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Background: Diabetic nephropathy (DN) is the leading cause of impaired renal function. 
The purpose of this study was to investigate the effects of Mogroside IIIE (MG IIIE), 
a cucurbitane-type compound isolated from Siraitia grosvenorii, in high glucose (HG)- 
induced podocytes and the possible mechanisms.
Methods: MPC-5 cells were cultured under normal glucose or HG conditions. After treatment 
with MG IIIE, cell viability was examined using a cell counting kit-8 assay. The contents of 
inflammatory factors and oxidative stress-related markers were determined using the correspond-
ing kits. Additionally, apoptosis of MPC-5 cells was determined using flow cytometry assay and 
the levels of apoptosis-associated proteins were evaluated by Western blot analysis. Moreover, 
the expression of proteins in AMPK/SIRT1 signaling was tested and the compound C, an AMPK 
inhibitor, was used to study whether the effects of MG IIIE on HG-induced MPC-5 cells were 
mediated by activation of the AMPK/SIRT1 signaling pathway.
Results: MG IIIE elevated the cell viability of HG-induced MPC-5 cells, reduced the 
concentrations of inflammatory cytokines and decreased the levels of oxidative stress- 
related markers. What’s more, the apoptosis of podocytes induced by HG was inhibited 
after MG IIIE intervention, accompanied by the upregulated expression of Bcl-2 and down-
regulated expression of Bax, cleaved caspase-3 and cleaved caspase-9. It was also found that 
MG IIIE could activate the AMPK/SIRT1 signaling, but compound C inhibited this pathway 
and reversed the inhibitory effects of MG IIIE on inflammation, oxidative stress and 
apoptosis in HG-stimulated podocytes.
Conclusion: MG IIIE can alleviate HG-induced inflammation and oxidative stress of 
podocytes by the activation of AMPK-SIRT1 signaling.
Keywords: podocytes, inflammation, oxidative stress, apoptosis, AMPK

Introduction
Diabetic nephropathy (DN) is named as a chronic complication of diabetes and it is 
characterized by proteinuria and progressive loss of renal function.1 DN is the leading 
cause of renal failure in adults and the elderly.2 Approximately one-third of patients with 
type I diabetes and half of the patients with type II diabetes are suffering from DN, which 
is clinically confirmed by the occurrence of renal dysfunction and increased excretion of 
proteinuria.3,4 To date, advances have been achieved in diabetes management, but the 
incidence of DN is still rising in our country. What’s more, molecular mechanism 
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contributing to the occurrence of DN is not fully investigated 
yet. Mounting evidence supported that the function and struc-
ture podocyte injuries arise in the early stages of DN, which 
triggers the impairment of renal functions and results in the 
occurrence of proteinuria.5,6 Therefore, it is urgent to find an 
effective method to treat high glucose (HG)-induced podocytes 
injury.

Siraitia grosvenorii, produced in Guangxi province for 
over 200 years, is a perennial herb belonging to the cucurbita-
ceae family.7 Besides rich nutrients like vitamin C, it contains 
various constituents, such as flavonoids, triterpenoids and 
amino acids, and so on.8–10 Mogrosides, including 
Mogroside IV, IVE, V and IIIE, are the principal active extracts 
from S. grosvenorii saponins and have been approved by the 
US Food and Drug Administration as GRAS (generally recog-
nized as safe) substances.7,11 Due to their sweet taste and 
nontoxic characteristic, they are used as beverages for patients 
who present with obesity and diabetes.12 Recently, their bioac-
tivities including anti-bacterial, anti-allergic, anti- 
inflammatory and anti-diabetic effects have been reported.13 

Mogroside IIIE (MG IIIE), the most widely distributed meta-
bolite, can reduce blood glucose, and alleviate the clinical 
symptoms of pancreas at the early stage and pathological 
lesions.14,15 The treatment with MG IIIE can enhance the 
activation of AMP-activated protein kinase (AMPK), thereby 
decreased the levels of inflammatory cytokines to achieve the 
final goal of alleviating the symptoms of gestational diabetes.16 

Furthermore, MG IIIE can alleviate the acute lung injury by 
inhibiting the activation of MAPKs and NF-ҡB signaling in 
lung tissues from lipopolysaccharide (LPS)-induced mice. 
Therefore, we speculated that MG IIIE might exert protective 
effects in HG-induced podocytes by a certain mechanism.

The aim of this study was to explore whether inflam-
mation and oxidative stress of podocytes could be alle-
viated by MG IIIE in HG-induced podocytes and the 
underlying mechanism.

Materials and Methods
Cell Culture and Treatment
The mouse podocyte MPC-5 cell lines purchased from 
Cell Bank of the Chinese Academic of Sciences 
(Shanghai, China) were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM) (Gibco; Thermo Fisher 
Scientific) supplemented with 10% fetal bovine serum 
(FBS) (Gibco; Thermo Fisher Scientific) in a humidified 
incubator at 37°C containing 5% CO2.

Drug Treatment
Cells were maintained in medium containing normal glu-
cose concentrations (NG, 5.5 mM glucose), 5.5 mM glu-
cose+22.5 mM mannitol (MA) as the osmotic pressure 
control, or HG (25 mM glucose) at 37 °C for 24 hrs. 
MPC-5 cells were exposed to MG IIIE (Chengdu 
Biopurify Phytochemical Co., Ltd., Chengdu, China) for 
24 h at the concentrations of 1, 10 or 50 μM after glucose 
challenge. Additionally, cells were pretreated with com-
pound C (Selleck Chemicals, Houston, Texas), an AMPK 
inhibitor, for 2 h before exposure to MG IIIE.

Cell Counting Kit-8 (CCK-8) Assay
The cell viability was determined by CCK-8 kit (Dojindo 
Molecular Technologies, Gaithersburg, MD, USA). 
Briefly, the cells were seeded in a 96-well plate (5 × 104 
cells per well) for 24 hrs with different glucose concentra-
tions, followed by treatment with MG IIIE for another 24 
hrs. Then, 10 μL of the CCK-8 reagent was added into 
each well and cultured at 37°C for 3 hrs. Subsequently, the 
optical density at a wavelength of 450 nm was detected 
using the microplate reader (Bio-Rad Laboratories, 
Richmond, CA, USA).

Test for the Concentrations of 
Inflammatory Factors
The levels of inflammatory factors including tumor necro-
sis factor (TNF)-α, interleukin (IL)-1β and IL-6 in culture 
medium samples were determined with Enzyme-linked 
immunosorbent (ELISA) kits (Shanghai Xitang 
Biotechnology Co., Ltd., Shanghai, China) according to 
the manufacturer’s instructions.

Detection of the Levels of Oxidative 
Stress-Related Markers
The content of malondialdehyde (MDA) and the activities of 
superoxide dismutase (SOD) and catalase (CAT) were detected 
using the specific commercial assay kits (Nanjing Jiancheng 
Bioengineering Institute, Nanjing, China) according to the 
manufacturer’s recommendations. Subsequently, the absor-
bance was measured by a microplate reader (Bio-Rad 
Laboratories, Richmond, CA, USA).

Flow Cytometry Analysis
Cells were washed twice with PBS. Subsequently, 250 μL 
binding buffer was used to suspend cells to adjust cell 
concentration to 5×105/mL. 200 μL cell suspension was 
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added with 10 μL Annexin-FITC and 10 μL of 20 μg/mL 
propidium iodide (PI) (BD Biosciences, Franklin Lakes, 
NJ, USA) and incubated at room temperature in the dark 
for 10 min. Then, the harvested cells were re-suspended in 
a 500 µL binding buffer. The cell apoptosis was analyzed 
by flow cytometry (BD Biosciences, NJ, USA). The per-
centage of apoptotic cells was analyzed using FlowJo soft-
ware (Becton-Dickinson-San Jose CA, USA).

Western Blot Analysis
The protein was extracted from cells using a RIPA lysis buffer 
(Beyotime Institute of Biotechnology, Nanjing, China) and 
quantified using a BCA protein assay kit (Thermo Fisher 
Scientific, Inc.). The same amount of protein was subjected 
to 10% SDS-PAGE electrophoresis. Then, the separate protein 
was transferred onto PVDF membranes (EMD Millipore, 
Billerica, MA, USA) and blocked in 5% non-fat milk for 1hr. 
The transferred membranes were then incubated in the primary 
antibodies at 4°C overnight, followed by being washed with 
Tris-buffered saline with Tween (TBST) and incubation with 
horseradish peroxidase (HRP)-conjugated secondary antibo-
dies (Cell Signaling Technology, Inc.) at room temperature for 
1.5 h. The protein bands were visualized using an enhanced 
chemiluminescence kit (Amersham Pharmacia Biotech, 
Amersham, UK) and quantified using NIH ImageJ software 
(ImageJ, Bethesda, MD). The protein expression of the bands 
was normalized against the gray value of GAPDH.

Statistical Analysis
The experimental results were generated from three indepen-
dent repeats (N=3). All values were presented as mean ± 
standard deviation. Statistical differences between groups 
were analyzed by Student’s t-tests. Statistical comparisons 
among multiple groups were conducted using analysis of 
variance (ANOVA) followed by Tukey’s post hoc test. P < 
0.05 was considered to show a statistical significance.

Results
MG IIIE Elevates the Cell Viability of 
HG-Induced Podocytes
The cell viability was detected on normal podocytes and 
podocytes treated with different concentrations of MG IIIE. 
As shown in Figure 1A, the cell viability showed no sig-
nificance between the groups. Then, HG (30 μM) was used 
to construct the podocyte model, while mannitol and normal 
glucose (5.5 μM) were seen as MA group and control group, 
respectively. Figure 1B exhibits no significance between the 
control group and MA group. What is more, HG challenge 
significantly decreased the cell viability of podocytes, while 
MG IIIE increased the cell viability in a dose-dependent 
manner, indicating that MG IIIE could recover the cell 
viability once significantly damaged by HG. Then, MG 
IIIE with the dose of 50 μM was chosen for the next 
experiments due to its relative high restorative effect.

Figure 1 MG IIIE increased the cell viability of HG-induced podocytes. (A) Cell viability was evaluated by a cell counting kit-8 assay after MG IIIE treatment. (B) A cell 
counting kit-8 assay was employed to determine viability of HG-induced podocytes in the presence or absence of MG IIIE. ***P<0.001 vs. MA; ##P<0.01 and ###P<0.001 vs. 
HG. 
Abbreviations: MG IIIE, Mogroside IIIE; NG, normal glucose; HG, high glucose; MA, mannitol.
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MG IIIE Alleviates Inflammation and 
Oxidative Stress of HG-Induced 
Podocytes
To explore the anti-inflammatory effect of MG IIIE in 
HG-induced podocytes, the contents of inflammation- 
related cytokines were detected by ELISA assay. As 
exhibited in Figure 2A–C, the levels of TNF-α, IL-1β 
and IL-6 were notably elevated after HG exposure, but 
MG IIIE dramatically reversed these effects. Similarly, 
significantly increased MDA content and decreased 
SOD and CAT activities were noticed in the HG 
group compared with the MA group (Figure 2D–F). 
However, the levels of the above-mentioned oxidative 
stress-related markers were reversed by MG IIIE. 

Additionally, HG-stimulation remarkably upregulated 
the expression of NLRP3, apoptosis-associated speck- 
like protein containing a caspase recruitment domain 
(ASC) and caspase1 while MG IIIE intervention dra-
matically restored these changes (Figure 2G). These 
results suggested that MG IIIE could alleviate inflam-
mation and oxidative stress of HG-induced podocytes.

MG IIIE Reduces the Cell Apoptosis of 
HG-Induced Podocytes
Next, the cell apoptosis of podocytes and apoptosis- 
related proteins were respectively detected by flow cyto-
metry and Western blot analysis. Results of Figure 3A 
and B exhibited that the cell apoptosis was significantly 

Figure 2 MG IIIE alleviated inflammation and oxidative stress of HG-induced podocytes. The contents of inflammatory factors including (A) TNF-α, (B) IL-1β and (C) IL-6 
were examined using ELISA kits, respectively. The level of (D) MDA and the activities of (E) SOD and (F) CAT were assessed using commercially available kits, respectively. 
(G) Western blot analysis was employed to measure the expression of MCP-1, NLRP3, ASC and caspase1 proteins. ***P<0.001 vs. MA; ##P<0.01, ###P<0.001 vs. HG. 
Abbreviations: MG IIIE, Mogroside IIIE; NG, normal glucose; HG, high glucose; MA, mannitol; TNF-α, tumor necrosis factor-α; IL, interleukin; ELISA, enzyme-linked 
immunosorbent assay; MDA, malondialdehyde; SOD, superoxide dismutase; CAT, catalase.
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increased after the induction of HG into podocytes, 
when compared with the control group. However, the 
addition of MG IIIE in HG-induced podocytes showed 
a marked decrease in cell apoptosis relative to the HG 
group. Consistently, the expression of Bcl-2 was notably 
downregulated, accompanied by upregulated expression 
of Bax, cleaved caspase-3 and cleaved caspase-9 in the 
HG condition, while MG IIIE treatment attenuated the 
effects of HG on the levels of fore-mentioned apoptosis- 
associated proteins (Figure 3C).

Therefore, it could be confirmed that MGIIIE could 
reduce the cell apoptosis of HG-induced podocytes.

MG IIIE Exerts Protective Effects on the 
HG-Induced Podocytes by Activating the 
AMPK/SIRT1 Signaling Pathway
To explore the mechanism by which MG IIIE exerts its 
protective effects on HG-induced podocytes, the expres-
sions of AMPK and silent information regulator T1 
(SIRT1) were examined using Western blot analysis. It 
was observed that HG induction significantly decreased 
the expression of p-AMPK and SIRT1 while MG IIIE 

reversed this effect, suggesting that the AMPK/SIRT1 
signaling pathway that was once inhibited by HG could 
be reactivated by MG IIIE (Figure 4). Then, after pretreat-
ment with Compound C, an AMPK inhibitor, for 1 h, the 
HG-stimulated podocytes with 50 μM MG IIIE adminis-
tration exhibited enhanced contents of inflammatory fac-
tors when compared with the HG+50 μM MG IIIE group 
(Figure 5A–C). Similar results could also be found in 
Figure 5D–G, which demonstrated that the levels of oxi-
dative stress were reduced after HG-induced podocytes 
were administrated with 50 μM MG IIIE. Nevertheless, 
when cells were pretreated with Compound C for 1 h, they 
exhibited higher levels of oxidative stress than those with-
out Compound C pretreatment. Moreover, as it is obser-
vable from Figure 6, Compound C intervention 
remarkably elevated the number of apoptotic cells, 
coupled with downregulated Bcl-2 expression and upregu-
lated Bax, cleaved caspase-3 and cleaved caspase-9 
expression in HG-stimulated podocytes. Summing up, 
these data provide evidence that MG IIIE could exert 
protective effects on the HG-induced podocytes by activat-
ing the AMPK/SIRT1 signaling pathway.

Figure 3 MG IIIE attenuated the cell apoptosis of HG-induced podocytes. (A) Apoptotic cells were detected via flow cytometry. (B) The apoptotic rate of podocytes was 
quantified. (C) The expression of apoptosis-related proteins were evaluated using Western blot analysis. ***P<0.001 vs. MA; ##P<0.01, ###P<0.001 vs. HG. 
Abbreviations: MG IIIE, Mogroside IIIE; NG, normal glucose; HG, high glucose; MA, mannitol.
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Discussion
DN is a common complication of diabetes with high 
mortality.17 Mounting evidence supported that the function 
and structure podocyte injuries arise in the early stages of 
DN, which triggers the impairment of renal functions and 
results in the occurrence of proteinuria.5,6 Traditional med-
icine plays excellent effects on the treatment of DN. The 
present study aimed to identify the effects of MG IIIE, 
which has been reported to play protective effects on 
various metabolic disorders, on HG-induced podocytes in 
order to find a new strategy to ameliorate podocyte injury 
during DN.

Both inflammation and oxidative stress are reported to 
be closely associated with HG-induced podocyte injury in 
the development of DN.18,19 The amplified and continued 
production of inflammatory cytokines including TNF-α, 
IL-1β and IL-6 can be induced by exposure of podocytes 
to HG.20 Additionally, NLRP3 inflammasome is known to 
act as a sensor and is shown to be involved in inflamma-
tory responses.21 Recently, the NLRP3 inflammasome 
pathway, which is recognized as key pathophysiology of 
DN, has greatly caught the public’s attention.22,23 The 
NLRP3 inflammasome serves as an intracellular inflam-
matory machinery, which can be activated by HG 
condition.24 Due to the lack of caspase recruitment 
domain, NLRP3 needs to be combined with ASC to recruit 
pro caspase1 and cut into mature caspase1 to participate in 

the release of inflammatory factors.25,26 In the present 
study, the protective effect and the underlying mechanism 
of MG IIIE on podocytes treated with HG were studied 
in vivo to investigate the pathogenesis of DN and the 
possible novel therapies for it. It was found that MG IIIE 
could attenuate inflammation and oxidative stress caused 
by HG, which was correspondent with the findings of 
previous studies,15,16 by downregulation of NLRP3, ASC 
and caspase1 expression. Moreover, accumulating evi-
dence has strongly suggested that HG stimulation mark-
edly enhanced the apoptotic rate of podocytes via 
induction of inflammation and oxidative stress.27,28 

Remarkably reduced apoptotic podocytes were observed 
after MG IIIE treatment, accompanied by increased 
expression of Bcl-2 and decreased expression of Bax, 
cleaved caspase-3 and cleaved caspase-9. These findings 
provided a clue that MG IIIE protects against HG-induced 
podocytes injury.

To further explore the mechanism underlying the cru-
cial role of MG IIIE on DN, we investigated whether MG 
IIIE exerted its effect on the AMPK/SIRT1 signaling path-
way. A previous study reported that glycyrrhizic acid, 
a triterpenoid saponin glycoside that is recognized as the 
most efficacious component of the licorice plant, exerts 
a protective effect from DN in db/db mice by activating 
the AMPK/SIRT1/PGC-1α signaling pathway.29 

Moreover, some researchers identified that by activating 
the renal AMPK/SIRT1 signaling pathway, salidroside 

Figure 4 MG IIIE activated AMPK/SIRT1 signaling pathway in HG-induced podocytes. Western blot analysis was applied for detecting the expression of p-AMPK and AMPK. 
***P<0.001 vs. MA; ###P<0.001 vs. HG. 
Abbreviations: MG IIIE, Mogroside IIIE; NG, normal glucose; HG, high glucose; MA, mannitol; AMPK, AMP-activated protein kinase; SIRT1, silent information regulator T1.
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could alleviate the symptoms of diabetic nephropathy in 
rats.30 AMPK is a highly conserved serine/threonine 
kinase that serves as an energy-sensing enzyme.31 It is 
responsible for the energy metabolism either by promoting 
the production of energy or by inhibiting energy- 
consuming pathways. Damaged AMPK activities can trig-
ger insulin resistance.32 Therefore, AMPK has always 
been associated with diseases regarding metabolic syn-
drome, such as obesity and diabetes.33 SIRT1, the down-
stream effector of AMPK, shares commonalities with 
AMPK in metabolism and cellular survival.34 It is 
involved in the modulation of the inflammatory response 

through deacetylating target molecules, thus provoking the 
suppressed activities of transcription factors, altered chro-
matin conformation, and finally transcriptional suppression 
of genes related to inflammation.35 AMPK can suppress 
inflammatory responses via SIRT1, and SIRT1 can prepare 
the cells to survive under stress conditions.36 Existing 
study has shown that MG IIIE can enhance the activation 
of AMPK to achieve the final goal of alleviating the 
symptoms of gestational diabetes.16 In this study, the ele-
vated expressions of AMPK and SIRT1 by MG IIIE treat-
ment indicated that the AMPK/SIRT1 signaling pathway 
was activated, resulting in the alleviation of inflammation, 

Figure 5 MG IIIE mitigated inflammation and oxidative stress by activating AMPK/SIRT1 signaling pathway in HG-induced podocytes. The levels of (A) TNF-α, (B) IL-1β and 
(C) IL-6 were determined using ELISA kits, respectively. The content of (D) MDA and the activities of (E) SOD and (F) CAT were evaluated using commercially available kits, 
respectively. (G) The expression of MCP-1, NLRP3, ASC and caspase1 proteins was examined by Western blot analysis. ***P<0.001 vs. HG; #P<0.05, ##P<0.01, ###P<0.001 
vs. HG+ MG IIIE. 
Abbreviations: MG IIIE, Mogroside IIIE; HG, high glucose; TNF-α, tumor necrosis factor-α; IL, interleukin; ELISA, enzyme-linked immunosorbent assay; MDA, malondial-
dehyde; SOD, superoxide dismutase; CAT, catalase.
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oxidative stress and cell apoptosis. Previous studies con-
firmed the role of MG IIIE in activating this signaling 
pathway, thereby inhibiting the production of pro- 
inflammatory cytokines.37 Compound C, an AMPK inhi-
bitor, significantly reversed the inhibitory effects of MG 
IIIE on inflammation, oxidative stress and apoptosis of 
HG-stimulated podocytes, which further verified that MG 
IIIE mediated the AMPK/SIRT1 signaling pathway to 
protect against HG-induced podocytes injury.

Conclusion
In conclusion, these findings demonstrated that MG IIIE 
can alleviate HG-induced inflammation, oxidative stress 
and apoptosis of podocytes by the activation of AMPK- 
SIRT1 signaling pathway. Further investigations about the 
effects of MG IIIE on DN in vivo and other kinds of cells 
in kidney tissue, such as renal mesangial cells, 

macrophages, etc., will be performed in the future inves-
tigations, which are limitations of the current study. 
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