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To explore whether epigallocatechin-3-gallate (EGCG) improves renal damage in diabetic db/db mice and high-glucose- (HG-)
induced injury in HK-2 cells by regulating the level of Klotho gene promoter methylation. Western blotting was used to detect
the protein expression levels of DNA methyltransferase 1 (DNMT1), DNMT3a, DNMT3b, transforming growth factor-β1
(TGF-β1), α-smooth muscle actin (α-SMA), and Klotho. The methylation level of the Klotho gene promoter was detected by
pyrosequencing. Chromatin immunoprecipitation was used to detect the binding of the Klotho gene promoter to DNMT1
and DNMT3a. The expression of oxidative stress markers (reactive oxygen species (ROS), superoxide dismutase (SOD),
malondialdehyde (MDA), catalase (CAT), and 8-hydroxy-2′-deoxyguanosine (8-OHdG)) and inflammatory cytokines
(interleukin-1β (IL-1β), IL-6, and tumor necrosis factor-α (TNF-α)) in kidney homogenates was also measured using
ELISA. Klotho and DNMT3b protein expression was upregulated, while DNMT1, DNMT3a, TGF-β1, and α-SMA protein
expression was downregulated after EGCG treatment. EGCG treatment also reduced the methylation level of the Klotho
gene promoter as well as the binding of DNMT3a to the Klotho gene promoter. In addition, EGCG treatment significantly
decreased the levels of ROS, MDA, 8-OHdG, IL-1β, IL-6, and TNF-α and increased the levels of CAT and SOD. Under
HG conditions, EGCG regulated Klotho gene promoter methylation via DNMT3a and decreased the methylation level of
the Klotho gene promoter, thereby upregulating the expression of the Klotho protein to exert its protective effect.

1. Introduction

Diabetic kidney disease (DKD) is a chronic microvascular
complication of diabetes mellitus (DM); it is also a major
cause of deaths in patients with chronic kidney disease
(CKD) [1]. DNA methylation is an important epigenetic
modification and plays an important role in the development
and progression of DKD. In addition, DNA hypermethyla-
tion is one of the important factors leading to gene silencing,
eventually decreasing the expression of corresponding pro-
teins [2, 3]. It has been reported that high glucose (HG)

causes abnormal DNA methylation [4]. In diabetes, abnor-
mal DNA methylation is not only caused by hyperglycemia
but also by reactive oxidative stress (ROS), inflammation,
cytokines, and growth factors [4, 5]. Studies have demon-
strated that the level of DNA methylation in patients with
DKD is different from that in diabetic patients without
kidney disease [6].

Klotho was accidentally discovered in 1997 by Kuro in
the study of spontaneous hypertension and originally identi-
fied as an antiaging gene. Klotho, as an antioxidative, antifi-
brotic, and anti-inflammatory molecule, is highly expressed
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in distal tubular epithelial cells and is closely associated with
kidney diseases. In addition, the Klotho promoter is rich in
CpG islands and vulnerable to DNA methylation [7–9].
Klotho DNA hypermethylation plays critical roles in the
pathogenesis of kidney diseases. Recently, several studies
have suggested that Klotho is closely associated with DKD.
Lin et al. reported that the protein expression of Klotho
was downregulated in the kidney tissues of streptozotocin-
(STZ-) induced diabetic mice [10]. Moreover, it has been
confirmed that decreased Klotho expression is closely related
to increased proteinuria in db/db mice [11].

Epigallocatechin-3-gallate (EGCG), a kind of green tea
extract, is the major polyphenolic constituent present in
green tea [12]. At present, the studies on EGCG have been
mainly focused on tumors and various metabolic diseases.
EGCG could play an antitumor effect by inhibiting tumor cell
proliferation and angiogenesis and promoting tumor cell
apoptosis in the field of tumorigenesis [13–15]. To date,
various studies have demonstrated that EGCG exhibits
anti-inflammatory, antioxidative, and antifibrotic effects to
play a protective role in metabolic diseases including diabetes
and related complications, especially DKD [16–18]. How-
ever, the results of recent studies did not confirm the effects
of EGCG on multiple signaling systems, and its target
remains to be identified. Considering the similar function
of EGCG and Klotho in kidney protection, we speculate that
there is an association between EGCG and Klotho. Therefore,
this study is aimed at investigating the renoprotective effects
of EGCG and exploring whether EGCG exerts its protective
effects via regulating Klotho expression in both db/db mice
and HK-2 cells. Furthermore, we confirmed the relationship
between EGCG and Klotho by transfecting HK-2 cells with
Klotho overexpression (OE) and knockout (KO) vectors.
Results were analyzed using pyrosequencing and chromatin
immunoprecipitation (ChIP). Hence, an understanding of
the epigenetic mechanisms underlying the regulation of
Klotho expression by EGCG may help identify new targets
for the treatment of DKD.

2. Materials and Methods

2.1. Animals. All animal procedures were approved by the
Animal Care Committee of Fudan University. Six-week-old
C57BLKS/J db/db mice and normal mice were obtained from
the Model Animal Research Center of Nanjing University
and housed in a specific pathogen-free animal facility at
Pudong Hospital. All the mice had free access to normal
rodent diet and distilled water. Prior to treatment, the
6-week-old mice were single-housed for adaptation for
two weeks. Then, mice were allocated to the following
groups (6 mice per group): normal group (nontreated C57
mice); control group (nontreated db/db mice); and EGCG
group (db/db mice + EGCG). The mice of the normal and
control groups were intragastrically administered with 0.9%
saline, and the mice of EGCG group were intragastrically
administered with EGCG 50mg/kg/d (obtained from prelim-
inary experiments). EGCG (No. E4143) was obtained from
Sigma-Aldrich (St. Louis, MO, USA). The treatment lasted

for 8 weeks. The graphical illustration of the mouse treatment
plan is shown in Figure S8.

2.2. Cell Culture and EGCG Treatment. The human renal
proximal tubular epithelial (HK-2) cell line and human
embryonic kidney 293 cells (293) were purchased from the
Bioresource Collection and Research Center and American
Type Culture Collection, respectively. They were cultured
in Dulbecco’s Modified Eagle’s Medium (Invitrogen,
Carlsbad, CA, USA) supplemented with 10% fetal bovine
serum (HyClone, South Logan, UT, USA). When HK-2 cells
reached 80–90% confluency (at 37°C in 5% CO2/95% air
atmosphere), they were maintained in a serum-free medium
for 24 h. Next, HK-2 cells were incubated in medium supple-
mented with normal (5.5mM) or high (60.0mM) levels of
glucose, and subsequently, cells were stimulated with EGCG
(>95% purity; Sigma-Aldrich) at doses of 0.1, 1, 20, and
50μM in high-glucose condition for 24, 48, and 72h.

2.3. Cell Viability. Cell viability was assessed using the Cell
Counting Kit-8 (CCK-8) assay according to the manufac-
turer’s instructions. The absorbance (OD value) was deter-
mined at 450nm using an automated microplate reader
(Infinite M200 PRO; Tecan, Männedorf, Switzerland).

2.4. Plasmid Construction and Klotho OE in HK-2 Cells. Total
RNA was isolated from HK-2 cells using the TRIzol Reagent
(Invitrogen, Carlsbad, CA, USA) and reverse transcribed
into cDNA using the PrimeScript RT Reagent Kit with
gDNA Eraser (Takara, RR047A). Next, we designed PCR
primers and cloned Klotho gene fragments using Phusion
High-Fidelity DNA Polymerase (M0530, NEB, MA, USA)
(as shown in Table S1 and Table S2). The purified PCR
products were cloned into PLB vectors efficiently and
conveniently with the Lethal Based Fast Cloning Kit
(VT205, Tiangen Biotech, Beijing, China), and the
connected products were transformed into Escherichia coli
DH5α competent cells. Then, we screened for plasmid
inserts directly from E. coli colonies using colony PCR and
sent the positive colonies (Figure S2) to Shanghai Sunny
Biotech Co. Ltd. for Sanger sequencing. The primers used
for colony PCR were as follows: forward—5′-CGACTC
ACTATAGGGAGAGCGGC-3′ and reverse—5′-TAGGCG
TCCTGCAGGCGCT-3′. The PCR conditions are listed in
Table S3. The Sanger sequencing primers were as follows:
Fseq-1—5′-CGACTCACTATAGGGAGAGCGGC-3′; Fseq-
2—5′-CGTGGTCACCCTGTACCACT-3′; Fseq-3—5′-ACT
GCTTTCCTGGATTGACCTT-3′; and Rseq—5′-AAGAAC
ATCGATTTTCCATGGCAG-3′.

After confirming the amplified Klotho mRNA sequence
by Sanger sequencing, we transplanted it from the PLB-
HKL plasmid into the pLVX-CMV-GFP-IRES-Puro vector
using AgeI-HF and BamHI-HF to generate the recombinant
pLVX-CMV-GFP-HKL-IRES-Puro plasmid (as shown in
Figure S1). The pLVX-CMV-GFP-HKL-IRES-Puro plasmid,
along with the packaging plasmids pMD2.G and psPAX2,
constituted the lentiviral vector system. The lentiviral
vector system was transfected into 293 cells to produce the
lentivirus. HK-2 cells were infected with this virus and
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screened for monoclonal cells by treatment with puromycin
(2μg/ml). Then, the mRNA overexpression efficiency was
determined, and protein levels were detected by real-time
PCR and western blotting (Figure S3). Results demonstrated
that the lentiviral vector could infect HK-2 cells and increase
the expression of Klotho gene.

2.5. Plasmid Construction and Klotho KO in HK-2 Cells.
Klotho KO cell lines were generated using the CRISPR/Cas9
system. Briefly, HK-2 cells were cotransfected with Lenti-
CRISPRv2 vectors expressing Cas9 and sgRNA targeting
exon 3 of Klotho (Table S4 and Figure S4) as well as a
selection gene, such as a puromycin resistance gene. Klotho
depletion was accurately monitored in monocolonies by
real-time PCR, western blotting, and cell-PCR sequencing
(Figures S5–S7). Cell-PCR was performed using the highly
efficient and high-fidelity PCR enzyme KOD FX (TOYOBO;
KFX-101), and the primers used were as follows: forward—
5′-CAGACACAAAGCTGGGTGTCT-3′ (simultaneously as
a sequencing primer) and reverse—5′-TCAGCTGACTTA
CTTGAATGTAGTT-3′. The PCR reaction conditions are
listed in Table S5. The results showed that the Klotho gene
was successfully knocked out in HK-2 cells.

2.6. Effect of Klotho KO and Klotho OE on Inflammation,
Fibrosis, and Oxidative Stress in HK-2 Cells. HK-2 cells were
divided into 6 groups: normal glucose (NG, 5.5mM), HG
(60mM), HG + EGCG (1μM), HG + Klotho KO, HG +
Klotho KO + EGCG, and HG + Klotho OE groups. Cells
and clear supernatants in each group were harvested at 72 h
post treatment, and used for the detection of fibrosis and
inflammatory and oxidative stress markers by enzyme-
linked immunosorbent assay (ELISA) and western blotting.

2.7. ELISA. The expression of inflammatory and oxidative
stress markers was detected using ELISA kits. The 8-OHdG
ELISA kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, Jiangsu, China) and the 8-iso-prostaglandin F2α
(8-iso-PGF2α) ELISA kit (Cayman Chemical, Ann Arbor,
MI, USA) were used to measure mice urine 8-OHdG and
8-iso-PGF2α, respectively. The levels of superoxide dismut-
ase (SOD), malondialdehyde (MDA), catalase (CAT), 8-
OHdG, interleukin-1β (IL-1β), interleukin-6 (IL-6), and
tumor necrosis factor-α (TNF-α) in mice kidney tissues and
HK-2 cell culture supernatants were measured using com-
mercial kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, Jiangsu, China).

2.8. Western Blot Analysis. The protein levels of Klotho, DNA
methyltransferase 1 (DNMT1), DNMT3a, DNMT3b, trans-
forming growth factor-β1 (TGF-β1), and α-smooth muscle
actin (α-SMA) were evaluated by western blot analysis. Pri-
mary antibodies against TGF-β1 and α-SMA were purchased
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA,
USA). Primary antibodies against Klotho, DNMT1, DNMT3a,
DNMT3b, β-actin, and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) and secondary antibodies were obtained
from Abcam (Cambridge, MA, USA).

Kidney tissue samples and HK-2 cells were lysed with
RIPA Buffer (EpiZyme Inc., Shanghai, China) and centri-
fuged at 2200 g for 10min at 4°C. Total protein concentration
in the supernatants was determined by a BCA assay (Pierce,
Rockford, IL, USA). Around 30μg of protein was added in
each lane and electrophoresed on 10 or 12% sodium dodecyl
sulfate-polyacrylamide gels, and then transferred onto PVDF
membranes (Bio-Rad, CA, USA). The membranes were
blocked with 5% nonfat milk or 5% bovine serum albumin
and blocking buffer (1 × Tris − buffered saline and 0.1%
Tween 20, pH7.4) at room temperature (25°C) for 1 h and
then incubated with the following primary antibodies over-
night at 4°C: Klotho (1 : 1000), DNMT1 (1 : 1000), DNMT3a
(1 : 1000), DNMT3b (1 : 1000), TGF-β1 (1 : 100), α-SMA
(1 : 100), β-actin (1 : 5000), and GAPDH (1 : 1000). The next
day, the membranes were incubated with secondary anti-
bodies (horseradish peroxidase-conjugated anti-rabbit IgG,
1 : 2000) for 1 h at room temperature. Finally, the protein
bands were visualized using the SuperSignal West Femto
Substrate (Pierce, Rockford, IL, USA).

2.9. DNA Pyrosequencing. Genomic DNA from mice kidney
tissue and HK-2 cell lines was extracted using the QIAamp
DNA Mini Kit (Qiagen, Germantown, MD, USA). DNA
concentration and quality were determined using the Nano-
Drop 2000c Spectrophotometer (Thermo Fisher Scientific,
Massachusetts, USA). Next, the DNA samples were subjected
to bisulfite treatment with the EZ DNA Methylation-Gold™
Kit (Zymo Research, CA, USA). All procedures were carried
out according to the manufacturer’s instructions. The CGI
region sequence of mice (927 bp, position: chr5:151755140-
151756066 (mm9/Mouse)) and the HK-2 cell line (1500 bp,
position: chr13:33589850-33591428 (hg19/Human)) was
obtained from the University of California Santa Cruz
(UCSC) Genome Browser. The transcription start site was
+1. A biotin-labeled reverse primer was used for the second
round of PCR. Promoter regions were amplified by PCR
using Klotho-specific primers. PCR and pyrosequencing
primers for the pyrosequencing experiments were generated
manually (Tables S6–S9). Average core promoter and site-
specific CpG methylation was determined as percentage
using the PyroMark Q96 ID System (Qiagen).

2.10. ChIP Assay at the Klotho Promoter. A ChIP assay was
performed following a protocol used in our lab. HK-2 cells
(1:5 × 107) were incubated with 1% formaldehyde for cross-
linking at room temperature for 10min and quenched with
0.125M for 5min. Cells were then harvested by scraping
and centrifuged at 2,000 g for 1min. The cell membrane
and nuclei were lysed using cell lysis buffer and cell nuclear
lysis buffer, respectively. The sonication fragment sizes are
typically between 200 bp and 1 kb. The anti-DNMT1 anti-
body (Abcam; ab13537) and the anti-DNMT3a antibody
(Abcam; ab2850) were coated overnight to pull down chro-
matin. Rabbit IgG served as a negative control. Around
1/10 volume of IP DNA ultrasonic solution was used as the
input DNA. After overnight incubation with proteinase K
at 58°C for reverse cross-linking, pure DNA was eluted with
the MiniElute PCR Purification Kit (28006; Qiagen). The

3Oxidative Medicine and Cellular Longevity



purified DNA was analyzed by real-time PCR for Klotho pro-
moters. Multiple ChIP-qPCR primers were designed for the
CpG island of the Klotho promoter. The most effective
primer pair was as follows: forward—5′-TTCAGCGCACG
GCGAAGTTC-3′ and reverse—5′-TCCTCTGAGAGCAG
CC CTG-3′. Relative data quantification was performed
using the 2–ΔΔCt method and expressed as fold enrichment.

2.11. Statistical Analysis. The Stata 14.0 statistical software
(Stata) was used for statistical analyses. Results are expressed
as means ± standard error of mean ðSEMÞ from triplicate
assays. In a normal distribution, differences among groups
were determined using one-way analysis of variance
(ANOVA). In a nonnormal distribution, differences between
groups were analyzed using the Mann-Whitney U test and
the Wilcoxon signed-rank test. P < 0:05 was considered
significantly different.

3. Results

3.1. Changes in Oxidative Stress Parameters and Inflammatory
Cytokine Levels in Mice of Different Groups. Table S10
and Table S11 show the changes in body weight (BW),
24 h urinary protein, oxidative stress parameters, and
inflammatory cytokine levels in mice after treatment with
or without EGCG by gavage. Compared to those in the
normal group, the levels of the 24 h urine proteins, 8-iso-
PGF2α and 8-OhdG, were increased in the control group.
After treatment of db/db mice with EGCG, the levels of
urinary 8-iso-PGF2α and 8-OHdG were decreased remarkably
during the 8-week period (P < 0:05). Additionally, EGCG
treatment significantly decreased the levels of ROS, MDA,
8-OHdG, IL-1β, IL-6, and TNF-α in kidney tissue samples
compared to those in nontreated db/db mice (P < 0:05).
Moreover, the level of CAT and SOD was increased in
EGCG-treated db/db mice compared with that in nontreated
db/db mice (P < 0:05).

3.2. Changes in the Expression of Klotho, DNMT1, DNMT3a,
and DNMT3b in the Kidney Tissues of Mice. The levels of
Klotho and DNMT3b were upregulated in EGCG-treated
db/db mice compared with those in nontreated db/db
mice (Figures 1(a), 1(b), and 1(f); P < 0:01). Likewise,
compared with that in the control group, the protein
expression of DNMT1 and DNMT3a was also markedly
downregulated after oral administration of EGCG for 8
weeks (Figures 1(c)–1(e); P < 0:01).

3.3. Changes in the Klotho Promoter Methylation Level in the
Kidney Tissues of Mice. Site-specific methylation was
detected in 94 out of 101 CpG sites in the Klotho promoter
by pyrosequencing. Among them, there were significant
changes in the 10th, 13th, 14th, 44th, 56th, 62th, 65th, 79th,
88th, 89th, 90th, 91th, and 99th CpG sites. Compared with
that in the normal group, the methylation level of the Klotho
promoter was significantly increased in nontreated db/db
mice (control group), while EGCG treatment for 8 weeks
significantly reduced the methylation level of the Klotho

promoter in db/db mice compared with that in nontreated
db/db mice (Figures 2(a)–2(c); P < 0:01).

3.4. Effects of EGCG on HG-Induced Injury in HK-2 Cells.We
first detected the effect of HG (60mM) on the activity of HK-
2 cells, and then investigated whether this effect was time-
dependent. Compared to NG treatment (5.5mM), treatment
with HG for 24 h did not induce any significant changes in
cell viability. However, we found that HK-2 cell activity was
significantly decreased under HG conditions in a time-
dependent manner (Figure 3(a); P < 0:01). Next, HK-2 cells
were treated with increasing doses of EGCG in HG condi-
tions, and cell viability was assessed. Compared to HG treat-
ment alone, additional treatment with EGCG (doses of 1,
20, and 50μM) for 72h significantly increased cell viability
(Figure 3(b); P < 0:01).

Furthermore, we examined the changes in Klotho expres-
sion in HK-2 cells. The protein expression of Klotho was
upregulated in the HG+EGCG group compared to that in
the HG group. The concentration of 1μM EGCG was used
for all subsequent experiments because Klotho protein
expression was significantly increased at this concentration
(Figure 4; P < 0:05).

3.5. Changes in the Expression of Klotho, DNMT1, DNMT3a,
and DNMT3b in HK-2 Cells. As shown in Figure 5, after
EGCG intervention, the HG-induced decrease in Klotho and
DNMT3b expression was markedly attenuated (P < 0:01).
Moreover, we also found that the protein expression of
DNMT1 and DNMT3a was obviously increased in the HG
group compared to that in the NG group, but significantly
decreased after treatment with EGCG for 72h (Figures 5(c)–
5(e); P < 0:01).

3.6. Changes in the Methylation Level of the Klotho Promoter
in HK-2 Cells. Next, site-specific methylation of the Klotho
promoter in HK-2 cells was analyzed. Compared with that
in the NG group, the methylation level of the Klotho pro-
moter was significantly increased in the HG group, but
significantly reduced after EGCG treatment for 72h
(Figures 2(d)–2(f); P < 0:01). We detected site-specific meth-
ylation in 166 out of 177 CpG sites in the Klotho promoter.
Among them, there were significant changes in the 8th, 9th,
11th, 12th, 27th, 28th, and 29th CpG sites.

3.7. EGCG Regulated the Enrichment of DNMTs in the Klotho
Promoter in HK-2 Cells. To determine the underlying mech-
anism of EGCG in regulating the methylation level of the
Klotho gene promoter, we investigated the enrichment of
DNMTs in the Klotho promoter in HK-2 cells by ChIP assay.
Compared to the NG group, there was an increase in the
enrichment of DNMT3a in the Klotho gene promoter in
the HG group. After EGCG treatment, the enrichment of
DNMT3a in the Klotho promoter was decreased. However,
the enrichment of DNMT1 in the Klotho gene promoter
was not significantly different between the HG and NG
groups, as well as between the HG and EGCG groups
(Figure 6; P < 0:01).
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3.8. Effects of HG-Induced Injury on HK-2 Cells with Klotho
KO or OE. As shown in Table S12, the HG-induced
increase in ROS, TNF-α, IL-6, and IL-1β expression and
decrease in SOD and MDA expression were significantly
decreased and increased, respectively (P < 0:05), after EGCG

intervention. We also found that Klotho OE attenuated HG-
induced oxidative stress and inflammation. Meanwhile, the
expression of ROS, TNF-α, IL-6, and IL-1β was increased in
Klotho KO HK-2 cells under HG conditions. Moreover, no
significant differences in ROS, SOD, MDA, TNF-α, IL-6,
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Figure 1: Detection of the protein expression of Klotho, DNMT1, DNMT3a, and DNMT3b in the kidney tissues of mice by western blotting.
(a and b) The protein expression of Klotho. (c–e) The protein expression of Klotho, DNMT1, DNMT3a, and DNMT3b. Normal group:
nontreated C57 mice. Control group: nontreated db/db mice. EGCG group: db/db mice treated with EGCG (50mg/kg/d). Values are
expressed as means ± SEM. ∗∗P < 0:01 vs. nontreated db/db mice. ##P < 0:01 vs. nontreated C57 mice.

5Oxidative Medicine and Cellular Longevity



0.0

2.5

5.0

7.5

10.0

12.5

15.0

17.5

20.0

22.5

CpG site

C57 (nontreated)
db/db (nontreated)
db/db+EGCG

M
et

hy
la

tio
n 

le
ve

l (
%

)

10 13 14 44 56 62 65 79 88 89 90 91 99 101

(a)

2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21

C57 (nontreated)
db/db (nontreated)
db/db+EGCG

Kl
ot

ho
 (m

C%
)

##
##

##

## ##
##

CpG14 CpG88 CpG89 CpG90 CpG91 CpG101

⁎⁎

⁎⁎ ⁎⁎

⁎⁎

⁎⁎

⁎⁎

(b)

Figure 2: Continued.
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Figure 2: Detection of Klotho promoter methylation level in the kidney tissues of mice and HK-2 cells by pyrosequencing. (a) Significant
changes of 14 CpG sites in the Klotho promoter of mice (chr5:151755140-151756066; mm9/mouse). (b) The methylation level of 6 CpG
sites in each group of mice. Normal group: nontreated C57 mice. Control group: nontreated db/db mice. EGCG group: db/db mice treated
with EGCG (50mg/kg/d). (c) Representative pyrograms. The upper pyrogram is the normal group, the middle pyrogram is the control
group, and the lower pyrogram is the EGCG group. Values are expressed as means ± SEM. ∗∗P < 0:01 vs. control. ∗∗P < 0:01 vs.
nontreated db/db mice. ##P < 0:01 vs. nontreated C57 mice. (d) Significant changes in 7 CpG sites in the Klotho promoter of HK-2 cells
(chr13: 33589850-33591428; hg19/human). (e) The methylation level of the Klotho promoter in each group of HK-2 cells. NG: normal
glucose (5.5mM); HG: high glucose (60mM); EGCG: HK-2 cells treated with 1μM EGCG. (f) Representative pyrograms. The upper
pyrogram is the NG group, the middle pyrogram is the HG group, and the lower pyrogram is the EGCG group. Values are expressed as
means ± SEM. ∗∗P < 0:01 vs. the HG group.
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and IL-1β expression levels were observed between Klotho
KO HK-2 cells with and without EGCG treatment in HG
conditions.

As shown in Figure 7, compared to HG treatment alone,
the protein expression of TGF-β1 and α-SMA in HK-2 cells
was downregulated by EGCG treatment and Klotho OE.
However, the protein level of TGF-β1 and α-SMA showed
no obvious change in Klotho KO HK-2 cells with or without
EGCG treatment under HG conditions. Thus, these results
indicate that Klotho functions as a key target of EGCG and
mediates its anti-inflammatory, antioxidative, and antifibro-
tic effects.

4. Discussion

In this study, we found that treatment with EGCG
(50mg/kg/d) for 8 weeks decreased the level of 24 h urinary
proteins, 8-OHdG and 8-iso-PGF2α, and also decreased the
expression of renal oxidative stress and inflammatory and

fibrosis markers in db/db mice. Moreover, renal DNMT1
and DNMT3a levels were increased, the methylation level
of the Klotho gene promoter was increased, and the expres-
sion of the Klotho protein was reduced in db/db mice. How-
ever, these effects could be reversed with EGCG treatment,
suggesting that EGCG downregulated the expression of
DNMTs, thereby regulating Klotho gene promoter methyla-
tion to increase the expression of the Klotho protein. Similar
results were obtained in HK-2 cells. The expression of oxi-
dative stress and inflammatory and fibrosis markers was
significantly reduced by Klotho OE under HG conditions,
indicating that OE of the Klotho protein can alleviate
HG-induced cell damage. In the case of Klotho gene KO,
the expression of oxidative stress and inflammatory and
fibrosis markers was significantly upregulated by HG stim-
ulation, and EGCG treatment did not reverse this effect,
indicating that EGCG did not play a role in mediating
the effects of the Klotho gene KO. Hence, Klotho was
identified to be a key target of EGCG.
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Figure 3: Effect of EGCG on HK-2 cell viability under HG conditions. (a) Effect of HG on HK-2 cell viability at different time points. ∗∗P
< 0:01 vs. the HG group at 24 h. (b) Effect of HG on the viability of HK-2 cells treated with EGCG for 72 h. ∗∗P < 0:01 vs. the HG group.
HG: high glucose (60mM). Values are expressed as means ± SEM.
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Figure 4: The protein expression of Klotho in HK-2 cells detected by western blotting. (a) Effect of different doses of EGCG on Klotho
expression in HG-induced HK-2 cells. (b) The expression of Klotho/β-actin was quantitatively analyzed in each group. NG: normal
glucose (5.5mM); HG: high glucose (60mM); EGCG0.1, EGCG1, EGCG20, and EGCG50: HK-2 cells treated with EGCG doses of 0.1, 1,
20, and 50 μM in high-glucose conditions, respectively. Values are expressed as means ± SEM. ∗∗P < 0:01 vs. the HG group.

10 Oxidative Medicine and Cellular Longevity



In China, tea has a long history and is widely consumed
by the general population. EGCG, an extract of green tea,
has the advantages of being natural and safe, without
any side effects [19]. As reported previously, EGCG has
many functions, such as anti-inflammatory, antioxidative,
and antifibrotic effects in various tissues and cells, and it
has been shown to inhibit DNA methylation in tumor cell
lines [20–23]. However, the underlying molecular mecha-
nism by which EGCG exerts these protective effects
remains unknown. Some studies have shown that EGCG
plays an important role in kidney protection by exerting
multiple functions, but the exact mechanism is not clear.

Recent studies have shown that Klotho plays an impor-
tant role in the development of kidney disease [24–26]. The
protein expression of Klotho was found to be decreased in

kidney tissues in several clinical and animal studies on kidney
disease, including DKD [27, 28]. It has been reported that the
decrease of plasma Klotho is closely related to the progres-
sion of DKD in patients with type 2 diabetes [29]. Previous
studies have shown that renal Klotho protein was downregu-
lated in STZ-induced diabetic mice [30]. Kadoya et al. [31]
showed that Klotho could alleviate glomerular hypertrophy
and glomerular injury in DKD. Similar results were obtained
in our study. The protein expression of Klotho was decreased
in db/db mice and HK-2 cells under HG conditions.

Epigenetics refers to the ability to regulate gene expres-
sion without altering the primary nucleotide sequence, i.e.,
phenotypic changes, including histone modifications, DNA
methylation, and noncoding RNAs can be induced without
changing the genotype [32, 33]. In general, epigenetic
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Figure 5: The protein expression of Klotho, DNMT1, DNMT3a, and DNMT3b in HK-2 cells detected by western blotting. (a and b) The
protein expression of Klotho. (c–e) The protein expression of Klotho, DNMT1, DNMT3a, and DNMT3b. NG: normal glucose (5.5mM);
HG: high glucose (60mM); EGCG: HK-2 cells treated with 1μM EGCG. Values are expressed as means ± SEM. ∗P < 0:05 vs. the HG
group; ∗∗P < 0:01 vs. the HG group.
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modifications are thought to be stable and heritable during
cell division [34]. However, they may be reversible and
affected by environmental factors (oxidative stress, inflam-
mation, cytokines, growth factors, and so on), age, and
disease state [4, 5]. Studies have shown that epigenetic mech-
anisms, especially DNA methylation, can lead to various
kidney diseases, including DKD, chronic kidney disease,
and renal cell carcinoma [35]. Recent studies have suggested
that DNA methylation is closely related to the pathogenesis
and progression of DKD [36, 37].

In our study, Klotho and DNMT3b protein expression
was upregulated, while DNMT1 and DNMT3a protein
expression was downregulated in the EGCG group compared
with that in the control group (db/db mice without EGCG
treatment). The methylation level of the Klotho gene pro-
moter was increased in the control group but decreased
in the EGCG group. Similar to our results, Zhang et al.
found that DNMT3b protein expression was decreased
and DNMT3a protein expression was increased in chronic
nondiabetic kidney disease [38]. Moreover, in previous stud-
ies, the protein expression of both DNMT3a and DNMT3b
was found to be increased in tumor cell lines [39]. Hence,
the protein expression of DNMT3a and DNMT3b may be
associated with the development of different diseases, and
further research is required to study the differences in
DNMT3a expression and DNMT3b expression in different
diseases or cells.

Oxidative stress, inflammatory response, and fibrosis are
the major pathological mechanisms of DKD. ROS are mainly
produced by excessive oxidative stress, and renal tubular cells
are the main target cells of ROS. ROS can induce the
apoptosis of mesangial cells and tubular cells, causing path-
ological changes, which ultimately lead to glomerular scle-
rosis [40, 41]. Inflammatory response is the major cause
of DKD [42]. In addition, inflammatory response can also
induce oxidative stress under HG conditions, and vice
versa, forming a vicious circle [43]. It has been reported
that oxidative stress can increase the expression of TGF-β1
and α-SMA in DKD in a direct or indirect manner [44]. Both

TGF-β1 and α-SMA are hypertrophic and fibrotic cytokines
that play an important role in glomerular hypertrophy and
mesangial matrix broadening, which ultimately lead to end-
stage renal disease [45]. In this study, our data demonstrated
that both EGCG and Klotho OE could decrease the levels of
oxidative stress and inflammatory and fibrosis markers.

Next, we investigated the mechanism by which EGCG
regulates Klotho expression to protect the kidney in DKD.
Klotho is highly expressed in the distal tubules of the kidney
and is rich in CpG islands, indicating that the promoter of
the Klotho gene is closely related to DNA methylation.
Therefore, we examined the methylation level of the Klotho
gene promoter and found that its level was increased and
the expression of Klotho protein was decreased in db/dbmice
compared with that in normal mice. Similar results were
obtained in HG-induced HK-2 cells. These findings indicated
that changes in Klotho promoter methylation were observed
in DKD. After 8 weeks of intervention with EGCG
(50mg/kg/d), results showed that the methylation level of
the Klotho gene promoter in db/db mice was significantly
lower than that in control mice, indicating that EGCG can
reverse Klotho promoter methylation. We also found that
EGCG could regulate the expression of DNMTs in db/db
mice and HK-2 cells. Moreover, ChIP results showed that
DNMT3a and Klotho promoters were highly enriched in
HG environment, and the enrichment was reduced after
EGCG intervention. The effect of DNMT3a on Klotho
promoter methylation has been reported in several studies
[37, 46, 47]; however, the binding of DNMT3a to Klotho
gene promoters was not reported. In this study, for the
first time, we showed that EGCG decreased the enrich-
ment of DNMT3a in the Klotho gene promoter under
HG conditions.

Hence, these results showed that HG increased the meth-
ylation level of the Klotho gene promoter by regulating
DNMTs, leading to low expression of Klotho protein and
causing changes in downstream molecules, eventually upreg-
ulating the expression of oxidative stress and inflammatory
and fibrosis markers, and thus accelerating the progression
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Figure 6: Changes in DNMT1 and DNMT3a binding at the Klotho promoter in HK-2 cells. Relative ChIP enrichment was quantified
by qPCR. IgG (immunoglobulin G) was used as the negative control. NG: normal glucose (5.5mM); HG: high glucose (60mM); EGCG:
HK-2 cells treated with 1 μM EGCG. Values are expressed as means ± SEM. ∗∗P < 0:01 vs. the HG group.
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of DKD. Based on our results, EGCG could downregulate the
enrichment of DNMT3a and Klotho to decrease the methyl-
ation level of the Klotho gene promoter, and it could also
upregulate the expression of Klotho to inhibit oxidative
stress, fibrosis, and inflammation. In HG-induced HK-2 cells,
Klotho OE could inhibit the expression of oxidative stress
and inflammatory and fibrosis markers, and ameliorate cell
damage. However, in the case of Klotho gene KO, EGCG
intervention did not significantly decrease marker expres-
sion. These results indicate that EGCG does not exert its pro-
tective function in the absence of the Klotho gene.

4.1. Limitation. In animal experiments, we have three groups.
C57BLKS/J normal mice were set as blank controls,
C57BLKS/J db/db mice were set as negative controls, and
C57BLKS/J db/db mice treated with EGCG at 50mg/kg/d
were set as the experimental group. The C57BLKS/J normal
mice treated with only EGCG were missing. If C57BLKS/J

normal mice treated with only EGCG were set, the experi-
ment would be more rigorous.

5. Conclusion

In summary, our results suggested that HG treatment
increased the methylation level of the Klotho gene promoter
via regulating DNMT3a expression (Figures 8(a) and 8(b)),
while EGCG exerted renoprotective effects through its
demethylation function and decreased Klotho gene pro-
moter methylation in HG conditions by inhibiting the
expression of fibrosis, oxidative stress, and inflammatory
markers (Figure 8(c)). We also found that the expression
of fibrosis, oxidative stress, and inflammatory markers was
increased in Klotho KO HK-2 cells treated with EGCG
under HG conditions (Figure 8(d)). Hence, our study sug-
gests that Klotho is a key target of EGCG through which it
exerts its protective functions.
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Figure 7: The protein expression of TGF-β1 and α-SMA in HK-2 cells detected by western blotting. (a) The protein expression of TGF-β1
and α-SMA in HK-2 cells of each group. The expression of TGF-β1/GAPDH (b) and α-SMA/GAPDH (c) was quantitatively analyzed in each
group. NG: normal glucose (5.5mM); HG: high glucose (60mM); EGCG: HK-2 cells treated with 1μM EGCG; Klotho KO: Klotho gene
knockout; Klotho OE: Klotho gene overexpression. Values are expressed as means ± SEM. ∗∗P < 0:01 vs. the HG group.

13Oxidative Medicine and Cellular Longevity



DNMT3a 

Me

Hypomethylation

Klotho

TGF-𝛽1
𝛼-SMA

TNF-𝛼
IL-1𝛽
IL -6

ROS
MDA
SOD

Normal

(a)

DNMT3a 

Me

Hypermethylation

Klotho

TGF-𝛽1
𝛼-SMA

TNF-𝛼
IL-1𝛽
IL-6

ROS
MDA
SOD

HG

Me Me

Fibrosis

Inflammation

Oxidative
stress

(b)

Klotho

TGF-𝛽1
𝛼-SMA

TNF-𝛼
IL-1𝛽
IL-6

ROS
MDA
SOD

HG+EGCG
Fibrosis

Inflammation

Oxidative 
stress

EGCG

DNMT3a 
Me

Hypomethylation

(c)

Figure 8: Continued.

14 Oxidative Medicine and Cellular Longevity



Data Availability

The datasets generated and/or analyzed during the current
study are available from the corresponding authors upon
reasonable request.

Disclosure

Part of this work has been previously presented in oral
presentation form at the ERA-EDTA (2018 Copenhagen,
Denmark) annual meetings, and the abstract has been
published at Nephrology Dialysis Transplantation 2018; 33
(Supplement 1): i628–i629 (https://academic.oup.com/ndt/
article/33/suppl_1/i628/4998785).

Conflicts of Interest

The authors declare that there are no competing interests.

Authors’ Contributions

Gu YH, Guo LL, and Jin HM conceived and designed the
research. Yang XH and Zhang BL conducted experiments
of mice and analyzed data. Zhang XM and Tong JD con-
ducted experiments of cells and analyzed data. Gu YH and
Guo LL wrote the manuscript. Jin HM provided edits to the
manuscript. All authors have approved the final version of
the manuscript and have agreed to submit it to this journal.
Zhang BL, Tong JD, Zhang XM, and Yang XL contributed
equally to this paper.

Acknowledgments

This study was supported by Shanghai Pudong Hospital key
Discipline in Nephrology-2020 and Shanghai Municipal
Commission of Health and Family Planning (Grant No.
201840025) and Construction of Key Academic Groups in
Nephrology in Pudong New Area (Grant No. PWZxq2017-
07).

Supplementary Materials

Table S1: Klotho cDNA PCR primers. Table S2: sequence of
PCR product. Figure S1: Klotho OE plasmid map. Table S3:
Colony PCR using the thermal cycling program. Figure S2:
Klotho OE plasmid inserts were identified by colony PCR.
M: 100 bp DNAmarker; lanes 1-7: E. coli colonies 1-7. Figure
S3: the identification of Klotho OE in HK-2 cells. Table S4:
the oligo sequence of HKL-KO. Figure S4: Klotho KO
plasmid map. Table S5: cell-PCR using the thermal cycling
program. Figure S5: the determination of Klotho knockout
efficiency by PCR. Figure S6: the determination of Klotho
knockout efficiency by western blot. Figure S7: monoclonal
cell-PCR sequencing alignment results and sequencing
quality check peak map. Sequencing showed double peaks
and gene sequence changes. Table S6: nested PCR for mice.
Table S7: pyrosequencing primers and detection sequence
of mice. Table S8: nested PCR for HK-2 cells. Table S9: pyro-
sequencing primers and detection sequence of HK-2 cells.
Table S10: changes in body weight, 24-hour urinary protein,
urinary 8-iso-PGF2α, and 8-OHdG in mice after different
treatments. Table S11: changes in parameters of oxidative
stress and proinflammatory cytokines in kidney homoge-
nates in mice after different treatments. Table S12: changes
in parameters of oxidative stress and proinflammatory
cytokines in HK-2 cells after different treatments. Figure
S8: a graphical illustration of the mouse treatment plan.
(Supplementary Materials)

References

[1] L. C. Martinez, D. Sherling, and A. Holley, “The screening and
prevention of diabetes mellitus,” Primary Care, vol. 46, no. 1,
pp. 41–52, 2019.

[2] M. A. Reddy and R. Natarajan, “Recent developments in epige-
netics of acute and chronic kidney diseases,” Kidney Interna-
tional, vol. 88, no. 2, pp. 250–261, 2015.

[3] G. Liu, W. Wang, S. Hu, X. Wang, and Y. Zhang, “Inherited
DNA methylation primes the establishment of accessible

Klotho

TGF-𝛽1
α-SMA

TNF-𝛼
IL-1𝛽
IL-6 

ROS
MDA
SOD

HG+EGCG+Klotho KO
Fibrosis

Inflammation

Oxidative 
stress

Klotho KO

EGCG

DNMT3a 

Methylation

(d)

Figure 8: Schematic representation of the underlying mechanisms by which EGCG regulates HG-induced oxidative stress, inflammation, and
renal fibrosis. (a–d) The expression of oxidative stress, inflammation, and renal fibrosis markers under normal, HG, HG+EGCG, and
HG+EGCG+Klotho KO conditions.

15Oxidative Medicine and Cellular Longevity

https://academic.oup.com/ndt/article/33/suppl_1/i628/4998785
https://academic.oup.com/ndt/article/33/suppl_1/i628/4998785
http://downloads.hindawi.com/journals/omcl/2020/6092715.f1.docx


chromatin during genome activation,” Genome Research,
vol. 28, no. 7, pp. 998–1007, 2018.

[4] K. Richter, A. Konzack, T. Pihlajaniemi, R. Heljasvaara, and
T. Kietzmann, “Redox-fibrosis: impact of TGFβ1 on ROS
generators, mediators and functional consequences,” Redox
Biology, vol. 6, pp. 344–352, 2015.

[5] S. Horsburgh, P. Robson-Ansley, R. Adams, and C. Smith,
“Exercise and inflammation-related epigenetic modifications:
focus on DNA methylation,” Exercise Immunology Review,
vol. 21, pp. 26–41, 2015.

[6] C. Sapienza, J. Lee, J. Powell et al., “DNAmethylation profiling
identifies epigenetic differences between diabetes patients with
ESRD and diabetes patients without nephropathy,” Epige-
netics, vol. 6, no. 1, pp. 20–28, 2014.

[7] A. Inci, F. Sari, M. Coban et al., “Soluble Klotho and fibroblast
growth factor 23 levels in diabetic nephropathy with different
stages of albuminuria,” Journal of Investigative Medicine,
vol. 64, no. 6, pp. 1128–1133, 2016.

[8] E. Dokumacioglu, H. Iskender, and A. Musmul, “Effect of
hesperidin treatment on α-Klotho/FGF-23 pathway in rats
with experimentally-induced diabetes,” Biomedicine & Phar-
macotherapy, vol. 109, pp. 1206–1210, 2019.

[9] J. M. Hum, L. M. O’Bryan, A. K. Tatiparthi et al., “Sustained
Klotho delivery reduces serum phosphate in a model of dia-
betic nephropathy,” Journal of Applied Physiology, vol. 126,
no. 4, pp. 854–862, 2019.

[10] Y. Lin, M. Kuro-o, and Z. Sun, “Genetic deficiency of anti-
aging gene Klotho exacerbates early nephropathy in STZ-
induced diabetes in male mice,” Endocrinology, vol. 154,
no. 10, pp. 3855–3863, 2013.

[11] Y. Zhao, S. Banerjee, N. Dey et al., “Klotho depletion contrib-
utes to increased inflammation in kidney of the db/db mouse
model of diabetes via RelA (serine)536 phosphorylation,” Dia-
betes, vol. 60, no. 7, pp. 1907–1916, 2011.

[12] N. Khan andH.Mukhtar, “Molecular understanding of pigalloca-
techin gallate (EGCG) in cardiovascular and metabolic diseases,”
Journal of Ethnopharmacology, vol. 210, pp. 296–310, 2018.

[13] J. Zhu, Y. Jiang, X. Yang et al., “Wnt/β-catenin pathway
mediates (-)-epigallocatechin-3-gallate (EGCG) inhibition of
lung cancer stem cells,” Biochemical and Biophysical Research
Communications, vol. 482, no. 1, pp. 15–21, 2017.

[14] R.-Y. Gan, H.-B. Li, Z.-Q. Sui, and H. Corke, “Absorption,
metabolism, anti-cancer effect and molecular targets of epi-
gallocatechin gallate (EGCG): an updated review,” Critical
Reviews in Food Science and Nutrition, vol. 58, no. 6,
pp. 924–941, 2017.

[15] Y. S. Shin, S. U. Kang, J. K. Park et al., “Anti-cancer effect
of (-)-epigallocatechin-3-gallate (EGCG) in head and neck
cancer through repression of transactivation and enhanced
degradation of β-catenin,” Phytomedicine, vol. 23, no. 12,
pp. 1344–1355, 2016.

[16] S. P. Yoon, Y. H. Maeng, R. Hong et al., “Protective effects of
epigallocatechin gallate (EGCG) on streptozotocin-induced
diabetic nephropathy in mice,” Acta Histochemica, vol. 116,
no. 8, pp. 1210–1215, 2014.

[17] J. G. Leu, C. Y. Lin, J. H. Jian, C. Y. Shih, and Y. J. Liang,
“Epigallocatechin-3-gallate combined with alpha lipoic acid
attenuates high glucose-induced receptor for advanced glyca-
tion end products (RAGE) expression in human embryonic
kidney cells,” Anais da Academia Brasileira de Ciências,
vol. 85, no. 2, pp. 745–752, 2013.

[18] Y. J. Liang, J. H. Jian, Y. C. Liu et al., “Advanced glycation end
products-induced apoptosis attenuated by PPARdelta activa-
tion and epigallocatechin gallate through NF-kappaB pathway
in human embryonic kidney cells and human mesangial cells,”
Diabetes/Metabolism Research and Reviews, vol. 26, no. 5,
pp. 406–416, 2010.

[19] X. Li, S. Li, M. Chen, J. Wang, B. Xie, and Z. Sun, “(-)-Epigallo-
catechin-3-gallate (EGCG) inhibits starch digestion and
improves glucose homeostasis through direct or indirect
activation of PXR/CAR-mediated phase II metabolism in dia-
betic mice,” Food & Function, vol. 9, no. 9, pp. 4651–4663,
2018.

[20] H.-J. Jang, S. D. Ridgeway, and J.-a. Kim, “Effects of the green
tea polyphenol epigallocatechin-3-gallate on high-fat diet-
induced insulin resistance and endothelial dysfunction,”
American Journal of Physiology. Endocrinology and Metabo-
lism, vol. 305, no. 12, pp. E1444–E1451, 2013.

[21] C. E. Reiter, J. A. Kim, and M. J. Quon, “Green tea polyphenol
epigallocatechin gallate reduces endothelin-1 expression and
secretion in vascular endothelial cells: roles for AMP-
activated protein kinase, Akt, and FOXO1,” Endocrinology,
vol. 151, no. 1, pp. 103–114, 2010.

[22] R. Gao, Y. Wang, Z. Wu, J. Ming, and G. Zhao, “Interaction of
barley β-glucan and tea polyphenols on glucose metabolism in
streptozotocin-induced diabetic rats,” Journal of Food Science,
vol. 77, no. 6, pp. H128–H134, 2012.

[23] N. Oršolić, D. Sirovina, G. Gajski, V. Garaj-Vrhovac, M. J.
Jembrek, and I. Kosalec, “Assessment of DNA damage and
lipid peroxidation in diabetic mice: effects of propolis and epi-
gallocatechin gallate (EGCG),” Mutation Research, vol. 757,
no. 1, pp. 36–44, 2013.

[24] N. J. Cho, D. J. Han, J. H. Lee et al., “Soluble Klotho as a marker
of renal fibrosis and podocyte injuries in human kidneys,”
PLoS One, vol. 13, no. 3, article e0194617, 2018.

[25] M. Deng, Y. Luo, Y. Li et al., “Klotho gene delivery ameliorates
renal hypertrophy and fibrosis in streptozotocin-induced dia-
betic rats by suppressing the Rho-associated coiled-coil kinase
signaling pathway,”Molecular Medicine Reports, vol. 12, no. 1,
pp. 45–54, 2015.

[26] J. A. Neyra and M. C. Hu, “Potential application of Klotho in
human chronic kidney disease,” Bone, vol. 100, pp. 41–49,
2017.

[27] Y. N. Liu, J. W. Zhou, T. T. Li et al., “Sulodexide protects renal
tubular epithelial cells from oxidative stress-induced injury via
upregulating klotho expression at an early stage of diabetic
kidney disease,” Journal of Diabetes Research, vol. 2017, Article
ID 4989847, 10 pages, 2017.

[28] Y. Shimamura, K. Hamada, K. Inoue et al., “Serum levels of
soluble secreted α-Klotho are decreased in the early stages of
chronic kidney disease, making it a probable novel biomarker
for early diagnosis,” Clinical and Experimental Nephrology,
vol. 16, no. 5, pp. 722–729, 2012.

[29] S. S. Kim, S. H. Song, I. J. Kim et al., “Decreased plasma
α-Klotho predict progression of nephropathy with type 2
diabetic patients,” Journal of Diabetes and its Complica-
tions, vol. 30, no. 5, pp. 887–892, 2016.

[30] W. Jiang, T. Xiao, W. Han et al., “Klotho inhibits PKCα/
p66SHC-mediated podocyte injury in diabetic nephropathy,”
Molecular and Cellular Endocrinology, vol. 494, p. 110490,
2019.

[31] H. Kadoya, M. Satoh, Y. Haruna, T. Sasaki, and N. Kashihara,
“Klotho attenuates renal hypertrophy and glomerular injury in

16 Oxidative Medicine and Cellular Longevity



Ins2Akita diabetic mice,” Clinical and Experimental Nephrol-
ogy, vol. 20, no. 5, pp. 671–678, 2016.

[32] G. Egger, G. Liang, A. Aparicio, and P. A. Jones, “Epigenetics
in human disease and prospects for epigenetic therapy,”
Nature, vol. 429, no. 6990, pp. 457–463, 2014.

[33] R. Bonasio, S. Tu, and D. Reinberg, “Molecular signals of
epigenetic states,” Science, vol. 330, no. 6004, pp. 612–616,
2010.

[34] E. D. Rosen, K. H. Kaestner, R. Natarajan et al., “Epigenetics
and epigenomics: implications for diabetes and obesity,” Dia-
betes, vol. 67, no. 10, pp. 1923–1931, 2018.

[35] L. Xu, R. Natarajan, and Z. Chen, “Epigenetic risk profile of
diabetic kidney disease in high-risk populations,” Current Dia-
betes Reports, vol. 19, no. 3, p. 9, 2019.

[36] W. L. Kang and G. S. Xu, “Atrasentan increased the expression
of Klotho by mediating miR-199b-5p and prevented renal
tubular injury in diabetic nephropathy,” Scientific Reports,
vol. 6, no. 1, p. 19979, 2016.

[37] S. Yin, Q. Zhang, J. Yang et al., “TGFβ-incurred epigenetic
aberrations of miRNA and DNA methyltransferase suppress
Klotho and potentiate renal fibrosis,” Biochimica et Biophysica
Acta (BBA) - Molecular Cell Research, vol. 1864, no. 7,
pp. 1207–1216, 2017.

[38] Q. Zhang, L. Liu, W. Lin et al., “Rhein reverses Klotho repres-
sion via promoter demethylation and protects against kidney
and bone injuries in mice with chronic kidney disease,” Kidney
International, vol. 91, no. 1, pp. 144–156, 2017.

[39] Z. Yuan, S. Chen, C. Gao et al., “Development of a versatile
DNMT and HDAC inhibitor C02S modulating multiple can-
cer hallmarks for breast cancer therapy,” Bioorganic Chemis-
try, vol. 87, pp. 200–208, 2019.

[40] J. M. Forbes, M. T. Coughlan, and M. E. Cooper, “Oxidative
stress as a major culprit in kidney disease in diabetes,” Diabe-
tes, vol. 57, no. 6, pp. 1446–1454, 2008.

[41] L. Luo, D. Z. Dai, Y. S. Cheng, Q. Zhang, W. J. Yuan, and
Y. Dai, “Sildenafil improves diabetic vascular activity through
suppressing endothelin receptor A, iNOS and NADPH oxi-
dase which is comparable with the endothelin receptor antag-
onist CPU0213 in STZ-injected rats,” The Journal of Pharmacy
and Pharmacology, vol. 63, no. 7, pp. 943–951, 2011.

[42] R. Pichler, M. Afkarian, B. P. Dieter, and K. R. Tuttle, “Immu-
nity and inflammation in diabetic kidney disease: translating
mechanisms to biomarkers and treatment targets,” American
Journal of Physiology. Renal Physiology, vol. 312, no. 4,
pp. F716–F731, 2017.

[43] A. A. Elmarakby and J. C. Sullivan, “Relationship between
oxidative stress and inflammatory cytokines in diabetic
nephropathy,” Cardiovascular Therapeutics, vol. 30, no. 1,
pp. 49–59, 2012.

[44] Z. Ashrafi Jigheh, A. Ghorbani Haghjo, H. Argani et al.,
“Empagliflozin alleviates renal inflammation and oxidative
stress in streptozotocin-induced diabetic rats partly by repres-
sing HMGB1-TLR4 receptor axis,” Iranian Journal of Basic
Medical Sciences, vol. 22, no. 4, pp. 384–390, 2019.

[45] A. I. Othman, M. R. el-Sawi, M. A. el-Missiry, and M. H.
Abukhalil, “Epigallocatechin-3-gallate protects against dia-
betic cardiomyopathy through modulating the cardiometa-
bolic risk factors, oxidative stress, inflammation, cell death
and fibrosis in streptozotocin-nicotinamide-induced diabetic
rats,” Biomedicine & Pharmacotherapy, vol. 94, pp. 362–373,
2017.

[46] Y. Li, F. Chen, A. Wei et al., “Klotho recovery by genistein via
promoter histone acetylation and DNA demethylation miti-
gates renal fibrosis in mice,” Journal of Molecular Medicine
(Berlin, Germany), vol. 97, no. 4, pp. 541–552, 2019.

[47] B. R. Adhikari, O. Uehara, H. Matsuoka et al., “Immunohisto-
chemical evaluation of Klotho and DNA methyltransferase 3a
in oral squamous cell carcinomas,” Medical Molecular Mor-
phology, vol. 50, no. 3, pp. 155–160, 2017.

17Oxidative Medicine and Cellular Longevity


	EGCG Attenuates Renal Damage via Reversing Klotho Hypermethylation in Diabetic db/db Mice and HK-2 Cells
	1. Introduction
	2. Materials and Methods
	2.1. Animals
	2.2. Cell Culture and EGCG Treatment
	2.3. Cell Viability
	2.4. Plasmid Construction and Klotho OE in HK-2 Cells
	2.5. Plasmid Construction and Klotho KO in HK-2 Cells
	2.6. Effect of Klotho KO and Klotho OE on Inflammation, Fibrosis, and Oxidative Stress in HK-2 Cells
	2.7. ELISA
	2.8. Western Blot Analysis
	2.9. DNA Pyrosequencing
	2.10. ChIP Assay at the Klotho Promoter
	2.11. Statistical Analysis

	3. Results
	3.1. Changes in Oxidative Stress Parameters and Inflammatory Cytokine Levels in Mice of Different Groups
	3.2. Changes in the Expression of Klotho, DNMT1, DNMT3a, and DNMT3b in the Kidney Tissues of Mice
	3.3. Changes in the Klotho Promoter Methylation Level in the Kidney Tissues of Mice
	3.4. Effects of EGCG on HG-Induced Injury in HK-2 Cells
	3.5. Changes in the Expression of Klotho, DNMT1, DNMT3a, and DNMT3b in HK-2 Cells
	3.6. Changes in the Methylation Level of the Klotho Promoter in HK-2 Cells
	3.7. EGCG Regulated the Enrichment of DNMTs in the Klotho Promoter in HK-2 Cells
	3.8. Effects of HG-Induced Injury on HK-2 Cells with Klotho KO or OE

	4. Discussion
	4.1. Limitation

	5. Conclusion
	Data Availability
	Disclosure
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

