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Abstract. Diabetic nephropathy (DN) is one of the main 
causes of chronic renal failure, which is also the final 
cause of mortality in ~30% of diabetic patients. 1, 2, 3, 4, 
6‑penta‑O‑galloyl‑β‑D‑glucose (PGG) from Galla rhois has 
anti‑inflammation, anti‑oxidation and angiogenesis effects. 
The present study aimed to explore the protective effects on 
diabetic nephropathy rats by alleviating inflammation and 
oxidative stress and the underlying mechanism. High‑fat 
diet/STZ induced rats and high glucose (HG) induced podo‑
cytes (MPC5) were used to simulate the DN in vivo and in vitro. 
The blood glucose level was measured using a blood glucose 
meter and renal function was determined by an automatic 
biochemical analyzer. The pathological changes and renal 
fibrosis were observed through hematoxylin and eosin, periodic 
acid‑Schiff and Masson staining. The expression of nephrin 
in tissues, fibrosis‑related proteins in tissues, MAPK/NF‑κB 
and ERK/nuclear factor erythroid‑derived 2‑related factor 2 
(Nrf2)/hemeoxygenase‑1 (HO‑1) signaling pathway related 
proteins in tissues and apoptosis related proteins in tissues and 
podocytes was detected by western blotting. The inflamma‑
tory response and oxidative stress in tissues and podocytes 
were determined by respective commercial kits and apoptosis 
in tissues and podocytes was detected by TUNEL assay. The 
viability of podocytes treated with PGG with or without HG 
was analyzed by CCK‑8 assay. As a result, the blood glucose 
level, urinary albumin/creatinine ratio, blood urea nitrogen 
and serum creatinine in blood were all increased and nephrin 
expression was decreased. The pathological changes and renal 

fibrosis were aggravated and the inflammation, oxidative 
stress and apoptosis in renal tissues were enhanced. The above 
effects were reversed by PGG treatment dose‑dependently. 
MAPK/NF‑κB and ERK/Nrf2/HO‑1 signaling pathways were 
activated in DN rats and were suppressed by PGG treatment. 
The reduced viability and increased apoptosis, inflamma‑
tion and oxidative stress in MPC5 cells were shown in HG 
induction, which was reversed by PGG treatment. However, 
P79350 (p38 agonist) and LM22B‑10 (ERK1/2 agonist) weak‑
ened the effect of PGG. In conclusion, PGG protects against 
DN kidney injury by alleviating inflammation and oxidative 
stress by suppressing the MAPK/NF‑κB and ERK/Nrf2/HO‑1 
signaling pathways.

Introduction

Diabetes mellitus (DM) is a general term for a series of 
abnormal metabolic disorders mainly manifested by chronic 
hyperglycemia, which is usually caused by insulin secretion 
imbalance or insulin function imbalance or both (1). DM can 
lead to a variety of complications with macrovascular and 
microvascular as the core pathological features (2). Diabetic 
nephropathy (DN) is the most common chronic diabetic 
microvascular complication (3). The standard of living of the 
Chinese is increasing as is the incidence of DN (4‑6). Since 
2011, DN has become the main cause of hospitalization and 
development of end‑stage renal disease in kidney patients in 
China (7). DN has a long course of disease, high disability 
mortality and poor prognosis, which brings dual effects of 
quality of life and economic burden to patients (8,9).

The course of inflammatory response serves an important 
role in the occurrence and development of DN (10). According 
to relevant studies, inflammation and DN complement each 
other and the occurrence and development of DN is mainly 
mediated by the process of inflammatory response, with a very 
close relationship between the two (11‑13). A previous study 
has shown that oxidative stress and inflammation are involved 
in the occurrence and development of DN and oxidative stress 
and inflammation are important and even central links in the 
pathogenesis of DN (14).
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Galla rhois is a traditional herbal medicine that has been 
reported to alleviate inflammation in acute kidney injury (15). 
1,2,3,4,6‑penta‑O‑galloyl‑β‑D‑glucose (PGG), a polyphenolic 
substance, is the main component of Galla rhois and an effec‑
tive anti‑inflammatory drug (15). PGG inhibits MCP‑5 and 
MMP‑9 progenitor cells to exert anti‑inflammatory effects on 
activated microglias to delay the progression of Alzheimer's 
disease (AD) (16) and PGG inhibits inflammation by inhibiting 
MyD88/NF‑κB and MyD88/MAPK signaling pathways in 
colitis (17). In addition, a previous study has reported that after 
21 days of PGG treatment, the biochemical changes induced 
by high fat diet (HFD) are alleviated, the oral glucose toler‑
ance is improved and the HFD‑induced diabetes is improved 
in C57BL/6 mice (18), PGG can improve renal tubule injury 
in ischemia‑reperfusion injury‑induced acute kidney injury 
rats, including renal tubule dysfunction and microvascular 
inflammation (15) and PGG reduces renal crystallization and 
oxidative stress in a hyperoxaluric rat model (19). However, 
the therapeutic effects of PGG in subjects with DN have not 
been reported.

DN inflammatory damage includes high expression of 
inflammatory factors and activation of inflammatory signaling 
pathways. Among them, p38MAPK inflammatory signaling 
pathway serves an important role in renal tissue lesions 
induced by inflammation (20). The activation of the NF‑κB 
inflammatory pathway can increase the expression of various 
pro‑inflammatory factors and mediate inflammatory activi‑
ties and also cause the activation of TGF‑β/Smad pathway to 
promote renal fibrosis in DN (21). MAPK/NF‑κB signaling 
pathway is suppressed in the treatment of hirudin (22) and 
celastrol (23) for DN rats. Studies have indicated that PGG 
inhibits LPS/IFNγ‑activated BV‑2 microglia proinflammatory 
response (24) and PGG exhibits skin‑protective activity in 
skin damage induced by UVB radiation (25) all through the 
MAPK/NF‑κB signaling pathway.

Nuclear factor erythroid‑derived 2‑related factor 2 (Nrf2) is 
a key factor in endogenous antioxidant mechanism, which can 
further induce the expression of downstream signal molecules 
such as hemeoxygenase‑1 (HO‑1) by activating Nrf2 expression, 
thereby serving an antioxidant stress role (26). Phosphorylation 
of ERK can promote the activation of Nrf2 in cells, which can 
dissociate Nrf2 and cytoskeleton related proteins into human 
nucleus and initiate the expression of downstream target 
gene HO‑1 of Nrf2 (27). The ERK/Nrf2/HO‑1 pathway is 
involved in the protection of phosphocreatine and curcumin 
for diabetes‑induced kidney injury and improve inflammatory 
response and oxidative stress (28,29). PGG has been reported 
to protect PC12 cells from MPP(+)‑mediated cell death (30) 
and exert its hepatoprotective effects (31) by stimulating Nrf2 
nuclear translocation and upregulating HO‑1 expression.

The present study aimed to examine the potential role 
of PGG as a molecule protecting diabetes‑kidney injury in 
diabetic nephropathy rats and MPC5 cells induced by high 
glucose (HG) through the MAPK/NF‑κB and ERK/Nrf2/HO‑1 
signaling pathways.

Materials and methods

Compounds. PGG (>98% purity) was purchased from 
Medchem Express. PGG was dissolved in dimethyl sulfoxide 

(DMSO) and diluted in culture medium to a final concentra‑
tion ≤0.1% (v/v) to avoid toxicity. Based on moisture, total ash 
and gallic acid content, high‑quality dry Galla rhois powder 
was purchased from Sichuan market.

The Galla rhois powder (20 g) was weighed and placed in 
a triangular flask of 500 and 20 ml of 60% ethanol solution 
was added. After soaking for 24 h, the mixture was extracted 
by ethanol reflux method for twice consecutively, each time 
for 1.5 h. The filtrate was combined after vacuum extraction 
and then enriched with reduced pressure. The obtained extract 
was freeze‑dried at ‑50˚C and the dried powder was dissolved 
in DMSO solution to prepare 100 mg/ml Galla rhois extract 
(GRE) for later use.

Liquid chromatography‑mass spectrometry (LC‑MS) detec‑
tion of Galla rhois. Sample (200 mg) was transferred to a 
2‑ml EP tube. Subsequently, 0.6 ml 2‑chlorophenylalanine 
in methanol (4 ppm; ‑20˚C) was added and the sample was 
vortexed for 30 sec. Glass beads (100 mg) were added to the 
mixture which was then put into a tissue grinder and ground 
for 60 sec at 55 Hz. After ultrasound for 15 min at room 
temperature, the mixture was centrifuged at 16,000 x g at 4˚C 
for 10 min. Then, 300 µl supernatant was taken and filtered 
through 0.22 µm membrane, which was collected into a detec‑
tion bottle for LC‑MS detection.

Chromatographic separation was used with an ACQUITY 
UPLC HSS T3 (150x2.1 mm; 1.8 µm; Waters Corporation) 
column maintained at 40˚C. The temperature of the autos‑
ampler was 8˚C. Gradient elution of analytes was carried out 
with 0.1% formic acid in water (C) and 0.1% formic acid in 
acetonitrile (D) or 5 mM ammonium formate in water (A) and 
acetonitrile (B) at a flow rate of 0.25 ml/min. Injection of 
2 µl of each sample was performed after equilibration. An 
increasing linear gradient of solvent B (v/v) was used as 
follows: ~0‑1 min, 2% B/D; ~1‑9 min, 2~50% B/D; ~9‑12 min, 
50~98% B/D; ~12‑13.5 min, 98% B/D; ~13.5‑14 min, 
~98‑2% B/D; ~14‑20 min, 2% Dpositive model (~14‑17 min; 
2% B‑negative model).

The electrospray ionization mass spectrometry (ESI‑MS) 
experiments were used with the spray voltage of 3.5 and 
2.5 kV in positive and negative modes, respectively. Sheath 
gas and auxiliary gas were set at 30 and 10 arbitrary units, 
respectively. The capillary temperature was 325˚C. respec‑
tively. The Orbitrap analyzer scanned over a mass range of 
m/z 81‑1 000 for full scan at a mass resolution of 70,000. Data 
dependent acquisition MS/MS experiments were performed 
with high‑energy collisional dissociation scan. The normal‑
ized collision energy was 30 eV. Dynamic exclusion was 
implemented to remove some unnecessary information in 
MS/MS spectra. The information of PGG in LC‑MS detection 
is shown as Table I.

Animal model and grouping. Male SD rats (age, 6 weeks; 
n=30; weight 200‑250 g) were purchased from Shanghai 
Jiesijie Experimental Animal Co., Ltd and housed in standard 
environmental conditions at 22±2˚C and 55‑60% humidity, 
with free access to food and water and a 12 h light‑dark 
cycle. Rats in Control group (n=6) were fed a normal 
healthy diet and other rats were fed a high‑fat diet (HFD; 
main ingredients, 60.7% basic feed, 10% lard, 15% sucrose, 
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10% egg yolk powder, 4% cholesterol and 0.3% cholate) for 
4 weeks. After that, HFD‑fed rats were intraperitoneally 
injected with 1% STZ solution (35 mg/kg) to induce the 
diabetic model and rats in the Control group were injected 
with the same amount of sodium citrate buffer. After 72 h, 
blood was collected from the tail vein and blood glucose level 
was measured using a blood glucose meter (Thermo Fisher 
Scientific, Inc.) after a 12‑h fast. Fasting blood glucose level 
was ≥16.7 mmol/l, indicating that the diabetic rat model was 
successful (32,33). Subsequently, diabetic rats were randomly 
divided into four groups including DN group, DN + PGG‑L 
(low; 5 mg/kg) group, DN + PGG‑H (high; 20 mg/kg) group 
and DN + GRE (25 mg/kg) group (n=6 for each). Diabetic rats 
were continuously fed with HFD for 8 weeks in DN group. 
Treatment group rats were respectively administered with 
5 mg/kg PGG, 20 mg/kg PGG and 25 mg/kg GRE by gavage 
every day, which were accompanied by HFD for 8 weeks. At 
the end of 8 weeks of treatment, blood was collected from 
the tail vein and blood glucose level was measured using a 
blood glucose meter (Thermo Fisher Scientific, Inc.) after a 
12‑h fast. At the end of 0 and 8 weeks of treatment, the rats 
were placed in a separate metabolic cage for 24 h to collect 
urine and the urinary albumin/creatinine ratio (ACR) was 
determined by an automatic biochemical analyzer. All rats 
were euthanized by intraperitoneal injection of pentobarbital 
sodium (165 mg/kg; i.p.) and the renal tissues were isolated. 
All experiments were approved and supervised by the Animal 
Care and Use Committee and the Animal Ethics Committee 
of Beichen District Hospital of Traditional Chinese Medicine 
(approval no. 202001; Tianjin, China).

Monitoring of renal function. The urinary ACR was 
determined by an automatic biochemical analyzer on the 
0th day and 56th day. The levels of blood urea nitrogen (BUN) 
and serum creatinine (Scr) in blood was also measured by an 
automatic biochemical analyzer on the 56th day.

Hematoxylin and eosin (H&E), periodic acid‑Schiff (PAS) and 
Masson staining. The renal tissues were fixed in paraformal‑
dehyde for 24 h at 4˚C, washed in an ethanol series, embedded 
in paraffin and sectioned at 4 µm. The paraffin sections were 
heated in a constant temperature oven at 40˚C, dewaxed 
in xylene, rehydrated using a descending ethanol gradient 
from 100 to 70% and washed in PBS. For H&E staining, the 
sections were stained using hematoxylin for 5‑10 min at room 
temperature and stained with eosin for 1 min at room tempera‑
ture. For PAS staining, slides were incubated with periodic 
acid for 5 min and Schiff's reagent was added for incubated 
for 15 min at room temperature, followed by counterstaining 
with hematoxylin for 1 min. For Masson staining, sections 
were incubated in Masson‑ponceau for 5‑10 min at 37˚C and 

stained with aniline blue for 5 min at 37˚C. The pathological 
changes and renal fibrosis were observed by light microscopy 
(Olympus Corporation).

Cell culture and processing. Conditionally immortal‑
ized mouse podocytes (MPC5), purchased from Shanghai 
Enzyme‑linked Biotechnology Co., Ltd. The cells were cultured 
in RPMI 1640 medium (HyClone; Cytiva) supplemented 
with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher 
Scientific, Inc.), 10 U/ml of interferon‑γ (IFN‑γ; Invitrogen; 
Thermo Fisher Scientific, Inc.) and 1% penicillin‑streptomycin 
(MilliporeSigma) at 37˚C and 5% CO2. Subsequently, the cells 
in Control group, mannitol (MA) and high glucose (HG) group 
were in turn induced with normal glucose (5 mM glucose), 
MA (30 mM) and HG (30 mM glucose) for 48 h. HG‑induced 
MPC5 cells were also treated with PGG with and without 
p79350 (p38 agonist) and LM22B‑10 (ERK1/2 agonist).

CCK‑8 assay. MPC5 cells were seeded into 96‑well plates at 
density of 5x103 cells per well. One experiment was that MPC5 
cells were treated with only PGG at different concentrations 
(20, 40 and 80 µM) for 24 h. Another experiment included six 
groups: Control group; MPC5 cells were induced with normal 
glucose (5 mM glucose); MA group; MPC5 cells were induced 
with mannitol (30 mM); HG group; MPC5 cells were induced 
with high glucose (30 mM glucose); HG + PGG (20, 40 and 
80 µM) groups; MPC5 cells pre‑treated with different concen‑
trations (20, 40 and 80 µM) respectively for 2 h were induced 
by HG for 48 h. After indicated treatment, cells in each well 
were incubated with 10 µl CCK‑8 solution (Beyotime Institute 
of Biotechnology). Optical density (OD) of each well was 
detected at 450 nm by a microplate reader (Thermo Fisher 
Scientific, Inc.).

Western blotting. Renal tissues or MPC5 cells were lysed 
in RIPA lysis buffer (P0013B, Beyotime Institute of 
Biotechnology), which was extracted by a total protein extrac‑
tion kit (cat. no. AMJ‑KT0007; AmyJet Scientific, Inc.) to 
obtain the total protein. The concentration of total protein 
was determined by a BCA kit (cat. no. KTD3001, AmyJet 
Scientific, Inc.). After that, 50 µg total protein was separated 
on a 10% SDS‑PAGE, transferred to a PVDF membrane 
and blocked with 5% non‑fat milk at room temperature for 
1 h. Then, the membrane was incubated with the primary 
antibodies to nephrin (cat. no. ab216341; 1:1,000; Abcam), 
TGF‑β (cat. no. ab215715; 1:1,000; Abcam), Collagen (Col) I 
(cat. no. ab270993; 1:1,000; Abcam), Col IV (cat. no. ab6586; 
1:1,000; Abcam), Bcl‑2 (cat. no. ab182858; 1:2,000; Abcam), 
Bax (cat. no. ab32503; 1:1,000; Abcam) and cleaved caspase 3 
(cat. no. ab214430; 1:5,000; Abcam), p‑p38 (cat. no. 4511; 
1:1,000; Cell signaling pathway), p‑ERK1/2 (cat. no. 9101; 

Table I. The data of isolated 1, 2, 3, 4, 6‑penta‑O‑galloyl‑β‑D‑glucose in liquid chromatography‑mass spectrometry detection.

 Mass‑to‑charge Retention   Ionization 
Name ratio (m/z) time ppm Formula mode P‑value

Pentagalloylglucose 939.1230577 522.631 12.94042809 C41H32O26 [M‑H]‑ 6.01972x10‑7
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1:1,000; Cell signaling pathway), p‑p65 (cat. no. ab76302; 
1:1,000; Abcam), caspase 3 (cat. no. ab184787; 1:2,000; 
Abcam), p38 (cat. no. 8690; 1:1,000; Cell signaling pathway), 
ERK1/2 (cat. no. 4695; 1:1,000; Cell signaling pathway), p65 
(cat. no. ab32536; 1:1,000; Abcam), Nrf2 (cat. no. ab92946; 
1:1,000; Abcam), HO‑1 (cat. no. ab52947; 1:2,000; Abcam) 
and β‑actin (cat. no. ab8227; 1:1,000; Abcam) overnight at 
4˚C. The secondary antibody Goat Anti‑Rabbit IgG H&L 
(cat. no. ab6721; 1:2,000; Abcam) was incubated for 1 h at 
room temperature. The gray values of each protein bands were 
analyzed by ImageJ v3.0 (National Institutes of Health) and 
β‑actin was used as a loading control.

TUNEL assay. Renal tissue sections and MPC5 cells on 
coverslips were treated with 20 g/ml proteinase K and stained 
as recommended using the In Situ Cell Death Detection kit 
(Nanjing KeyGen Biotech Co., Ltd.) according to the manu‑
facturer's instructions (34). Cell nuclei were stained with DAPI 
(1 mg/ml) at room temperature for 10 min in the dark. Images 
of three fields of view were randomly captured under a fluo‑
rescence microscope.

Detection of inflammatory factors. The concentration of 
inflammatory factors in renal tissues or cell culture medium 
was quantified via ELISA (22). For tissue homogenates, renal 
tissues (1 g) were added with pre‑chilled homogenate buffer 
solution, which was homogenized and centrifuged (2,000 x g; 
15 min; 4˚C) to collect supernatant of renal tissues. For cell 
culture medium, the cell medium of MPC5 cells was centri‑
fuged at 2.000 x g for 5 min at 4˚C. The following ELISA kits 
were used for tissues: TNF‑α (cat. no. K1052‑100; AmyJet 
Scientific, Inc.), IL‑1β (cat. no. E‑EL‑R0012c; Elabscience 
Biotechnology, Inc.), IL‑6 (cat. no. ab119548; Abcam) and 
myeloperoxidase (MPO; cat. no. ab105136; Abcam); or for 
cell culture medium: TNF‑α (cat. no. PT512; Beyotime 
Institute of Biotechnology), IL‑1β (cat. no. PI301; Beyotime 
Institute of Biotechnology) and IL‑6 (vPI326; Beyotime 
Institute of Biotechnology) according to the manufacturer's 
instructions.

Determination of oxidative stress indicators. The activities 
of superoxide dismutase (SOD), glutathione peroxidase 
(GSH‑Px), reactive oxygen species (ROS) and the levels 
of malondialdehyde (MDA) in the renal homogenates and 
cell supernatant were measured using commercial kits of 
SOD (cat. no. A001‑3‑2), GSH‑Px (cat. no. A005‑1‑2), ROS 
(cat. no. E004‑1‑1) and MDA (cat. no. A003‑1‑2) (All from 
Nanjing Jiancheng Bioengineering Institute) according to the 
manufacturer's instruction.

Statistical analysis. All the data herein are shown as mean ± SD 
and analyzed using GraphPad Prism 8 (GraphPad Software, 
Inc.). All data were analyzed by Sapiro‑Wilk (S‑W) to evaluate 
whether they fitted the normal distribution. When data fitted the 
normal distribution, the significant difference among multiple 
groups was determined via one‑way of variance (ANOVA) 
test with post hoc Tukey's test. As the histopathology scores 
were categorical data, they were statistically analyzed using 
the Kruskal‑Wallis test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

PGG improves renal function in diabetic rats. The body 
weight of DN rats was decreased and PGG treatment improved 
the body weight of DN rats. The improvement of 20 mg/kg 
PGG for the body weight of DN rats was greater compared 
with that of 5 mg/kg PGG. The body weight of DN rats could 
also be improved by GRE (Fig. 1A). The blood glucose was 
increased in DN rats and gradually decreased after PGG 
from 5 to 20 mg/kg. GRE could also downregulated the blood 
glucose in DN rats (Fig. 1B). The ACR was increased in DN 
rats at day 0 and was decreased after PGG treatment and GRE 
treatment for 8 weeks (Fig. 1C). The levels of BUN and Scr in 
DN rats rose, but were reduced by the treatment of PGG and 
GRE (Fig. 1D). The expression of nephrin was lower in DN 
rats but was upregulated following PGG treatment and GRE 
treatment (Fig. 1E).

PGG improves renal pathological changes in diabetic rats. 
Renal structure damage was observed on inner medulla, 
outer medulla and cortex following H&E staining (Fig. 2A). 
Glomerular fibrosis clearly occurred in DN rats as shown 
by PAS staining (Fig. 2B). Following Masson staining 
blue‑stained collagen fibers were observed in the glomeruli 
and tubules of the DN rats, which was higher compared with 
the Control group, indicating that collagen fibers were precipi‑
tated (Fig. 2C). However, administration of PGG or GRE 
reversed this. In DN rats, TGF‑β, Col I and Col IV protein 
expression were increased significantly. After treatment with 
PGG or GRE, the expression of TGF‑β, Col I and Col IV were 
clearly reduced (Fig. 2D).

PGG improves renal inflammatory response and oxidative 
stress levels in diabetic rats. Compared with the Control group, 
the levels of TNF‑α, IL‑1β, IL‑6 and MPO in the DN group 
were significantly elevated (Fig. 3A) and the levels of MDA and 
ROS were significantly increased in the DN group and levels 
of SOD and GSH‑Px were significantly decreased (Fig. 3B). 
Notably, these inflammation and oxidative stress events were 
improved under PGG treatment in a concentration‑dependent 
manner or GRE treatment.

PGG inhibits the apoptosis of podocytes in diabetic rats. The 
apoptosis of podocytes detected by TUNEL assay indicated 
that the percent of apoptotic cells was significantly exhibited 
in the DN group, as shown in Fig. 4A and B. In the DN group, 
Bax and cleaved caspase 3 protein expression were increased 
significantly while Bcl‑2 expression was significantly reduced 
(Fig. 4C). Following treatment with PGG in different concen‑
trations or GRE, the apoptosis of podocytes was suppressed 
and Bax and cleaved caspase 3 protein expression were 
decreased while Bcl‑2 expression was evidently increased.

PGG regulates the MAPK/NF‑κB and ERK/Nrf2/HO‑1 
signaling pathways. The expression of p‑p38, p‑ERK1/2 and 
p‑p65 was promoted while the expression of Nrf2 and HO‑1 
was suppressed. Conversely, PGG treatment or GRE treatment 
improved this. The results showed that PGG suppressed the 
MAPK/NF‑κB and ERK/Nrf2/HO‑1 signaling pathways 
(Fig. 5).
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Figure 1. PGG improves renal function in diabetic rats. (A) The body weight of DN rats with or without PGG treatment. (B) The blood glucose in DN rats with 
or without PGG treatment was detected by a blood glucose meter. The (C) ACR and levels of (D) BUN and Scr in DN rats with or without PGG treatment was 
measured by an automatic biochemical analyzer. (E) The expression of nephrin in DN rats with or without PGG treatment was analyzed by western blotting. 
*P<0.05, **P<0.01 and ***P<0.001. PGG, 1, 2, 3, 4, 6‑penta‑O‑galloyl‑β‑D‑glucose; DN, diabetic nephropathy ACR, albumin/creatinine ratio; BUN, blood urea 
nitrogen; Scr, serum creatinine; GRE, Galla rhois extract; ‑L, low; 5 mg/kg; ‑H, high; 20 mg/kg.



WANG et al:  ROLE OF 1,2,3,4,6‑PENTA‑O‑GALLOYL‑β‑D‑GLUCOSE IN DIABETIC NEPHROPATHY6

Figure 2. PGG improves renal pathological changes in diabetic rats. The pathological changes, fibrosis and collagen deposition in renal tissues were in turn 
detected by (A) hematoxylin and eosin, (B) periodic acid‑Schiff and (C) Masson staining. Magnification, x400. (D) The expression of fibrosis related proteins 
in DN rats with or without PGG treatment was detected by western blotting. **P<0.01 and ***P<0.001. PGG, 1, 2, 3, 4, 6‑penta‑O‑galloyl‑β‑D‑glucose; DN, 
diabetic nephropathy; GRE, Galla rhois extract; ‑L, low; 5 mg/kg; ‑H, high; 20 mg/kg.

Figure 3. PGG improves renal inflammatory response and oxidative stress levels in diabetic rats. The levels of (A) inflammatory factors and (B) oxidative stress 
related indicators in DN rats with or without PGG treatment were respectively determined by their commercial kits. *P<0.05, **P<0.01 and ***P<0.001. PGG, 1, 
2, 3, 4, 6‑penta‑O‑galloyl‑β‑D‑glucose; DN, diabetic nephropathy; GRE, Galla rhois extract; ‑L, low; 5 mg/kg; ‑H, high; 20 mg/kg; MPO, myeloperoxidase; 
MDA, malondialdehyde; ROS, reactive oxygen species; SOD, superoxide dismutase; GSH‑Px, glutathione peroxidase.
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P79350 and LM22B‑10 reverses the protective effect of PGG 
on viability and apoptosis of HG‑induced MPC5 cells. After 
MPC5 cells were treated with PGG at different concentra‑
tions (20, 40 and 80 µM), the viability was not obviously 
changed (Fig. 6A). HG induction decreased the viability of 
MPC5 cells, which was increased by the PGG treatment or 
GRE treatment (Fig. 6B). The apoptosis of MPC5 cells was 
increased in HG group, which was decreased by PGG treat‑
ment (Fig. 6C and D). The Bcl‑2 expression was reduced and 

the expression of Bax and cleaved caspase 3 was increased 
in HG‑induced MPC5 cells, which were reverse by PGG 
treatment (Fig. 6E). However, the protective effect of PGG on 
podocytes lesion induced by HG could be reversed by P79350 
(p38 agonist) and LM22B‑10 (ERK1/2 agonist).

P79350 and LM22B‑10 reverses the protective effect of PGG on 
inflammation and oxidative stress of HG‑induced MPC5 cells. 
As shown in Fig. 7A, the levels of inflammatory factors TNF‑α, 

Figure 4. PGG inhibits the apoptosis of podocytes in diabetic rats. (A and B) The apoptosis of podocytes in DN rats with or without PGG treatment was 
detected by TUNEL assay. Magnification, x200. (C) The expression of apoptosis‑related proteins in DN rats with or without PGG treatment was detected by 
western blotting. *P<0.05, **P<0.01 and ***P<0.001. PGG, 1, 2, 3, 4, 6‑penta‑O‑galloyl‑β‑D‑glucose; DN, diabetic nephropathy.
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IL‑6 and IL‑1β were increased in HG‑induced MPC5 cells, 
which was reduced by PGG. The result reflecting the oxidative 
stress indicated that the levels of MDA and ROS were increased 
while levels of SOD and GSH‑Px were decreased in HG‑induced 
MPC5 cells and PGG could reverse the above phenomenon in 
HG‑induced MPC5 cells (Fig. 7B). P79350 (p38 agonist) and 
LM22B‑10 (ERK1/2 agonist) could weaken the protective effect 
of PGG on inflammation and oxidative stress.

Discussion

Oxidative stress refers to the imbalance of the homeostasis 
of the body's oxidation and antioxidant systems, resulting in 
the excessive production of ROS, which exceeds the normal 

scavenging capacity of the body, thus causing oxidative 
damage to tissues, especially mitochondrial damage (35). 
Son et al (36) found that evident lipid peroxidation and ROS 
increase occur when renal cells were exposed to hyperglycemia 
and the oxidative stress state of cells was significantly reduced 
after the intervention with antioxidant. The expression of a 
number of inflammatory factors such as cell adhesion factors 
chemokines and proinflammatory factors in renal tissue of DN 
patients is increased (37). It has been shown that elevated ROS 
levels in the kidneys of patients with DN mediate infiltration 
of macrophages and recruitment of inflammatory cells and 
promote the production of inflammatory factors (IL‑1β, IL‑6, 
TNF‑α, MCP‑1, TGF‑β and NF‑κB), which serve a key role 
in initiating diabetic kidney injury (38). The present study 

Figure 5. PGG regulates the MAPK/NF‑κB and ERK/Nrf2/HO‑1 signaling pathways. The expression of related proteins in MAPK/NF‑κB and 
ERK/Nrf2/HO‑1 signaling pathways in DN rats with or without PGG treatment was detected by western blotting. **P<0.01 and ***P<0.001. PGG, 1, 2, 3, 4, 
6‑penta‑O‑galloyl‑β‑D‑glucose; Nrf2, nuclear factor erythroid‑derived 2‑related factor 2; HO‑1, hemeoxygenase‑1; DN, diabetic nephropathy; p‑, phosphory‑
lated; t‑, total.
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also found that the inflammation and oxidative stress were 
occurred in diabetic nephropathy rats.

Clinical studies show that anti‑inflammatory and antioxi‑
dant drugs significantly reduce urinary albumin excretion in 
DN patients and reduce levels of TNF‑α and MDA in vivo (39). 
Lipoic acid (LA) not only reduces oxidative stress, but also 
serves an important role in inflammation. Wang et al (40) 
showed that LA can reduce MDA level and increase SOD 
activity in serum and renal cortex of diabetic rats. Clinical 
treatment also shows that LA treatment can significantly reduce 
oxidative stress‑related indexes in diabetic patients, alleviate 
DN and improve kidney injury (41). The above studies indicate 
that the alleviation of inflammation and oxidative stress can 
improve kidney injury in DN. The present study also showed 
that inflammation and oxidative stress was suppressed by 

PGG to protect the DN. GRE is a single herb which contains 
PGG. The results also indicated that GRE could alleviate the 
inflammation and oxidative stress in DN rats.

In the state of hyperglycemia, inflammation of renal tissue 
is initiated through a variety of signaling pathways, among 
which the p38MAPK signaling pathway is a classic inflam‑
matory signaling pathway. Once this signaling pathway is 
activated, the course of DN will be accelerated. Activation of 
p38MAPK signaling pathway can indirectly or directly lead to 
the production of inflammatory factors (including IL‑1β and 
TNF‑α) through phosphorylation of different transcription 
factors, including NF‑κB and participate in disease inflamma‑
tion (42). It was found that by inhibiting the phosphorylation 
of p38MAPK, the release of pro‑inflammatory factors could 
be inhibited and the progression of DN could be delayed (43).

Figure 6. P79350 and LM22B‑10 reverses the protective effect of PGG on viability and apoptosis of HG‑induced MPC5 cells. (A) The MPC5 cell viability 
treated by PGG was determined by CCK‑8 assay. The (B) viability and (C and D) apoptosis of HG‑induced MPC5 cells with or without PGG treatment were 
determined by CCK‑8 and TUNEL assays. Magnification, x200. (E) The expression of apoptosis‑related proteins in HG‑induced MPC5 cells with or without 
PGG treatment was detected by western blotting. *P<0.05 and ***P<0.001. PGG, 1, 2, 3, 4, 6‑penta‑O‑galloyl‑β‑D‑glucose; HG, high glucose; MPC5, condition‑
ally immortalized mouse podocytes.
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The ERK/Nrf2/HO‑1 signaling pathway serves a protec‑
tive role in DN kidney injury. Shopit et al (28) demonstrate 
that phosphocreatine protects against kidney injury by 
decreasing the ERK expression and activating the Nrf2/HO‑1 
pathway. The expression of p‑ERK is significantly higher in 
DN mouse model and HK‑2 cells treated with HG, while 
the expression of p‑ERK in RTN1A silenced HK‑2 cells 
treated with HG is significantly lower than that in the control 
group (44). ROS accumulation in Nrf2 knockout DN mice 
results in renal damage (45). Chen et al (46) also found that 
collagen formation and renal interstitial fibrosis in DN rats 
can be improved by naringin and the mechanism is related 
to the activation of Nrf2. HO‑1 is a downstream protein of 
Nrf2, which can effectively reduce inflammatory response 
and oxidative stress damage and serve a protective role in 
cells (47). The phosphocreatine effect against kidney injury 
may be ascribed to its antioxidant properties by decreasing 
the ERK expression and activating the Nrf2/HO‑1 
pathway (28). The above studies demonstrate that induc‑
tion and activation of Nrf2/HO‑1 pathway can reduce renal 
damage caused by oxidative stress. The present study also 
found that expression of p‑p38, p‑p65 and p‑ERK1/2 was 
increased and expression of Nrf2 and HO‑1 was decreased in 
DN rats, which was reversed by treatment of PGG or GRE. 
As P79350 is a p38 agonist and LM22B‑10 is an ERK1/2 
agonist, the application of P79350 and LM22B‑10 will result 
in the activation of MAPK/NF‑κB and ERK/Nrf2/HO‑1 
signaling pathways. In the present study, PGG suppressed 
the MAPK/NF‑κB and ERK/Nrf2/HO‑1 signaling pathways. 
The p38 agonist (P79350) and ERK1/2 agonist (LM22B‑10) 
were used to reversely validate that PGG protected the DN 
via the MAPK/NF‑κB and ERK/Nrf2/HO‑1 signaling path‑
ways. In fact, PGG protected the DN via the MAPK/NF‑κB 
and ERK/Nrf2/HO‑1 signaling pathways.

In conclusion, PGG alleviated inflammation and oxidative 
stress in DN rats through suppressing the MAPK/NF‑κB and 
ERK/Nrf2/HO‑1 signaling pathways. First, the renal function 
of DN rats was significantly declined and renal fibrosis of DN 
rats was significantly aggravated. However, PGG significantly 
ameliorated renal function and decreased renal fibrosis in DN 
rats. Second, the inflammation, oxidative stress and podocyte 
apoptosis were clearly increased in DN rats and reversed by 
PGG. Third, the MAPK/NF‑κB and ERK/Nrf2/HO‑1 signaling 
pathways were activated in DN rats and inhibited by PGG. 
However, P79350 (p38 agonist) and LM22B‑10 (ERK1/2 
agonist) weakened the effect of PGG by promoting apoptosis, 
inflammation and oxidative stress in HG‑induced MPC5 cells. 
There also existed limitation in this study; it was uncertain how 
much PGG was in the RCE and the concentration will be studied 
in the future using HPLC to perform a quantitative analysis.
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