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Introduction

Diabetes mellitus is one of the most prevalent chronic 
metabolic disorders with sustained hyperglycemia, which 
is generally accompanied by many vascular complica-
tions, including neuropathy, retinopathy, cardiomyopa-
thy, and nephropathy.1 Diabetic nephropathy (DN) is not 
only a pivotal factor in end-stage renal failure but also a 

crucial cause of high mortality in patients with diabetes.2 
Approximately 40% of type 2 diabetic patients eventu-
ally develop DN. DN has become a severe threat to dia-
betic patients’ health.3 Although the pathogenesis of DN 
is complicated and not fully elucidated, it is deemed that 
oxidative stress, endoplasmic reticulum (ER) stress, and 
inflammatory response are the major causes of the occur-
rence and progression of DN.4–6
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Abstract
Epigallocatechin-3-gallate (EGCG), an essential polyphenolic constituent found 
in tea leaves, possesses various potent biological activities. This research was 
undertaken to investigate the impact of EGCG against endoplasmic reticulum (ER) 
stress-mediated inflammation and to clarify the underlying molecular mechanism 
in type 2 diabetic kidneys. The male rats were randomized into four groups: 
normal, diabetic, low-dose EGCG, and high-dose EGCG. In type 2 diabetic rats, 
hyperglycemia and hyperlipidemia noticeably caused renal structural damage and 
dysfunction and aggravated ER stress. Meanwhile, sustained ER stress activated 
the NOD-like receptor family pyrin domain containing 3 (NLRP3) inflammasome 
and then upregulated the contents of inflammatory cytokines in the diabetic kidney. 
Following supplementation with 40 mg/kg and 80 mg/kg EGCG, hyperglycemia, 
hyperlipidemia, and renal histopathological alterations and dysfunction were 
noticeably ameliorated; renal ER stress, NLRP3 inflammasome, and inflammatory 
response were markedly repressed in the EGCG treatment groups. In summary, the 
current study highlighted the renoprotective effects of EGCG in type 2 diabetes and 
its mechanisms are mainly associated with the repression of ER stress-mediated 
NLRP3 inflammasome overactivation.
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Diabetes mellitus is one of the most prevalent 
chronic metabolic disorders, which is usually 
accompanied by various vascular complications, 
including nephropathy. Diabetic nephropathy is one 
of the leading causes of end-stage renal failure, 
which causes high mortality in diabetic patients. 
Sustained hyperglycemia usually induces a renal 
endoplasmic reticulum (ER) stress response. 
Unregulated ER stress promotes the overactivation 
of the NOD-like receptor family pyrin domain con-
taining 3 (NLRP3) inflammasome and subsequently 
induces cell pyroptosis. Accumulating evidence has 
manifested that epigallocatechin-3-gallate exhibits 
anti-ER stress and anti-inflammatory properties, 
however, it is still unknown whether epigallocate-
chin-3-gallate could confer renoprotective activity 
via repressing NLRP3 inflammasome by suppress-
ing ER stress in type 2 diabetes. The current study 
demonstrated that epigallocatechin-3-gallate treat-
ment could repress the overactivation of NLRP3 
inflammasome via suppressing ER stress and pro-
moting renal functional recovery. ER stress-induced 
NLRP3 inflammasome overactivation might be an 
essential target for epigallocatechin-3-gallate treat-
ment in diabetic patients.

Experimental Biology and Medicine 2022; 247: 1410–1419. DOI: 10.1177/15353702221106479

mailto:yunliuqiye@163.com
mailto:jiaq12@sina.com


Yang et al.    Epigallocatechin-3-gallate ameliorates diabetic renal inflammation    1411

The ER is an important cellular specialized organelle, 
which plays a key role in the synthesis, folding, and struc-
tural maturation of proteins in the eukaryotic cells.7 Diverse 
adverse stimuli such as hyperglycemia, lipid overaccumula-
tion, and advanced glycation end products (AGEs) cause the 
excessive aggregation of misfolded proteins in ER lumen, 
leading to the ER stress that is first mediated by the unfolded 
protein response (UPR).8,9 Under ER stress conditions, three 
UPR sensors, including inositol-requiring enzyme 1 (IRE1), 
activating transcription factor 6 (ATF6), and protein kinase 
RNA-like ER kinase (PERK), are activated to restore ER 
homeostasis.10 However, unregulated ER stress causes cel-
lular dysfunction and inflammation, ultimately resulting in 
cell injury and death.11 In recent years, extensive research 
has shown that ER stress can mediate the NOD-like receptor 
family pyrin domain containing 3 (NLRP3) inflammasome 
overactivation.12 The NLRP3 inflammasome is a multiprotein 
complex that can participate in inflammatory reactions and 
induce pyroptotic cell death.13 A previous study reported that 
the NLRP3 inflammasome-induced inflammatory response 
occurs not only in immune cells but also in tubular epithelial 
cells in the diabetic kidney.14 Furthermore, another experi-
mental study demonstrated that ER stress-mediated NLRP3 
inflammasome overactivation plays a vital role in angiotensin 
II-induced human renal proximal tubular cell injury.15

Epigallocatechin-3-gallate (EGCG) is an essential bioac-
tive polyphenolic constituent found in green tea leaves.16 A 
growing body of evidence has shown that EGCG exhibits 
low toxicity and diverse bioactivities, such as antioxidative, 
anti-inflammatory, anti-cancer, and antifibrotic properties.17 
A previous study has demonstrated that EGCG exerts its 
renoprotective effect in high-fat food and streptozotocin-
induced diabetic rats by suppressing fibrosis and apopto-
sis.18 Moreover, EGCG can alleviate high glucose-induced 
podocyte apoptosis by suppressing ER stress.19 However, in 
type 2 diabetic kidneys, whether EGCG inhibits the overacti-
vation of the NLRP3 inflammasome via repressing ER stress 
has not yet been determined. Therefore, the aim of the cur-
rent research was to elucidate the protective effects of EGCG 
on the kidney by evaluating the ER stress-mediated NLRP3 
inflammasome pathway in type 2 diabetic rats.

Materials and methods

Experimental animals

The animal procedures were performed in strict accordance 
with the Guidelines for the Use of Laboratory Animals of 
Hefei Normal University. Thirty-two healthy male Sprague-
Dawley rats (age, 6–7 weeks; bodyweight, 160–200 g) were 
provided by the Experimental Animal Center of Anhui 
Medical University. All the rats were maintained in a moni-
tored laboratory environment under the specific temperature 
of (23 ± 1°C), the humidity of (55 ± 5%) with an alternating 
12 h light and 12 h dark cycle, and fed with drinking water 
and food ad libitum.

Induction of type 2 diabetes

The experimental animals were acclimatized for a week 
and then randomly assigned into 4 experimental groups: 

(1) normal control (NC) group; (2) DN group; (3) DN + low 
dose EGCG (LE) group; and (4) DN + high dose EGCG (HE) 
group. Each group consisted of 8 rats. The rats allocated to 
the NC group received a standard laboratory rodent food, 
whereas the rats assigned to the other groups received a 
high-fat food (consisting of 0.5% pig bile salt, 10% lard, 15% 
white sugar, 2% cholesterol, and 72.5% standard rodent 
food) throughout the whole experiment. After 4 weeks of 
high-fat food feeding, these obese rats were fasted overnight 
and intraperitoneally (i.p.) injected with 30 mg/kg strepto-
zotocin (Sigma-Aldrich, St. Louis, MO, USA) prepared in 
ice-cold citrate buffer, twice a week, while the rats allocated 
to the NC group were fasted and injected, i.p., with citrate 
buffer. After three days of streptozotocin injection, fasting 
blood glucose (FBG) levels from the tail veins were detected 
using a handheld glucometer (Johnson, USA). An animal 
with a tail FBG level beyond 11.1 mmol/L was considered 
type 2 diabetic.20 Subsequently, rats assigned to the LE and 
HE groups were daily gavaged with 40 mg/kg and 80 mg/kg 
EGCG (purity ⩾ 95%, Sigma-Aldrich), respectively, freshly 
dissolved in 0.9% saline.21 Rats assigned to the NC and DN 
groups were daily gavaged with a similar volume of 0.9% 
saline over the same time period. EGCG treatment lasted 
for 8 weeks.

Assessment of renal function

After 8 weeks of treatment with EGCG, rats were kept in 
metabolic cages to collect urine every 24 h. The urine vol-
ume was recorded, and the urine protein content was meas-
ured using an assay kit (Jiancheng Biotechnology, Nanjing, 
China). Then, the overnight-fasted rats were weighed and 
injected, i.p., with 2% pentobarbital sodium at a dosage of 
45 mg/kg to induce anesthesia. The blood samples from the 
abdominal aorta were gathered to obtain serum, and their 
bilateral kidneys were harvested immediately.

Serum biochemical assays

The levels of FBG, blood urea nitrogen (BUN), glycated 
serum protein (GSP), serum creatinine (sCr), triglycerides, 
total cholesterol (T-CHO) in serum were measured using 
corresponding commercial kits (Jiancheng Biotechnology). 
Serum AGEs were measured by an ELISA kit (Cusabio 
Biotechnology, Wuhan, China).

Histopathological assessments

One part of the fresh left kidney was dissected, fastened in 
a solution of 4% paraformaldehyde, and fixed in a paraffin 
block. The paraffin sections were made into serial slices at a 
thickness of 4 μm and subjected to periodic acid-Schiff (PAS) 
reagents (Servicebio Biotechnology, Wuhan, China). Slices 
were imaged using a CaseViewer digital slide scanner.

The renal ultrastructure was observed as per the detailed 
method.22 In brief, the right fresh kidneys were dissected into 
1 mm × 1 mm × 1 mm cubes and fixed in a solution of 2.5% 
glutaraldehyde. Subsequently, these renal tissues were post-
fixed in 1% osmium tetroxide and embedded in Epon812. 
Renal tissues were cut into 70 nm thick ultrathin sections and 
stained with uranyl acetate and lead citrate. These ultrathin 
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sections were imaged by a JEM-1230 transmission electron 
microscope (JEOL, Tokyo, Japan).

Measurement of inflammatory factors

The kidney tissue sample (100 mg) was ground in liquid 
nitrogen and then homogenized in nine-fold ice-cold 0.9% 
saline. After centrifugation at 3000 × g for 20 min, the super-
natant liquid was gathered, and then the protein quantifica-
tion was finished using a bicinchoninic acid kit (Beyotime 
Biotechnology, Shanghai, China). Subsequently, renal tumor 
necrosis factor (TNF)-α, monocyte chemotactic protein 
(MCP)-1, interleukin (IL)-1β, and IL-18 were measured as 
per the instruction manuals of corresponding ELISA kits 
(Cusabio Biotechnology).

Immunohistochemical (IHC) assessment

The IHC assessment was conducted in accordance with the 
detailed method.13 Briefly, the kidney slices mounted in wax 
were deparaffinized and rehydrated. Following incuba-
tion with hydrogen peroxide and bovine serum albumin, 
these renal slices were subjected to anti-kidney injury mol-
ecule 1 (KIM1; Boster Biotechnology, Wuhan, China) and 
IRE1 (Proteintech Biotechnology, Wuhan, China) primary 
antibodies. After that, the renal slices were subjected to a 
secondary antibody (Boster Biotechnology). The results of 
the IHC assessment were imaged using CaseViewer. The 
semi-quantitative analysis was calculated to determine the 
expression of KIM1 and IRE1 in renal tissue using Image-Pro 
Plus software.

Real-time PCR assessment

Total RNA in renal tissue was extracted using Beyozol rea-
gent (Beyotime Biotechnology). Forward and reverse primers 
for IRE1, ATF6, glucose-regulated protein 78 (GRP78), PERK, 
C/EBP homologous protein (CHOP), and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) were described in 
Table 1, and the GAPDH gene was used as the housekeeping 
gene. The real-time PCR assessment was performed using a 
TB Green Premix Ex TaqII assay kit (Takara, Dalian, China). 
Ultimately, the relative quantification of mRNA expression 
was calculated by the 2−ΔΔCt method.

Western blot analysis

Kidney tissue samples (80 mg) were homogenized in 800 
μL of RIPA Lysis Solution containing protease inhibitors 
(Beyotime Biotechnology). Following centrifugation at 
3000 × g for 20 min, the supernatant was separated to calcu-
late the total protein content, mixed with the loading buffer 
(v: v = 4: 1), and then boiled at 100°C for 5 min. Next, SDS-
PAGE was utilized to separate the proteins at a concentration 
of 60 μg. The isolated protein was electrically transferred 
onto a PVDF membrane. After that, all the membranes were 
immersed in 5% non-fat milk powder in tris-buffered saline 
containing 0.1% Tween-20 (TBST) for 2 h and then incubated 
for 16 h at 4°C with the corresponding primary antibodies: 
IRE1, X box-binding protein (XBP) 1 (Abcam, Cambridge, 
UK), NLRP3 (Boster Biotechnology), caspase-1 (p20) (Boster 
Biotechnology), and GAPDH (Boster Biotechnology). The 
next day, these membranes were covered with secondary 
antibodies. Finally, these membranes were treated using 
an enhanced chemiluminescence substrate, and all the 
images were obtained using an imaging instrument (Tanon, 
Shanghai, China).

Statistical analysis

Statistical data was analyzed using GraphPad 5.0 (GraphPad 
Software, USA). The quantitative results were presented as 
means with their standard deviation (SD) for each group. 
Statistical comparisons were subjected to a one-way analysis 
of variance followed by the Newman-Keuls test. The values 
of P < 0.05 were considered to have a significant difference.

Results

EGCG reduced blood glucose and lipid parameters

The effect of EGCG treatment on blood glucose and lipids was 
measured after 8 weeks of gavage treatment. As shown 
in Figure 1, FBG, GSP, triglycerides, T-CHO, and AGEs in 
the DN group were markedly higher than those in the NC 
group, indicating that hyperglycemia and hyperlipidemia 
existed in type 2 diabetic rats. These indices were signifi-
cantly ameliorated after supplementation with 40 mg/kg 
and 80 mg/kg EGCG in the LE and HE groups. In particular, 

Table 1.  The primer sequences used in this study.

Gene Primer sequence Length (bp)

IRE1 Forward: 5′-GACGGACAGAATACACCATCA-3′

Reverse: 5′-TCTTGTAGTCCACGTCATCCTC-3′
114

ATF6 Forward: 5′-GGTGTATTACGCTTCGCCTG-3′

Reverse: 5′-TTGTGGTCTTGTTATGGGTGGT-3′
134

PERK Forward: 5′-CCAAGCTGTACATGAGCCCAGA-3′

Reverse: 5′-TTTCTGAGTGAACAGTGGTGGAAAC-3′
179

GRP78 Forward: 5′-CGCGCTCGATACTGGCTGTGACTA-3′

Reverse: 5′-TTCATCTTGCCGGCGCTGTG-3′
168

CHOP Forward: 5′-GTGTTCCAGAAGGAAGTGCA-3′

Reverse: 5′-CTCCTGCAGATCCTCATACC-3′
150

GAPDH Forward: 5′-ACTCAGAAGACTGTGGATGG-3′

Reverse: 5′-TACATTGGGGGTAGGAACAC-3′
163

IRE1: inositol-requiring enzyme 1; ATF6: activating transcription factor 6; PERK: protein kinase RNA-like ER kinase; GRP78: glucose-regulated protein 78; CHOP: C/
EBP homologous protein; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.
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the amelioration effect of 80 mg/kg EGCG was better than 
that derived from the lower, indicating that EGCG treatment 
could attenuate hyperglycemia and hyperlipidemia in type 
2 diabetic rats.

EGCG promoted renal functional recovery

As shown in Figure 2, the volume of 24 h urine, 24 h urine 
protein, sCr, and BUN distinctly increased in the DN group 
compared with the NC group, indicating that renal injury 
and dysfunction were exacerbated in type 2 diabetic rats. 
Renal function was markedly improved in the LE and HE 
groups after EGCG treatment. Moreover, the results in the 
HE group were closer to those in the NC group than the low-
dose EGCG treatment, indicating that EGCG promoted renal 
functional recovery in type 2 diabetic rats.

Effects of EGCG on renal histological changes

The PAS staining of kidneys was assessed in all groups 
(Figure 3(A)). In the NC group, the glomerular structure of 
the kidney was normal, and inflammatory cell infiltration 
was rare. In the DN group, the glomerular mesangial matrix 
was increased perceptibly, the glomerular cavity was nar-
rowed, and inflammatory cells were infiltrated in the kidney. 
Following treatment with EGCG, renal pathological changes 
were slightly ameliorated in the LE group. The pathological 
changes and inflammatory cell infiltration in the HE group 
were ameliorated in kidney tissue.

Electron microscopy (Figure 3(B)) displayed that the glo-
merular basement membrane (GBM) was homogeneous 
with the same thickness. The foot processes of podocytes 
were distributed evenly in the renal tissue in the NC group. 
Conversely, the thickness of GBM increased obviously, 
the fusion of foot processes aggravated, and even the foot 

processes were disappeared in the DN group. On treatment 
with EGCG, the thickened GBM and foot processes fusion 
were alleviated in kidney tissue, and the improvement effect 
in the HE group was better than that in the LE group, indicat-
ing that EGCG exhibited a beneficial effect on renal patho-
logical alterations in type 2 diabetic rats.

EGCG decreased renal KIM1 and IRE1 expression

According to the results of the IHC assessment (Figure 4), 
sustained hyperglycemia elevated the protein expression 
levels of KIM1 and IRE1 in the kidneys of diabetic rats. 
After treating diabetic rats with different doses of EGCG, 
the expression of KIM1 and IRE1 declined in renal tissues, 
which further demonstrated that EGCG exerted a beneficial 
impact on type 2 diabetic kidneys.

EGCG attenuated renal ER stress

The real-time PCR assay was utilized to examine the mRNA 
expression of renal ER stress-related proteins. As shown in 
Figure 5, the mRNA expression levels of renal IRE1, ATF6, 
PERK, GRP78, and CHOP in diabetic rats were markedly 
higher than those in normal rats, demonstrating that ER 
stress was aggravated in the diabetic kidney. In contrast 
to the DN group, EGCG treatment markedly reduced the 
mRNA expression levels of renal ER stress markers, espe-
cially in the HE group. These findings showed that EGCG 
treatment noticeably alleviated renal ER stress in type 2 dia-
betic rats.

EGCG reduced renal pro-inflammatory cytokines

The levels of renal pro-inflammatory cytokines, including 
TNF-α, MCP-1, IL-1β, and IL-18, reflect the inflammatory 

Figure 1.  Effects of EGCG treatment on blood glucose and lipid parameters in type 2 diabetic rats: (A) FBG, (B) GSP, (C) triglycerides, (D) T-CHO, and (E) AGEs.
All values were presented as the mean ± SD. **P < 0.01, when compared with NC group. #P < 0.05, ##P < 0.01, when compared with DN group.
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Figure 2.  Effects of EGCG treatment on renal functional indices: (A) 24 h urine volume, (B) 24 h urine protein, (C) sCr, and (D) BUN.
All values were presented as the mean ± SD. **P < 0.01, when compared with NC group. #P < 0.05, ##P < 0.01, when compared with DN group.

Figure 3.  Effects of EGCG treatment on pathological changes in kidney tissue. (A) PAS staining. Scale bar: 30 μm. (B) Ultrastructure. Scale bar: 1 μm. (A color version 
of this figure is available in the online journal.)
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state of the kidney. In the DN group, the contents of renal 
pro-inflammatory cytokines were markedly elevated. After 
treatment with 40 mg/kg and 80 mg/kg of EGCG, the con-
tents of renal pro-inflammatory cytokines were decreased. 

Moreover, the amelioration effect in the HE group was better 
than that in the LE group, which revealed that EGCG pos-
sessed an anti-inflammatory property in the diabetic kidney 
(Figure 6).

Figure 4.  Effects of EGCG treatment on KIM1 and IRE1 expression in kidney tissue. (A) Expression of renal KIM1 in IHC assay. (B) Expression of renal IRE1 in IHC assay.
Scale bar: 50 μm. All values were presented as the mean ± SD. **P < 0.01, when compared with the NC group. #P < 0.05, ##P < 0.01, when compared with the DN 
group. (A color version of this figure is available in the online journal.)

Figure 5.  EGCG treatment decreases the mRNA expression of ER stress markers in kidney tissue of diabetic rats: (A) IRE1, (B) ATF6, (C) PERK, (D) GRP78, and 
(E) CHOP.
All values were presented as the mean ± SD. **P < 0.01, when compared with NC group. #P < 0.05, ##P < 0.01, when compared with DN group.
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Effects of EGCG on renal IRE1/XBP1 and NLRP3 
inflammasome

As shown in Figure 7, diabetes increased the protein expres-
sion levels of renal IRE1, XBP1, NLRP3, and caspase-1, con-
firming that renal ER stress was aggravated and the NLRP3 
inflammasome was activated. On treatment with 40 mg/kg 
and 80 mg/kg EGCG, ER stress and NLRP3 inflammasome 
were repressed in the EGCG treatment groups. These find-
ings demonstrated that EGCG could repress the overactiva-
tion of the renal NLRP3 inflammasome via suppressing ER 
stress.

Discussion

DN is not only one of the microangiopathies caused by 
diabetes but also the most prominent factor in end-stage 
renal disease.23 The pathological alterations of DN are well 
characterized by increases in glomerular filtration rate and 
microalbuminuria, glomerular mesangial matrix expansion, 
GBM thickening, and interstitial fibrosis. FBG and GSP are 
commonly used to assess blood glucose levels, while triglyc-
erides and T-CHO reflect the levels of blood lipids in type 
2 diabetes.24 Growing studies suggest that elevated AGEs 

levels, caused by a glucose-induced metabolic disorder in 
type 2 diabetes, are a crucial player in the progression of 
kidney disease.25 In the current work, our experimental 
data showed that in the DN group, FBG, GSP, triglycerides, 
T-CHO, and AGEs were higher than those in the normal rats, 
indicating that the model of type 2 diabetic rats was success-
fully established.

Meanwhile, renal function-related indices and pathologi-
cal observations demonstrated that renal excretory func-
tion and architecture were damaged in diabetic rats. KIM1 
is often utilized to assess renal injury in acute and chronic 
renal diseases.26 Our IHC results indicated that the KIM1 
expression level was highly upregulated in the diabetic kid-
ney, demonstrating that type 2 diabetes causes renal injury 
and dysfunction. After ingestion with 40 mg/kg and 80 mg/
kg EGCG, hyperglycemia, hyperlipidemia, AGEs, renal 
pathological changes, excretory dysfunction, and KIM1 pro-
tein expression were ameliorated in the LE and HE groups. 
Although the blood glucose levels improved in the EGCG 
treatment groups, they were much higher than 11.1 mmol/L 
and were still in a hyperglycemic state. Therefore, we specu-
lated that EGCG had a direct protective effect on the kidneys 
in type 2 diabetic rats.

Figure 6.  EGCG treatment downregulates renal inflammatory cytokines in type 2 diabetic rats: (A) TNF-α, (B) MCP-1, (C) IL-1β, and (D) IL-18.
All values were presented as the mean ± SD. **P < 0.01, when compared with NC group. #P < 0.05, ##P < 0.01, when compared with DN group.
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EGCG, one of the primary bioactive ingredients of green 
tea, has significant biological activities such as anti-oxida-
tion, anti-inflammation, and anti-fibrosis in various tissues 
and cells.27 Recent research has demonstrated that EGCG 

has a positive impact on reducing chronic metabolism condi-
tions such as obesity and diabetes.28 In the current work, we 
referred to the relevant literature and conducted preliminary 
experiments to determine the doses of EGCG at 40 mg/kg 

Figure 7.  Effects of EGCG treatment on IRE1/NLRP3 inflammasome expression in kidney tissue of each group. (A) Western blotting results for renal IRE1, XBP1, 
NLRP3, and caspase-1 (p20). (B) to (E) Relative expression of IRE1, XBP1, NLRP3, and caspase-1 (p20) proteins in kidney tissue by western blot assay. GAPDH 
was used as the housekeeping protein.
All values were presented as the mean ± SD. **P < 0.01, when compared with NC group. #P < 0.05, ##P < 0.01, when compared with DN group.
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and 80 mg/kg.18,21 Our experimental results demonstrated 
that EGCG had hypoglycemic and hypolipidemic effects in 
diabetic rats, and the improvement effect of 80 mg/kg EGCG 
was better than that derived from the lower EGCG dose, as 
evidenced by the improvement of FBG, GSP, triglycerides, 
T-CHO, and AGEs. In addition, previous research reported 
that EGCG exerted a renoprotective effect against fibro-
sis and apoptosis in diabetic rats.18 Recently, Xiang et al.19 
reported that EGCG exhibited an anti-ER stress effect on 
podocyte injury caused by high glucose. However, there is 
no report about the impact of EGCG on ER stress in the dia-
betic kidney. Thus, we hoped to elucidate this effect and its 
molecular mechanism in vivo.

ER stress has been recognized as one of the prime fac-
tors involved in the occurrence and development of DN. 
In recent research, it has been pointed out that many attrib-
utes of DN, including hyperlipidemia, hyperglycemia, and 
elevated AGEs, can trigger ER stress in kidney cells.29 In the 
human or murine model of kidney diseases, UPR sensors, 
including IRE1, ATF6, and PERK, were highly expressed in 
tubular and glomeruli cells. In addition to the UPR sensors, 
GRP78 and CHOP are also considered to be classic markers 
of ER stress.30 GRP78 is a key regulator of ER stress bound to 
UPR sensors. Unregulated ER stress leads to over-expression 
of GRP78 and CHOP; the latter is an important pro-apop-
totic transcription factor.31 Under hyperglycemia conditions, 
irremediable ER stress was aggravated in kidney tissue, as 
evidenced by the increased expression levels of IRE1, ATF6, 
PERK, GRP78, and CHOP. Our data showed that, in con-
trast to the normal rats, renal ER stress markers were highly 
expressed in diabetic rats, which further demonstrated that 
renal ER stress was aggravated in type 2 diabetes. Chronic 
treatment with EGCG for 8 weeks, the mRNA expression 
levels of ER stress markers were reduced significantly in kid-
ney tissue, indicating the beneficial impact of EGCG against 
renal ER stress in type 2 diabetic animals.

DN is also tightly related to NLRP3 inflammasome-
induced inflammation.32 Previous evidence showed that 
IRE1, one of three UPR sensors, is also a salient activator for 
the NLRP3 inflammasome involved in renal injury.33 IRE1 
is an ER transmembrane sensor that senses the initiation of 
ER stress and then regulates the XBP1 expression to trigger 
downstream pathways to resistance ER stress, such as the 
UPR pathway, nuclear factor κB pathway, and the NLRP3 
inflammasome.34,35 The NLRP3 inflammasome is considered 
a potential therapeutic target to ameliorate renal inflamma-
tion and mainly comprises NLRP3 and procaspase-1.36,37 On 
the one hand, an activated NLRP3 inflammasome acts as a 
high-molecular-weight platform for promoting the cleavage 
of the procaspase-1 and generation of bioactive IL-1β and 
IL-18, exacerbating the inflammatory responses and tissue 
damages.38 On the other hand, activated renal NLRP3 inflam-
masome upregulates KIM1 expression and aggravates tubule 
cell injury.39 The current work showed that compared with 
the normal kidney, the concentrations of renal pro-inflam-
matory cytokines and the IRE1, XBP1, NLRP3, and caspase-1 
(p20) expression were noticeably elevated in the diabetic kid-
ney, which confirmed that unregulated ER stress could medi-
ate overactivation of the NLRP3 inflammasome and, then, 
the inflammatory reaction and renal injury were aggravated 

in the diabetic rats. Recently, Bao and Peng40 found that 
EGCG had anti-inflammatory properties in chronic kidney 
disease. Jhang et  al.41 also reported that EGCG exhibited 
anti-inflammatory effects by inhibiting the activation of the 
NLRP3 inflammasome in mice with gouty arthritis. In our 
study, after supplementation with EGCG, the expression of 
ER stress markers and the NLRP3 inflammasome noticeably 
declined, confirming that EGCG had an anti-inflammatory 
effect on the kidney mainly through repression of the ER 
stress and NLRP3 inflammasome in type 2 diabetes.

In conclusion, EGCG exhibited markedly renoprotective 
effects in type 2 diabetes and its molecular mechanism was 
associated with the repression of NLRP3 inflammasome 
overactivation mediated by ER stress. These findings indi-
cate that EGCG offers promising therapeutic potential for 
the treatment of DN in the future.

Authors’ Contributions

RY, JC, and QJ designed the research. RY, SM, XY, and QJ ran 
the experiments. RY, XY, and JC analyzed data and wrote the 
manuscript. JC, QJ, and SM revised the manuscript.

Declaration Of Conflicting Interests

The author(s) declared no potential conflicts of interest with 
respect to the research, authorship, and/or publication of this 
article.

Funding

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this 
article: This work was supported by the Natural Science 
Research Project of Hefei Normal University (grant number: 
2021KJZD25); the Natural Science Research Project of Bengbu 
Medical College (grant number: 2020byzd033); the Natural 
Science Research Project of Anhui Educational Committee (grant 
numbers: KJ2021A0697, KJ2021A0922); the Anhui Provincial 
Natural Science Foundation (grant number: 2008085MC65); and 
the Research Activities of Postdoctoral Researchers Foundation 
of Anhui Province (grant number: 2020B470), China.

ORCID iDs

Rui Yang  https://orcid.org/0000-0003-3862-9069

Qiang Jia  https://orcid.org/0000-0001-6689-5255

References

	 1.	 Forbes JM, Cooper ME. Mechanisms of diabetic complications. Physiol 
Rev 2013;93:137–88

	 2.	 Fineberg D, Jandeleit-Dahm KA, Cooper ME. Diabetic nephropathy: 
diagnosis and treatment. Nat Rev Endocrinol 2013;9:713–23

	 3.	 Alicic RZ, Rooney MT, Tuttle KR. Diabetic kidney disease: challenges, 
progress, and possibilities. Clin J Am Soc Nephrol 2017;12:2032–45

	 4.	 Kashihara N, Haruna Y, Kondeti VK, Kanwar YS. Oxidative stress in 
diabetic nephropathy. Curr Med Chem 2010;17:4256–69

	 5.	 Barrera-Chimal J, Jaisser F. Pathophysiologic mechanisms in diabetic 
kidney disease: a focus on current and future therapeutic targets. 
Diabetes Obes Metab 2020;22:16–31

	 6.	 Chen J, Hou XF, Wang G, Zhong QX, Liu Y, Qiu HH, Yang N, Gu JF, 
Wang CF, Zhang L, Song J, Huang LQ, Jia XB, Zhang MH, Feng L. 
Terpene glycoside component from Moutan Cortex ameliorates dia-
betic nephropathy by regulating endoplasmic reticulum stress-related 
inflammatory responses. J Ethnopharmacol 2016;193:433–44

https://orcid.org/0000-0003-3862-9069
https://orcid.org/0000-0001-6689-5255


Yang et al.    Epigallocatechin-3-gallate ameliorates diabetic renal inflammation    1419

	 7.	 Cao SS, Luo KL, Shi L. Endoplasmic reticulum stress interacts with 
inflammation in human diseases. J Cell Physiol 2016;231:288–94

	 8.	 Hetz C. The unfolded protein response: controlling cell fate decisions 
under ER stress and beyond. Nat Rev Mol Cell Biol 2012;13:89–102

	 9.	 Jia GH, Hill MA, Sowers JR. Diabetic cardiomyopathy: an update of 
mechanisms contributing to this clinical entity. Circ Res 2018;122:624–38

	10.	 Chou X, Ding F, Zhang X, Ding X, Gao H, Wu Q. Sirtuin-1 amelio-
rates cadmium-induced endoplasmic reticulum stress and pyroptosis 
through XBP-1s deacetylation in human renal tubular epithelial cells. 
Arch Toxicol 2019;93:965–86

	11.	 Dara L, Ji C, Kaplowitz N. The contribution of endoplasmic reticulum 
stress to liver diseases. Hepatology 2011;53:1752–63

	12.	 Han CY, Rho HS, Kim A, Kim TH, Jang K, Jun DW, Kim JW, Kim B, 
Kim SG. FXR inhibits endoplasmic reticulum stress-induced NLRP3 
inflammasome in hepatocytes and ameliorates liver injury. Cell Rep 
2018;24:2985–99

	13.	 Jia Q, Mehmood S, Liu X, Ma S, Yang R. Hydrogen sulfide mitigates 
myocardial inflammation by inhibiting nucleotide-binding oligomer-
ization domain-like receptor protein 3 inflammasome activation in 
diabetic rats. Exp Biol Med (Maywood) 2020;245:221–30

	14.	 Qiu YY, Tang LQ. Roles of the NLRP3 inflammasome in the pathogen-
esis of diabetic nephropathy. Pharmacol Res 2016;114:251–64

	15.	 Wang J, Wen Y, Lv LL, Liu H, Tang RN, Ma KL, Liu BC. Involvement of 
endoplasmic reticulum stress in angiotensin II-induced NLRP3 inflam-
masome activation in human renal proximal tubular cells in vitro. Acta 
Pharmacol Sin 2015;36:821–30

	16.	 Eng QY, Thanikachalam PV, Ramamurthy S. Molecular understanding 
of Epigallocatechin gallate (EGCG) in cardiovascular and metabolic 
diseases. J Ethnopharmacol 2018;210:296–310

	17.	 Gan RY, Li HB, Sui ZQ, Corke H. Absorption, metabolism, anti-cancer 
effect and molecular targets of epigallocatechin gallate (EGCG): an 
updated review. Crit Rev Food Sci Nutr 2018;58:924–41

	18.	 Mohan T, Velusamy P, Chakrapani LN, Srinivasan AK, Singh A,  
Johnson T, Periandavan K. Impact of EGCG supplementation on the 
progression of diabetic nephropathy in rats: An insight into fibrosis 
and apoptosis. J Agric Food Chem 2017;65:8028–36

	19.	 Xiang C, Xiao X, Jiang B, Zhou M, Zhang Y, Li H, Hu Z. Epigallocatech-
in3gallate protects from high glucose induced podocyte apoptosis via 
suppressing endoplasmic reticulum stress. Mol Med Rep 2017;16:6142–7

	20.	 Peng Y, Ren D, Song Y, Hu Y, Wu L, Wang Q, He Y, Zhou H, Liu S, 
Cong H. Effects of a combined fucoidan and traditional Chinese medi-
cine formula on hyperglycaemia and diabetic nephropathy in a type II 
diabetes mellitus rat model. Int J Biol Macromol 2020;147:408–19

	21.	 Yang Z, Zhu MZ, Zhang YB, Wen BB, An HM, Ou XC, Xiong YF, Lin 
HY, Liu ZH, Huang JA. Coadministration of epigallocatechin-3-gallate 
(EGCG) and caffeine in low dose ameliorates obesity and nonalcoholic 
fatty liver disease in obese rats. Phytother Res 2019;33:1019–26

	22.	 Jia Q, Yang R, Liu XF, Ma SF, Wang L. Genistein attenuates renal fibro-
sis in streptozotocin-induced diabetic rats. Mol Med Rep 2019;19:423–31

	23.	 Wang X, Gao L, Lin H, Song J, Wang J, Yin Y, Zhao J, Xu X, Li Z, Li 
L. Mangiferin prevents diabetic nephropathy progression and protects 
podocyte function via autophagy in diabetic rat glomeruli. Eur J Phar-
macol 2018;824:170–8

	24.	 Yang R, Li Y, Cai J, Ji J, Wang Y, Zhang W, Pan W, Chen Y. Poly-
saccharides from Armillariella tabescens mycelia ameliorate insulin 
resistance in type 2 diabetic mice. Food Funct 2020;11:9675–85

	25.	 Rabbani N, Thornalley PJ. Advanced glycation end products in the 
pathogenesis of chronic kidney disease. Kidney Int 2018;93:803–13

	26.	 Humphreys BD, Xu F, Sabbisetti V, Grgic I, Movahedi Naini S, Wang 
N, Chen G, Xiao S, Patel D, Henderson JM, Ichimura T, Mou S, Soeung 

S, McMahon AP, Kuchroo VK, Bonventre JV. Chronic epithelial kid-
ney injury molecule-1 expression causes murine kidney fibrosis. J Clin 
Invest 2013;123:4023–35

	27.	 Chakrawarti L, Agrawal R, Dang S, Gupta S, Gabrani R. Therapeutic 
effects of EGCG: a patent review. Expert Opin Ther Pat 2016;26:907–16

	28.	 Xing L, Zhang H, Qi R, Tsao R, Mine Y. Recent advances in the under-
standing of the health benefits and molecular mechanisms associated 
with green tea polyphenols. J Agric Food Chem 2019;67:1029–43

	29.	 Sankrityayan H, Oza MJ, Kulkarni YA, Mulay SR, Gaikwad AB. ER 
stress response mediates diabetic microvascular complications. Drug 
Discov Today 2019;24:2247–57

	30.	 Zheng YZ, Cao ZG, Hu X, Shao ZM. The endoplasmic reticulum stress 
markers GRP78 and CHOP predict disease-free survival and respon-
siveness to chemotherapy in breast cancer. Breast Cancer Res Treat 2014; 
145:349–58

	31.	 Chan SMH, Zhao X, Elfowiris A, Ratnam C, Herbert TP. The role 
of de novo protein synthesis and SIRT1 in ER stress-induced Atf4 
and Chop mRNA expression in mammalian cells. Biochimie 2017;138: 
156–67

	32.	 Yang R, Li Y, Mehmood S, Yan C, Huang Y, Cai J, Ji J, Pan W, Zhang 
W, Chen Y. Polysaccharides from Armillariella tabescens mycelia 
ameliorate renal damage in type 2 diabetic mice. Int J Biol Macromol 
2020;162:1682–91

	33.	 Lerner AG, Upton JP, Praveen PV, Ghosh R, Nakagawa Y, Igbaria 
A, Shen S, Nguyen V, Backes BJ, Heiman M, Heintz N, Greengard P,  
Hui S, Tang Q, Trusina A, Oakes SA, Papa FR. IRE1α induces  
thioredoxin-interacting protein to activate the NLRP3 inflammasome 
and promote programmed cell death under irremediable ER stress. 
Cell Metab 2012;16:250–64

	34.	 Yuan X, Zheng Y, Chen C, Wang C. Anisodamine inhibits endo-
plasmic reticulum stress-associated TXNIP/NLRP3 inflammasome 
activation in rhabdomyolysis-induced acute kidney injury. Apoptosis 
2017;22:1524–31

	35.	 Robblee MM, Kim CC, Porter Abate J, Valdearcos M, Sandlund KL, 
Shenoy MK, Volmer R, Iwawaki T, Koliwad SK. Saturated fatty acids 
engage an IRE1α-dependent pathway to activate the NLRP3 inflam-
masome in myeloid cells. Cell Rep 2016;14:2611–23

	36.	 Yu G, Bai Z, Chen Z, Chen H, Wang G, Wang G, Liu Z. The NLRP3 
inflammasome is a potential target of ozone therapy aiming to ease 
chronic renal inflammation in chronic kidney disease. Int Immuno-
pharmacol 2017;43:203–9

	37.	 Mulay SR. Multifactorial functions of the inflammasome component 
NLRP3 in pathogenesis of chronic kidney diseases. Kidney Int 2019;96: 
58–66

	38.	 Abderrazak A, Syrovets T, Couchie D, El Hadri K, Friguet B, Simmet 
T, Rouis M. NLRP3 inflammasome: from a danger signal sensor to a 
regulatory node of oxidative stress and inflammatory diseases. Redox 
Biol 2015;4:296–307

	39.	 Zhuang Y, Zhao F, Liang J, Deng X, Zhang Y, Ding G, Zhang A, Jia Z, 
Huang S. Activation of COX-2/mPGES-1/PGE2 cascade via NLRP3 
inflammasome contributes to albumin-induced proximal tubule cell 
injury. Cell Physiol Biochem 2017;42:797–807

	40.	 Bao H, Peng A. The Green Tea Polyphenol(-)-epigallocatechin-3-gal-
late and its beneficial roles in chronic kidney disease. J Transl Int Med 
2016;4:99–103

	41.	 Jhang JJ, Lu CC, Yen GC. Epigallocatechin gallate inhibits urate crys-
tals-induced peritoneal inflammation in C57BL/6 mice. Mol Nutr Food 
Res 2016;60:2297–303

(Received March 31, 2022, Accepted May 19, 2022)


