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Parthenolide regulates DNMT1-mediated methylation of VDR promoter to relieve
podocyte damage in mice with diabetic nephropathy

Xinbo YANG', Yulei ZHANG?, Ni YANG', Xiao YU', Xin GAO', Meiyun ZHAO*

Abstract

Current evidence showed that parthenolide (PN) has strong anti-inflammatory activity, but its effect on diabetic nephropathy
(DN) is still unclear. In this research, high glucose (HG)-induced MPC5 cells were incubated with 5, 10 or 20 uM PN, and we
found that PN incubation improved HG-induced MPCS5 cells viability and apoptosis, ROS level, LDH activity and the secretion
of inflammatory factors (IL-6, TNF-a and IL-1p), and inhibited the expression of DNMT1 protein, and promoted the expression
of VDR, p-AKT, nephrin and podocin proteins. Lentivirus-mediated VDR overexpression vector (LV-VDR) transfection had the
same effect, and LV-DNMT1 or si- VDR transfection or 100 nM AKT inhibitor MK2206 incubation reversed the effect of PN on
cell functions. Research on the mechanism found that PN reduced the level of VDR methylation by reducing the enrichment of
DNTML1 in the VDR promoter region under high glucose condition. In vivo, C57BL/6 mice were injected with streptozotocin
(STZ) intraperitoneally to construct a DN mouse model, and 5mg/kg PN was administered intraperitoneally every other day.
The results showed that PN treatment improved glomerular hypertrophy and renal fibrosis in STZ-induced mice. In general,
PN regulated DNTM1-mediated VDR methylation, activated AKT, and alleviated DN.
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Practical Application: Parthenolide (PN) was originally extracted from the shoots of plant Feverfew, and it is reported that PN
has strong anti-inflammatory activity, but its effect on diabetic nephropathy (DN) is unclear. Herein, we find that PN treatment
alleviates STZ-induced kidney injury in vivo and HG-induced MPC5 cells dysfunction in vitro. Mechanism investigation reveals
that PN reduces the expression level of DNMT1 protein, inhibits DNMT1-mediated VDR methylation, promotes the expression

level of VDR protein, and activates the AKT pathway, thereby alleviating DN.

1 Introduction

Diabetic nephropathy (DN) is a serious complication of
diabetes. According to estimates by the World Health Organization,
there are approximately 422 million diabetic patients in the
world, of which more than 90% have type 2 diabetes (T2DM)
(Cho et al., 2018; World Health Organization, 2015). As we all
know, DN is the main cause of chronic kidney disease and end-
stage renal disease, and it is closely related to T2DM (Ritz et al.,
1999; Wang et al., 2021). In China, there are approximately
114 million people with diabetes, which greatly harms public
health(Zhen et al., 2020). The epigenetic modification of genes
plays an important role in the development of DN, among
which DNA methylation is the most common (Keating et al.,
2017). Related research reported that DNA methylation could
participate in the regulation of genes related to the functions of
glomeruli and proximal tubular epithelial cells, including filtration,
glucose and solute processing (Wanner & Bechtel-Walz, 2017).
DNA methylation is mediated by DNA methyltransferase, which
inhibits gene expression by recruiting transcription repressors to
the promoter region of genes and interfering with transcription
factor binding (Jones, 2012).

According to reports, in the state of diabetes, the expression
of DNA methyltransferase 1 (DNMT1) in podocytes in vivo
and in vitro is significantly increased. In the in vitro diabetes
model induced by high glucose (HG), 5-azacytidine treatment
can significantly reduce the expression of DNMT1, and improve
the reduction of podocyte slit diaphragm protein caused by
hypermethylation (Zhang et al., 2017). At present, the treatment
of type 2 diabetes with traditional Chinese medicine has become
more and more common (Ahmad et al., 2020). Parthenolide
(PN) was originally extracted from the shoots of plant Feverfew,
and has strong anti-tumor, anti-inflammatory and antibacterial
biological activities (Freund et al., 2020). A study claimed that
PN as an inhibitor of nuclear factor kappa B (NF-«B), after
treating diabetic mice, it could reduce inflammation, alleviate
glomerular hypertrophy, remodel the damaged insulin signal
transduction pathway, and promote the expression of renal
tubular cubicin protein and uptake of albumin (Hao et al., 2020).
Moreover, it is reported that PN could regulate the expression
and methylation level of tumor-related genes by inhibiting the
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activity of DNMT1 (Liu et al., 2009), but this mechanism of
action has not been reported in DN.

Vitamin D Receptor (VDR) is a member of the nuclear
hormone receptor superfamily, which could regulate the
transcription of target genes and mediate the genomic effects
of vitamin D. VDR is expressed in many tissues involved in
glucose metabolism, including pancreas, liver and kidneys
(Palomer et al., 2008). A study showed that VDR is closely related
to DN and insulin resistance, suggesting that the expression of
VDR in the serum of DN patients is reduced, and increasing
the level of VDR can alleviate proteinuria, renal fibrosis, kidney
inflammation and prevent podocyte damage (Yang et al., 2018).
According to a report, there is a significant correlation between the
methylation level of the VDR gene promoter and the phenotype
of tuberculosis patients, and the sequencing results show that the
VDR gene of tuberculosis patients is in a state of hypermethylation
(Jiang et al., 2017). A study examined the skin pigmentation
and VDR promoter methylation levels of children with diabetes
and their brothers and sisters, and found that the two may be
related to diabetes (Ponsonby et al., 2009), but the effect of VDR
methylation on DN has not been reported. A study reported
that compared with the control group, the expression level of
DNMT1 in kidney cells of human immunodeficiency virus (HIV)
transgenic mice and HIV-infected podocytes is increased, and
CpG methylation of the VDR promoter is increased, indicating
that VDR transcription and translation is inhibited (Nirupama
Chandel, & Lan, 2015). A study reported that increased levels
of VDR could up-regulate AKT signal transduction and reduce
oxidative stress in renal tubular cells induced by high glucose
(Zhu et al., 2019), simultaneously, increased levels of AKT
phosphorylation could alleviate streptozotocin (STZ)-induced
mice DN (Rai et al., 2019).

In this study, we investigated the effects of parthenolide
from both in vivo and in vitro levels on STZ-induced DN of
C57BL/6 mice and high glucose-induced MPC5 cell damage,
and the corresponding mechanisms.

2 Materials and methods
2.1 Cell culture and treatment

The conditionally immortalized mouse podocytes (MPC5)
were purchased from American Type Culture Collection (ATCC,
Manassas, VA). The podocytes were maintained in DMEM
medium containing 10% inactivated FBS (Gibco, Rockville, MD),
100 U/mL penicillin and 0.1 mg/mL streptomycin at 37 °C in
a humidified atmosphere with 5% CO2. Normal control group
cells were cultured in DMEM normal medium (5.5 mmol/L
glucose), high glucose (HG) group cells were cultured in DMEM
high glucose medium (25 mmol/L glucose) and parthenolide
treatment group cells were cultured in DMEM normal medium
and added 10 uM parthenolide. After the cells were cultured for
72 hours, the next step was performed.

2.2 Retroviral construction infection and transfection

Lentivirus-mediated VDR overexpression vector (LV-VDR)
and LV-DNMT1, small interfering RNA against VDR (si-VDR)
and si-DNMT1 and respective negative control vector or

scramble were purchased from SinoBiological (Beijing, China)
and transfected by using Sinofection® transfection reagent
(SinoBiological) according to the manufacturer’s instructions.

2.3 Animal model

30 male C57BL/6 mice aged 6-8 weeks were divided into
three groups, including the control group, the DN group and
the DN+PN group, with 10 mice in each group. To induce
DN, mice were injected with 50 mg/kg streptozotocin (STZ)
intraperitoneally continue 5 days, and the mice were fed with
high-fat and high-sugar for 6 weeks. Two weeks after the injection,
blood was collected by mandibular vein puncture with Bayer
glucose meter (Bayer, Leverkusen, Germany) to measure blood
glucose. The mice with fasting blood glucose>12 mmol/L were
successfully modeled. The control group was injected with citrate
buffer, and the mice in the DN+PN group were injected with
5 mg/kg parthenolide intraperitoneally every other day after
modeling for 4 weeks. Then, the mice were sacrificed and serum
and kidney tissues were collected. All programs were approved
by the Xi’an Hospital of Traditional Chinese Medicine Animal
Care and Use Committee and were carried out in accordance
with the National Institutes of Health “Guidelines for the Care
and Use of Laboratory Animals”

2.4 Hematoxylin-Eosin (HE) and Masson staining

The tissues were collected, HE and Masson staining were used
to study the pathological changes of mouse kidney. The kidney
was fixed in 4% paraformaldehyde solution for 48 hours, and
then embedded in paraffin. The 5 um-thick serial sections cut
from the paraffin block were stained with HE and Masson
tricolor solution. H-800 electron microscope (Hitachi, Tokyo,
Japan) was used to examine ultrathin sections. The blue area in
Masson staining represents fibrosis in kidney tissues.

2.5 Cell viability

The cell viability was determined with the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrabromoazole (MTT) method according to
the instructions. In short, MPC5 cells with a density of 4x10° cells/
well were seeded in 96-well plates, and 5, 10, 15, 20, 25, 35 and
50 uM parthenolide were respectively added and incubated for
72 h. Then, 100 pL of 5mg/mL MTT solution (Solaibao, Beijing,
China) was added to each well, and the cells were incubated at
37 °C for 4 hours, the supernatant was discarded, and 150 pL of
dimethyl sulfoxide (DMSO) was added to dissolve the crystals
for 10 minutes. The absorbance at 490 nm was used as the
detection standard on a microplate reader (Boston Thermal
Science, USA), and cell viability was expressed as a percentage.

2.6 Methylation-specific PCR assay

The PCR was carried out with HotStar Taq polymerase
(Qiagen, Dusseldorf, Germany). The conditions were as
follows: initial incubation at 95 °C for 4 minutes; 35 cycles of
95°C for 30's, 74 °C for 30 s, 72 °C for 30 s; PCR products were
electrophoresed in 3% agarose gels and visualized by ultraviolet
illumination. The sequence of VDR MSP primer were constructed

Food Sci. Technol, Campinas, v42, e51221, 2022



Original Article

Yang et al.

by Sangon (Shanghai, China) and presented as follows: methylated
primer: 5-AGA TGC GTT TTT GTT TTT TGC-3’ (forward)
and 5-CGA AAA AACTTT CTA CCA ACG TC-3’ (reverse);
unmethylated primer: 5-GGA GAT GTGTTTTTGTTT TT1
GTG-3’ (forward) and 5-CCT CAA AAAAACTTT CTA CCA
ACA T-3’ (reverse).

2.7 Real-time quantitative PCR assay

Isolation of RNA from cultured cells and tissues was performed
with Trizol Reagent (Invitrogen, Carlsbad, CA, USA) following
the manufacturer’s instructions. The mRNA expression levels
were determined by using real-time quantitative RT-PCR with
a Bio-Rad iCycler system (Bio-Rad, Hercules, CA) in a 20 uL
reaction system. The reaction protocol was: pre-denaturation at
95 °C for 3 min; 95 °C for 5 s, 60 °C for 15 s, and amplification
rounds of 40 cycles at 40 °C for 1 min per cycle. GAPDH was
used as an internal reference. The results were represented as
relative mRNA levels calculated by 22T method. Primers
were constructed by Sangon (Shanghai, China) and presented
as follows: nephrin: 5-GGC AGG ATC TGC AAG CTA CAT-
3’ (forward) and 5-CTC AGG GCC TTC AGG GT GAG-3
(reverse); podocin: 5’-GAT GCT TCC TGC GGA GAT AGA-
3’ (forward) and 5°-TTC CTG TCC AGC AAA ATG TCA-3
(reverse); VDR: 5°- GCT AAG ATG ATA CCA GGATTC AGA
GAC-3’ (forward) and 5-AAG GAC TCA TTG GAG CGC
AAC-3’ (reverse) and GAPDH: 5-CCT GGC CAA GGT CAT
CCA TG-3’ (forward) and 5-GCA GGA GAC AAC CTG GTC
CT-3’ (reverse).

2.8 Chromatin Immunoprecipitation (Ch-IP)

Ch-IP assay was performed according to the manufacturers’
instructions by using Magna Ch-IP HiSens Kit (Millipore, Boston,
MA, USA). Chromatin samples were immunoprecipitated
with antibodies against a negative control normal rabbit
monoclonal IgG and DNMT1 antibodies (Abcam, Cambridge,
UK). PCR amplification was performed in 20 pL volumes for
30-35 cycles to determine the appropriate conditions for the
PCR products of each region. Primer sequences were same as
RT-qPCR.

2.9 Western blot

RIPA lysis buffer (Thermo Fisher Scientific, Waltham, MA,
USA) were used to extract the proteins from cells or tissues and
BCA protein assay kit (Thermo Fisher Scientific) was used to
measure the total protein concentration. Briefly, 30 ug/lane protein
from each sample was resolved by 10% SDS-PAGE at 70 V for
30 min, followed by 120 V for 90 min. Then, the protein bands
were transferred to polyvinylidene difluoride (PVDF) membranes
(Thermo Fisher Scientific) by using Power Blotter-semi-dry
fast transfer system (Thermo Fisher Scientific) at 300 mA for
2 h. And then membranes were blocked with 5% nonfat milk
overnight at 4 °C, after that, membranes were incubated at room
temperature for 2 h with the following primary antibodies:
rabbit polyclonal anti-DNMT1 antibody (1:1000, ab19905),
rabbit monoclonal anti-VDR antibody (1:1000, EPR4552), rabbit
polyclonal anti-phospho T308 antibody (1:1000, ab8933), rabbit
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monoclonal anti- nephrin antibody (1:1000, ab216341), rabbit
monoclonal anti- podocin antibody (1:2000, ab181143) and
rabbit polyclonal anti-GAPDH antibody (1:2500, ab9485), which
were purchased from Abcam (Cambridge, UK). And then the
membranes were incubated with horseradish peroxidase (HRP)-
conjugated goat anti-rabbit IgG (1:1000, #7074, Cell Signaling
Technology, Boston, MA, USA) at room temperature for 1 h.
Then, the protein bands were visualized with ECL detection
reagents (Sigma, St. Louis, MO, USA) and analyzed with Image]
software (National Institutes of Health, Bethesda, MA, USA).

2.10 Enzyme-linked immunosorbent assay (ELISA) assay

After the mice were sacrificed, the serum was collected.
The levels of lactate mouse dehydrogenase (LDH), tumor necrosis
factor (TNF)-a, interleukin (IL)-6, and IL-1P in serum and
MPCS5 cells were determined with specific ELISA kits (BioTeke,
Beijing, China) according to the manufacturer’s protocol.
The absorbance of each hole was determined at 450 nm by an
Infinite M200 plate reader (Tecan, Austria).

2.11 Detection of apoptosis by flow cytometry

After transfection, the cells were collected and washed three
times with cold phosphate-buffered saline (PBS), resuspended
in binding buffer, and stained with 5 pL of AnnexinV-FITC and
5 pL of propidium iodide (PI) in the dark at 4 °C for 15 min,
then, the stained cells were analyzed by using a flow cytometer
(Beckman Gallios, Fullerton, CA, USA).

2.12 Measurement of ROS production

A fluorescent probe dichloro-dihydro fluorescein diacetate
(DCFH-DA) (Sigma, USA) was used to detect ROS levels
intracellular. After different stimuli were introduced, cells
were incubated with 50 uM DCFH-DA at 37 °C for 30 min
in the dark. Then, the cells were washed twice with cold PBS.
A fluorescence microscope (Konrad technologies, Germany)
was used to obtain a fluorescence image of intracellular ROS
and the average fluorescence intensity was analyzed with an
image analysis system (Image], National Institutes of Health).

2.13 Statistical analysis

In vitro experiments were repeated more than 3 times. Data
were presented as mean + standard deviation (SD). pairwise
comparison between groups using Student’s t-test and comparison
of multiple groups using analysis of variance (ANOVA) followed
by SPSS 22.0. P < 0.05 indicates the difference was statistically
significant.

3 Results

3.1 Effect of parthenolide on MPCS5 cells damage induced by
high glucose

We explored the effect of PN at a concentration of 5-50 uM
on cell viability and found that cell viability was significantly
reduced after a concentration of 35 uM and 50 uM PN treatment
(Figure 1A). Compared with the control group, we found that
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the MPCS5 cells apoptosis, ROS level, LDH activity and secretion
of cytokine IL-6, TNF-a and IL-1p were significantly increased
(Figure 1B-H), while the mRNA and protein expression levels
of nephrin, podocin and VDR were significantly reduced in
HG treatment group (Figure 1I-O). Compared with the HG
group, the different concentrations (5 uM, 10 uM, and 20 M)
of PN treatment significantly improved cell functionin in a
dose-dependent manner.
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3.2 Parthenolide regulates DNMT1-mediated methylation of
VDR promoter

A study reported that in the state of diabetes, the expression
of podocyte DNA methyltransferase 1 (DNMT1) in vivo and
in vitro is significantly increased (Zhang et al., 2017), and
parthenolide could regulate the methylation level of genes by
inhibiting DNMT1 (Liu et al., 2009). And we also confirmed that
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Figure 1. Parthenolide relieves MPC5 cells damage induced by high glucose. MPCS5 cells were incubated with different concentrations (5 uM, 10
1M, and 20 uM) of parthenolide for 72 h after HG induction. (A) Cell viability was detected by using MTT assay. (B and C) MPCS5 cell apoptosis
induced by HG were detected by using flow cytometry. (D) ROS level was detected by using DCFH-DA ROS fluorescent probe. (E-H) LDH
activity, the secretion of cytokines IL-6, TNF-a and IL-1p were analyzed with ELISA kits. (I-K) The levels of nephrin, podocin and VDR mRNA
in MPCS5 cells were examined by using RT-qPCR. (L-O) The expression levels of nephrin, podocin and VDR proteins in HG-induced MPC5
cells were analyzed by using Western botting. Statistical significance was analyzed utilizing the Student’s t-test. Values were exhibited as mean

+ SEM. N=6, *P < 0.05.
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PN can increase the level of VDR in MPC5 cells in HG-induced
MPCS5 cells, but the specific mechanism of action is unclear. In this
study, we found that the expression level of DNMT1 protein was
significantly increased under HG conditions, and the protein
expression level of DNMT1 was significantly reduced after PN
incubation. After LV-DNMT 1 transfection, the expression level
of DNMT1 protein increased significantly (Figure 2A and 2B),
on the contrary, the expression level of VDR mRNA and protein
decreased significantly (Figure 2C and 2D). Then, we used the
online database MethPrimer to predict the CpG islands in the

promoter region of VDR, and found that the promoter region
of VDR contained 1 CpG island (Figure 2E). Interestingly, ChIP
experiment discovered that the enrichment of DNMT1 in the
VDR promoter region increased under HG conditions, and
the enrichment of DNMT1 in the VDR promoter region was
significantly reduced after PN incubation (Figure 2F). We are
eager to explore whether PN regulates the methylation level of
VDR promoter region by regulating the expression of DNMT1.
Therefore, we transfected MPC5 cells with LV-DNMT 1. The results
of MSP experiment showed that the methylation level of VDR

A
A & B &
& S 4- 1.5+
e A -
o M. ) = * o *
& 2 o §
o S o2 S = 03 101 T
56 2 =
T P . i:
32 T2 mpe
@2 [ -
DNMT1 s s s 183K D s § 05 &
@ — e ot r—
8 g
VDR = — 48KDa 0 ; i = 0.0 : s |
HG - + + + HG = + + +
P - - + + PN - + +
GAPDH s s s s (KD . ; : i o - ! '
LV-DNMT1 - - + LV-DNMT1 - - - +
D E
15 - JIE Sk
1 . M ks, e T
E g Ty ARS] ~

14 * o6 \‘\,__,-.-.f'

g + * s : :

2 104 1 & 2 T 1O Lgs 1900 b zaoolhp_ :
20 5 nrill—f el
zZ3 Hetl =
] (Lt [~ [T
% 5 A uhr:l—lnn’
®g 0.5+ — urel——0uee

% i % i ‘m;l- W

E — urad———ue

cona 748 W
0.0 T i T = ural———alurs
W -4 ‘ L e (R
PN - - + +
Vector - = + + L at Boapeanos Bioulfite TR prisce rvthm-\rm-:wn:vnnt:. 1-:«:- st Cps Lol
LV-DNMT1 - = = + Lnhebhyl abacd-Soectifle = o=
F G H = U
T -
=3 Control U M s 200 =™
= HG ;
60— == HG+PN Control ¢ 1504
* %k =
i, s i
: >
= 40 % £
=2 =
@

g g s0-

= 14

2 204 HG+PN+Vector g

- 0_
HG - + + +
» PN = - + +
( — t HG+PN+LV-DNMT1 Vedtor i 5 3
anti-lgG anti-DNMT1 LV-DNMT1 " i &

Figure 2. Parthenolide regulates DNMT1-mediated methylation of VDR promoter. HG-induced MPC5 cells were incubated with 10 uM
parthenolide for 72 h after 24 h pre-transfection of LV-DNMT1. (A, B and C) The expression levels of DNMT1 and VDR proteins in MPC5
cells were analyzed by using Western botting. (D) The level of VDR mRNA in MPC5 cells was examined by using RT-qPCR. (E) The online
prediction software MethPrimer was used to predict the location of the CPG island in the VDR promoter region. (F) ChIP-qPCR was used to
analyze the enrichment of DNMT1 in the VDR promoter region after HG and parthenolide treatment, the normal rat IgG (IgG) was used as a
negative control, data represent mean values relative to input (% Input). (G and H) The methylation status of VDR promoter was analyzed by
using methylation-specific PCR (MSP) in MPCS5 cells. M, methylation-specific primer amplification; U, unmethylation-specific amplification.
Statistical significance was analyzed utilizing the Student’s t-test. Values were exhibited as mean + SEM. N=6, *P < 0.05.
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promoter was significantly increased in HG-induced MPC5 cells,
and the methylation level of VDR promoter was significantly
reduced after PN incubation, while DNMT1 overexpression
reversed this phenomenon (Figure 2G and 2H).

3.3 Overexpression of VDR inhibits MPC5 cells damage
induced by high glucose

To further verify the effect of VDR on MPC5 cell damage
induced by HG, we performed overexpression of VDR, and
found that the expression levels of VDR, nephrin and podocin
mRNA were significantly increased (Figure 3A, 3D and 3E),

apoptosis was significantly reduced (Figure 3B and 3C), ROS
level (Figure 3F), LDH activity and the secretion of cytokine
IL-6, TNF-a and IL-1( were significantly reduced (Figure 3G-J).
These results suggested that VDR upregulation could inhibit
HG-induced MPC5 cell damage.

3.4 Parthenolide regulates VDR expression to relieve MPC5
cells damage induced by high glucose

It is reported that the increased level of VDR could prevent
podocyte damage (Yang et al., 2018). In this study, we also found
that the expression of VDR mRNA in MPC5 cells was significantly
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Figure 3. Overexpression of VDR inhibits MPC5 cells damage induced by high glucose. HG-induced MPC5 cells were incubated with 10 uM
parthenolide for 72 h after 24 h pre-transfection of LV-VDR. (A, D and E) The levels of VDR, nephrin and podocin mRNA in MPC5 cells
were examined by using RT-qPCR. (B and C) MPC5 cell apoptosis was detected by using flow cytometry. (F) ROS level was detected by using
DCFH-DA ROS fluorescent probe. (G-J) LDH activity, the secretion of cytokines IL-6, TNF-a and IL-1{ were analyzed with ELISA kits. Statistical
significance was analyzed utilizing the Student’s t-test. Values were exhibited as mean + SEM. N=6, *P < 0.05.
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reduced after HG induction. In addition, we also found that PN
treatment could significantly increase the expression level of
VDR mRNA (Figure 4A). Then, we interfered with VDR and
found that the expression levels of VDR, nephrin and podocin
mRNA were significantly reduced (Figure 4A, 4D and 4E), and
MPCS5 cell apoptosis (Figure 4B and 4C), ROS level (Figure 4F),
LDH activity and the secretion of cytokines IL-6, TNF-a and IL-1p
were significantly increased (Figure 4G-J). Taken together, these

findings suggested that PN alleviates HG-induced MPC5 cell
damage by increasing the level of VDR.

3.5 Parthenolide relieves MPC5 cells damage induced by
high glucose by regulating VDR to activate AKT

According to reports, AKT activation can alleviate DN
in rats (Rai et al.,, 2019). Our study found that both VDR

G e [IG+Scramble IG+si-VDR
’ ) |
- : : 1 [ 2
1w 10 p-of
i ] ’ i f

A B
184 Control
& W'y wt T
g 1.0 Wy i |
& g !
53 '
o
2 pr|” *
% 0.5+
L
E g [ -
.0 : i - ot
OHG = k] : ’ i i w 1w et :
PN + +
Scramble + +
si-VDR - +

Annexin VFITC

C D E
204 1.5 1.5m
g £ £
o
= o
s 154 - -]
& o £ 107 o 3 1.0
= &8 Z%
] == =
2 10+ ] g
g 23 g3
g " g 0.5+ 5 0.5+
; ‘ = :
8 0 0.0 T 0.0 T
HG HG + + + HG + + +
PN PN - L + PN + *+
Scramble Scramble * + Scramble - - + +
si-VDR si-VDR - + si-VDR +
F G " H
400~ 300 o 60-
% -
300+ & .
2 ~ 200+ E 40
0w 5 =3
o £ 2004 = &
® g z I
2 = 1004 £ 20
_g 100+
-
o b T L : L]
HG HG - + HG +
PN PN - - PN - - + *
Scramble Scramble Scramble - - + +
si-VDR si-VDR si-VDR *
1 J
100
W- —
= ) ——
- 7 —
E &0+ ——
g 2 —
40 —
: 2 N
20+ = P
=
# f— ]
HG HG + + *
PN PN + *
Scramble Scramble + +
si-VDR si-VDR - +

Figure 4. Parthenolide regulates VDR expression to relieve MPC5 cells damage induced by high glucose. HG-induced MPC5 cells were incubated
with 10 uM parthenolide for 72 h after 24 h pre-transfection of si-VDR (A, D and E) The levels of VDR, nephrin and podocin mRNA in MPC5
cells were examined by using RT-qPCR. (B and C) MPC5 cell apoptosis was detected by using flow cytometry. (F) ROS level was detected by
using DCFH-DA ROS fluorescent probe. (G-]J) LDH activity, the secretion of cytokines IL-6, TNF-a and IL-1p were analyzed with ELISA Kkits.
Statistical significance was analyzed utilizing the Student’s t-test. Values were exhibited as mean + SEM. N=6, *P < 0.05.
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overexpression and PN treatment could promote AKT activation
(Figure 5A-D), and the latter achieved this effect by promoting
the expression of VDR, and the addition of the AKT inhibitor
MK?2206 reversed the effect of PN (Figure 5E and 5F), but the
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addition of MK2206 treatment had no effect on the expression
of VDR (Figure 5G and 5H). However, after MK2206 treatment,
the expression levels of nephrin and podocin proteins were
significantly reduced (Figure 5G, 5I and 5]), cell apoptosis
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Figure 5. Parthenolide relieves MPC5 cells damage induced by high glucose by regulating VDR to activate AKT. HG-induced MPC5 cells were
transfected with LV-VDR or si-VDR, as well as incubated with 10 uM parthenolide for 72 h or together with 100 nM MK2206 for 2 h. (A-])
The expression levels of p-AKT, VDR, nephrin and podocin proteins in MPC5 cells were analyzed by using Western botting. (K) ROS level
was detected by using DCFH-DA ROS fluorescent probe. (M and N) MPCS5 cell apoptosis was detected by using flow cytometry. (L and O-Q)
LDH activity, the secretion of cytokines IL-6, TNF-a and IL-1P were analyzed with ELISA kits. Statistical significance was analyzed utilizing the
Student’s t-test. Values were exhibited as mean + SEM. N=6, *P < 0.05; ns P > 0.05.
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was significantly increased (Figure 5M and 5N), ROS level
(Figure 5K), LDH activity and the secretion of cytokines IL-6,
TNF-a and IL-1p were significantly increased (Figure 5N, 50-
5Q). These results fully indicate that parthenolide activates AKT
by regulating the expression of VDR to alleviate the MPC5 cells
damage induced by HG.

3.6 Parthenolide relieves STZ-induced diabetic nephropathy
in mice

The diabetic mouse model induced by streptozotocin (STZ)
is a relatively common modeling method (Lin et al., 2021). In this
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study, we used STZ to induce mice to establish a DN mouse model.
The results of HE staining showed that the control group had
intact glomerular and tubular morphology, while the diabetic
group had renal tubular basement membrane thickening and
glomerular hypertrophy. Compared with DN mice, the kidney
structure of mice was improved after PN treatment (Figure 6A).
For Masson staining, the blue area of kidney tissue represents
collagen, indicating fibrosis (Figure 6A, 6B). The collagen
deposition in the glomerular lumen and renal tubule lumen
of the DN group was 3.4 times that of the control group, but
decreased to 1.5 times after PN treatment. Compared with the
control group, the DN group mice urinary albumin excretion
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Figure 6. Parthenolide relieves STZ-induced diabetic nephropathy in mice. Male C57BL/6 mice were injected with 50 mg/kg streptozotocin
(STZ) intraperitoneally continue 5 days, and fed with high-fat and high-sugar for 6 weeks to establish a mouse model of diabetic nephropathy
(DN). The control group mice were injected with citrate buffer, and parthenolide treatment group mice were injected with 5 mg/kg parthenolide
intraperitoneally every other day after modeling for 4 weeks. (A and B) Paraffin-embedded kidney tissues stained with HE and Masson staining
were observed under light microscope (400x, bar = 25 pum), the blue area in Masson staining represents the fibrosis in kidney tissues. (C) UACR
(urinary albumin-to-creatinine ratio) in different groups of mice. (D) Blood glucose of each group of mice. (E) Relative weight of mouse kidney
in each group. (F-K) The expression levels of DNMT1, VDR, p-AKT, nephrin and podocin proteins in kidney tissues of mice were analyzed by
using Western botting. (L) ROS level was detected by using DCFH-DA ROS fluorescent probe. (M-P) LDH activity, the secretion of cytokines
IL-6, TNF-a and IL-1B were analyzed with ELISA Kits. Statistical significance was analyzed utilizing the Student’s t-test. Values were exhibited

as mean + SEM. N=10, *P < 0.05.
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(Figure 6C), blood sugar (Figure 6D) and relative kidney weight
(Figure 6E) were significantly increased, the expression levels of
VDR, p-AKT, nephrin and podocin proteins were significantly
decreased (Figure 6F, 6H-K), and renal DNMT1 expression level
(Figure 6F and 6G), ROS level (Figure 6L), LDH activity and
the secretion of inflammatory factors IL-6, TNF-a and IL-1P
were significantly increased (Figure 6M-P). Compared with the
DN group, the kidney inflammation and damage of the mice in
the parthenolide treatment group were significantly alleviated.
Therefore, we speculate that PN has a certain therapeutic effect
on diabetic nephropathy in mice.

4 Discussion

Early symptoms of DN include proteinuria, mesangial
matrix expansion, basement membrane thickening, and
podocyte damage (Keating et al., 2017). Podocytes constitute
the outermost layer of the glomerular filtration barrier and are
a highly differentiated cell and podocyte injury is usually used
as an indicator to evaluate the progression and severity of DN
(Chengetal., 2021). Yin deficiency and heat, stagnation of qi and
blood stasis are the main pathogenic factors of DN, and traditional
Chinese medicine is widely used in the treatment of DN due to
its unique conditioning advantages (Wang et al., 2019). PN is the
main active ingredient of the medicinal plant feverfew. A study
showed that the glomerular mesangial expansion, glomerular
hypertrophy and the albuminuria of db/db mice are improved
after treatment with PN (Hao et al., 2020). However, the treatment
mechanism and stability of PN on DN are still unclear. Similarly,
our study used STZ and high-sugar and high-fat diet to induce
C57BL/6 mice to establish a DN mouse model, and used HG to
induce MPCS5 cells to establish a DN cell model, and we found
that PN could significantly improve DN mouse renal tubular
basement membrane thickening, glomerular hypertrophy, renal
fibrosis, proteinuria excretion and blood sugar, as well PN could
significantly improve HG-induced MPCS5 cell apoptosis and
inflammation, and PN could significantly increase the expression
levels of matrix-related proteins nephrin and podocin in mouse
kidneys and MPC5 cells.

Itis reported that the progression of diabetes may be related
to gene methylation modification (Bansal & Pinney, 2017).
A study identified 703 autosomal differentially methylated sites
(515 hypermethylated sites and 188 hypomethylated sites) by
sequencing HIV-infected podocytes, among them, hypermethylation
genes regulate important features of podocyte function, including
vesicle-mediated transport, extracellular secretion and lipid
transport, and hypomethylation genes regulate the progression of
HIV-related nephropathy, including cell cycle, division, transcription
regulation and DNA repair (Li et al., 2018). DNMT1 is one of
the key enzymes involved in methylation modification. A study
found that in type 2 diabetic mice and HG-induced podocytes,
the level of DNMTT1 is significantly increased. After treatment
with the methylation inhibitor 5-Aza, the level of DNMT1 is
significantly reduced, and mouse total cholesterol, triglycerides,
low-density lipoprotein levels and urinary albumin excretion
are significantly reduced (Zhang et al., 2017). As well, a related
study claimed that depletion or inhibition of DNMT1 could block

10

the accumulation of ROS in HG-treated renal tubular epithelial
cells (Zeng et al.,, 2018). Therefore, inhibiting the expression of
DNMT1 may become a new direction for the treatment of DN.
According to a report, PN could reduce the expression level of
DNMT1 in leukemia cell lines in a dose-dependent manner, and
the sequencing results found that PN could reduce the overall
DNA methylation level in both xenograft mice and leukemia cell
lines, indicating that PN is effective DNA methylation inhibitor
(Liu et al., 2009). However, the inhibitory function of PN on
DNMT1 has not been reported in DN. Consistent with previous
studies, we found that DNMT1was upregulated in DN mice and
HG-induced MPC5 cells, and PN treatment could significantly
reduce the expression level of DNMTI.

More and more studies have reported the protective effect of
VDR on the kidney (Yang et al., 2018), and the upregulation of
VDR could alleviate the symptoms of DN mice and HG-induced
podocyte damage (Lei et al., 2020). In pediatric tuberculosis,
VDR hypermethylation is significantly correlated with lower
vitamin D levels and lower VDR gene expression levels, and
this reverse correlation may be involved in the damage of
antibacterial effector cell responses (Maruthai et al., 2020).
Merely, the methylation level of VDR has not been reported in
DN. A study showed that the level of DNMT1 is significantly up-
regulated in HIV-infected podocytes, and the CpG methylation
of the VDR promoter is increased, while the expression of VDR
is significantly down-regulated. DNMT1 may be involved in
regulating the methylation level of the VDR promoter (Nirupama
Chandel & Lan, 2015). Our research is consistent with this.
We found that in HG-induced podocytes, the expression of VDR
protein was significantly reduced, while the methylation level
of the promoter was significantly increased. Overexpression of
DNMT!1 could promote the methylation level of the VDR promoter.
Surprisingly, we found that PN could promote the expression of
VDR protein and inhibit the methylation level of VDR promoter.
Simultaneously, a research reported that up-regulation of VDR
could activate AKT signaling to reduce HG-induced oxidative
stress and apoptosis of renal tubular epithelial cells (Zhu et al.,
2019). Our study found that VDR overexpression could promote
the phosphorylation level of AKT in podocytes induced by HG,
and PN could promote the phosphorylation level of AKT death
by promoting the expression of VDR, and the addition of AKT
inhibitor MK2206 reversed the effect of PN.

In summary, this study evaluated the therapeutic effect of
PN on DN from in vivo and in vitro levels, and we found that PN
inhibits DNMT1 in DN, and PN promotes AKT phosphorylation
by regulating DNMT1-mediated VDR methylation, which
provides a new direction for the research of clinical new drugs
and the discovery of therapeutic targets for diabetes.
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