β-actin. **P < 0.01 compared to control. ##P < 0.01 compared to 30 mM HG.
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STZ-induced increase of fibrosis in tissues of mice was 
significantly reversed by 50 or 100 mg/kg CHR (Figure 
6C). Moreover, CHR greatly inhibited STZ-induced increase 
of CR and BUN levels in serum of mice in a dose-dependent 
manner (Figure 6D and E). Furthermore, the expressions of 
α-SMA, Fibronectin, p-Smad2 and p-Smad3 in kidney tis-
sues of mice were significantly increased by STZ, while the 
effect of STZ on these proteins was reversed by CHR 
(Figure 7A–E). In summary, CHR significantly alleviated 
the symptom of DN in vivo.

Discussion
CHR is one of traditional herb monomer extracted 
from plants of Rheum genus with few side effects. In 

this study, CHR significantly inhibited the progression 
of DN in vitro and in vivo. Chu et al found that CHR 
exhibited inhibitory effect on diabetes.8 Our finding 
was similar to this previous report. In addition, our 
data supplemented the effect of CHR on DN, suggest-
ing that CHR could serve as an anti-DN agent. 
Meanwhile, CHR could protect diabetic mice from 
myocardial injury via mediation of SIRT1/HMGB1/ 
NF-κB signaling pathway.16 However, our current 
study found CHR could mediate TGF-β signaling in 
DN. The difference may due to different types of 
diabetes complications.

In this research, CHR inhibited the progression of DN 
in vitro via inactivation of α-SMA, collagen III, N-cadherin 

Figure 3 CHR alleviated HG-induced cytotoxicity in AB8/13 cells via inactivation of TGF-β signaling. (A) The protein expressions of Smad2, p-Smad2, Smad3, p-Smad3, p53 
and CDK2 in podocytes were measured by Western blot. (B) The relative expression of p-Smad2 was quantified by normalizing to β-actin. (C) The relative expression of 
p-Smad3 was quantified by normalizing to β-actin. (D) The relative expression of p53 was quantified by normalizing to β-actin. (E) The relative expression of CDK2 was 
quantified by normalizing to β-actin. **P < 0.01 compared to control. ##P < 0.01 compared to 30 mM HG.
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and upregulation of E-cadherin. α-SMA, collagen III, 
N-cadherin and E-cadherin are known to be the key media-
tors in EMT process.17–19 In addition, dysregulation of these 
proteins may lead to the regulation of EMT process.20,21 The 
present study revealed that CHR could inhibit the 

development of CHR via inhibiting EMT process. 
Consistently, Deng et al found that CHR could suppress 
hypoxia-induced EMT process in colorectal cancer cells.22 

Based on these data, CHR could act as a mediator of EMT 
process in multiple diseases.

Figure 4 TGF-β activator reversed the therapeutic effect of CHR on HG-treated AB8/13 cells in vitro. (A) AB8/13 cells were treated with 30 mM HG, 30 mM HG + 40 μM 
CHR or 30 mM HG + 40 μM CHR + 10 ng/mL SRI-011381. The apoptosis of AB8/13 cells was detected by flow cytometry. (B) The protein expressions of Bax, XIAP and 
cleaved caspase 3 in podocytes were measured by Western blot. (C) The relative protein expression of Bax was quantified by normalizing to β-actin. (D) The relative expression 
of cleaved caspase 3 was quantified by normalizing to β-actin. (E) The relative expression of XIAP was quantified by normalizing to β-actin. (F) Cell cycle distribution was tested 
by flow cytometry. **P < 0.01 compared to control. ##P < 0.01 compared to 30 mM HG. ^P < 0.05, ^^P < 0.01 compared to 30 mM HG + 40 μM CHR.
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TGF-β signaling could serve as a key mediator in DN, 
and it was persistently upregulated in DN.23,24 It has been 
confirmed that TGF-β can upregulate Smad-2/3 which can 
interference this pathway to affect the progression of 
DN.25,26 In the present study, we found that CHR notably 
downregulated the p-smad2 and p-smad3 expressions in 
HG-induced podocytes. Based on these data, the mechan-
ism underlying the anti-DN effects of CHR in vitro and 
in vivo was closely correlated with the inactivation of 
TGF-β1 signaling pathways. According to Moon et al, 
Gadd45β could inhibit the progression of renal fibrosis 
via downregulation of TGF-β.27 TGF-β is considered as 
an important modulator in renal fibrosis.28,29 Furthermore, 
DN could lead to renal fibrosis.30,31 Therefore, the 

similarity between our data and this report may result 
from the association between DN and renal fibrosis. 
Besides, upregulation of TGF-β1 signaling could promote 
the EMT process in some diseases.32,33 Our findings were 
consistent to these data, indicating that CHR could alle-
viate the symptom of DN via inactivation of TGF-β/EMT 
signaling pathway.

P53 and CDK2 are known to be key mediators in cell 
cycle distribution.34,35 In addition, upregulation of p53 could 
lead to G1 phase arrest in cells.36,37 A previous report found 
that Smad3 promotes acute kidney injury (AKI) sensitivity 
in diabetic mice via binding to p53.38 Similarly, our data 
revealed that CHR suppressed the development of DN via 
mediation of Smad3/p53/CDK2 axis.

Figure 5 Anti-apoptotic effect of CHR in HG-treated podocytes was further enhanced by TGF-β inhibitor. (A) AB8/13 cells were treated with 30 mM HG, 30 mM HG + 40 μM 
CHR or 30 mM HG + 40 μM CHR + 10 ng/mL LY2109761. The apoptotic rate of AB8/13 cells was measured by flow cytometry. (B) The protein expressions of Smad2, Smad3, 
p-Smad2, p-Smad3 and cleaved caspase 3 in podocytes were detected by Western blot. (C–E) The relative expressions were quantified by normalizing to β-actin. **P < 0.01 
compared to control. ##P < 0.01 compared to 30 mM HG. ^P < 0.05, ^^P < 0.01 compared to 30 mM HG + 40 μM CHR.
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Of course, there are some limitations in this study as 
follows: (1) the detailed mechanism by which CHR med-
iates TGF-β signaling is unclear; (2) this research only 
focused on TGF-β signaling so far. Thereby, more inves-
tigations are needed in the future.

In conclusion, CHR inhibited the progression of DN 
via inactivation of TGF-β/EMT signaling. Our findings 
were helpful to uncover the mechanism by which CHR 
regulates DN, as well as inspire the development of novel 
therapy against DN.

Figure 6 CHR significantly alleviated the symptom of DN in vivo. (A) The level of blood glucose in mice was tested. (B) H&E staining of mice kidney tissue in control, STZ, 
STZ + 50 mg/kg CHR or STZ + 100 mg/kg CHR group were detected. Black arrow indicates glomerular hypertrophy or inflammation infiltration. (C) Masson staining of 
mice kidney tissue in control, STZ, STZ + 50 mg/kg CHR or STZ + 100 mg/kg CHR group was detected. The rate of fibrosis in mice was quantified. Black arrow indicates 
collagen fibers. (D) The level of CR in serum of mice was measured by Creatinine Assay kit. (E) The level of BUN in serum of mice was measured by Urea Assay Kit. **P < 
0.01 compared to control. ##P < 0.01 compared to STZ.
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