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Background: The total flavones of Abelmoschus manihot (TFA), a compound that is
extracted from Abelmoschus manihot, has been widely used in China to reduce podocyte
injury in diabetic kidney disease (DKD). However, the mechanisms underlying the
therapeutic action of this compound have yet to be elucidated. Podocyte pyroptosis is
characterized by activation of the NLRP3 inflammasome and plays an important role in
inflammation-mediated diabetic kidneys. Regulation of the PTEN/PI3K/Akt pathway is an
effective strategy for improving podocyte damage in DKD. Previous research has also
shown that N6-methyladenosine (m6A) modification is involved in DKD and that
m6A-modified PTEN regulates the PI3K/Akt pathway. In this study, we investigated
whether TFA alleviates podocyte pyroptosis and injury by targeting m6A modification-
mediated NLRP3-inflammasome activation and PTEN/PI3K/Akt signaling.

Methods:We used MPC-5 cells under high glucose (HG) conditions to investigate the key
molecules that are involved in podocyte pyroptosis and injury, including activation of the
NLRP3 inflammasome and the PTEN/PI3K/Akt pathway. We detected alterations in the
levels of three methyltransferases that are involved in m6A modification. We also
investigated changes in the levels of these key molecules in podocytes with the
overexpression or knockdown of methyltransferase-like (METTL)3.

Results: Analysis showed that TFA and MCC950 protected podocytes against HG-
induced pyroptosis and injury by reducing the protein expression levels of gasdermin D,
interleukin-1β, and interleukin-18, and by increasing the protein expression levels of
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nephrin, ZO-1, WT1 and podocalyxin. TFA and 740Y-P inhibited activation of the NLRP3
inflammasome via the PI3K/Akt pathway by inhibiting the protein levels of NIMA-related
kinase7, NLRP3, ASC, and caspase-1, and by increasing the protein expression levels of
p-PI3K and p-Akt. TFA improved pyroptosis and injury in HG-stimulated podocytes by
regulating METTL3-dependent m6A modification.

Conclusion: Collectively, our data indicated that TFA could ameliorate pyroptosis and
injury in podocytes under HG conditions by adjusting METTL3-dependent m6A
modification and regulating NLRP3-inflammasome activation and PTEN/PI3K/Akt
signaling. This study provides a better understanding of how TFA can protect
podocytes in DKD.

Keywords: diabetic kidney disease, total flavones of Abelmoschus manihot, podocyte pyroptosis, NLRP3-
inflammasome activation, PTEN/PI3K/Akt signaling, m6A modification

INTRODUCTION

Diabetic kidney disease (DKD) is the most common
microvascular complication of diabetes and is one of the
primary causes of end-stage renal disease (ESRD) (Kato and
Natarajan, 2019). It is therefore necessary to investigate the
pathogenesis of DKD and identify effective therapies to
prevent the progression of DKD to ESRD. DKD is
characterized by glomerulosclerosis, tubulointerstitial fibrosis,
and renal vascular disease (Shi and Hu, 2014). Podocytes are
one of the key cell types in the glomerulus and play a vital role in
protecting the glomerular filtration barrier. Podocytes are
thought to play a fundamental role in the pathophysiology of
DKD. Therapies that are able to protect podocytes are considered
to be of vital importance for the treatment of DKD. Podocyte
injury is characterized by the downregulation of podocyte-
specific proteins, including nephrin, wilms tumor type 1
(WT1), and podocalyxin, as well as cytoskeletal protein zonula
occludens 1 (ZO-1) (Wang et al., 2011; Ying and Wu, 2017).
Increased levels of inflammation are also regarded as an initial
hallmark of DKD and play a key role in podocyte injury (Reidy
et al., 2014).

The NOD-like receptor pyrin domain-containing protein 3
(NLRP3) inflammasome is the most well-studied inflammasome
and has been reported to recruit the adaptor protein apoptosis-
associated speck-like protein containing a C-terminal caspase
recruitment domain (ASC) to activate cysteinyl aspartate-specific
proteinase (caspase)-1, thus leading to the secretion of mature
interleukin-1β (IL-1β) and interleukin-18 (IL-18) (Mulay, 2019).
A previous study showed that the highly conserved serine or
threonine kinase NIMA-related kinase 7 (NEK7) is an important
requirement in NLRP3 activation via direct interaction with
NLRP3-NEK7 (Sharif et al., 2019). Recent research has
demonstrated that the NLRP3 inflammasome plays a vital role
in podocyte injury under high glucose (HG) conditions (Hou
et al., 2020). Pyroptosis is a newly discovered lytic form of
programmed cell death that has been shown to play a critical
role in DKD (Lin et al., 2020). Pyroptosis involves cell swelling,
rupture, the secretion of cell contents, and dramatic
proinflammatory effects. The NLRP3 inflammasome is known

to be the most important initiator of pyroptosis. Pyroptosis is
initiated by the canonical inflammasome pathway in which
NLRP3 mediates the cleavage of gasdermin D (GSDMD) and
the activation of IL-1β and IL-18, thus leading to the induction of
caspase-1 (Yu et al., 2020). As a downstream effector of
inflammasomes, the hydrolyzed form of GSDMD released
N-terminus of GSDMD (GSDMD-N). The polymerization of
GSDMD-N forms pores; the subsequent exchange of extracellular
and intracellular substances ultimately results in pyroptosis (De
Vasconcelos and Lamkanfi, 2020). Cheng et al. previously
reported that GSDMD-mediated pyroptosis is activated and
plays a role in the loss of podocytes in a mouse model of
diabetic nephropathy (Cheng et al., 2020). Thus, controlling
the activation of the NLRP3 inflammasome and podocyte
pyroptosis play important roles in the progression of DKD.

The phosphatidylinositol 3-kinases (PI3K) have been linked to
an extraordinarily diverse group of cellular functions via the
activation of protein kinase B, also known as Akt. These cellular
functions include cell growth, proliferation, differentiation,
motility, and survival (Jafari et al., 2019). Regulation of the
PI3K/Akt signaling pathway has been increasingly implicated
in protecting podocytes in DKD (Song et al., 2014; Wang et al.,
2014; Yang et al., 2020). In addition, phosphate and tension
homology (PTEN) is a form of 3,4,5-triphosphate inositol lipase
that negatively regulates the PI3K signaling pathway (Maidarti
et al., 2020). Xing et al. previously proved that the down-
regulation of PTEN activity led to sustained activation of the
PI3K/Akt signaling pathway and ultimately induced the
phenotypic transition of podocytes under HG conditions (Xing
et al., 2015). Therefore, regulation of the PTEN/PI3K/Akt
pathway in podocyte injury is considered as an effective
strategy for the treatment of DKD.

The methylation of adenosine at the N6 position leads to the
formation of N6-methyladenosine (m6A); this is the most
abundant and reversible methylation modification.
Furthermore, m6A modification can be carried out by
methyltransferases, including methyltransferase-like (METTL)
3, METTL14, and Wilms tumor 1-associated protein (WTAP)
(Tong et al., 2018). PTEN is one of the host RNAs for m6A
modification. A recent study reported that METTL3 rescued cell
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viability by targeting the PTEN/Akt signaling cascade in HG-
treated retinal pigment epithelium (RPE) cells (Zha et al., 2020).
However, METTL14, but not METTL3, has been shown to
regulate the PI3K/Akt signaling pathway via PTEN in the HG-
induced epithelial-mesenchymal transition (EMT) of renal
tubular cells (Xu et al., 2021). Consequently, m6A-modified
PTEN may regulate the PI3K/Akt signaling pathway in DKD;
however, the mechanisms underlying this process are likely to be
complex and have yet to be elucidated.

The total flavones ofAbelmoschus manihot (TFA) are the main
components of Huangkui capsule (HKC; the local name in
China); this is a preparation of a modern Chinese patented
medicine extracted from Abelmoschus manihot (AM). This
preparation has been approved by the China State Food and
Drug Administration (Z19990040) for the treatment of kidney
disease and has been used over the past 2 decades (Zhang et al.,
2014; Li et al., 2021). Our previous studies proved that following
drug-intervention, HKC can safely and efficiently alleviate the
early pathological changes in the glomeruli in the kidneys by
inhibiting the PI3K/Akt signaling activity, both in a rat model of
DKD induced by unilateral nephrectomy combined with the
intraperitoneal injection of streptozotocin (STZ), and in
murine mesangial cells under HG conditions (Wu et al.,
2018). In addition, HKC has been shown to alleviate renal
tubular injury by inhibiting NLRP3 inflammasome activation
in the rat model of DKD (Han et al., 2019). Despite these findings,
there are still some important but unresolved issues with regards
to the precise role of podocytes in DKDwhen treated by TFA. For
example, it has not yet been ascertained whether TFA can
improve podocyte pyroptosis and injury by inhibiting the
activation of the NLRP3 inflammasome and by regulating the
PTEN/PI3K/Akt signaling pathway and m6A modification.
Furthermore, the therapeutic mechanisms associated with such
processes have yet to be determined.

In the present study, we designed a series of cell experiments to
verify our hypothesis that TFA may alleviate podocyte pyroptosis
and injury by targeting m6A modification-mediated NLRP3-
inflammasome activation and PTEN/PI3K/Akt signaling.

MATERIALS AND METHODS

Reagents and Drugs
Dulbecco’s modified eagle medium (DMEM) was obtained from
HyClone, Co., Ltd. (UT, United States). Fetal bovine serum (FBS) was
obtained from Gibco, Co., Ltd. (Grand Island, NY). Recombinant
γ-interferon (IFN-γ) was obtained from Peprotech Co., Ltd.
(London, United Kingdom). TFA was obtained from Suzhong
Pharmaceutical Group Co., Ltd. (Taizhou, China). TFA was
solubilized in distilled water to a final concentration of 1 g/L and
stored at 4°C prior to use. MCC950 and 740Y-P were obtained from
MedChemexpress Co., Ltd. (Shanghai, China) and solubilized in 10%
dimethyl sulfoxide (DMSO) at a final concentration of 1mM.

Cell Culture and Treatment
An immortalized mouse podocyte cell-5 line (MPC-5 cells) was
provided by Professor Jian Yao (Division of Molecular Signaling,

Department of Advanced Biomedical Research, Interdisciplinary
Graduate School of Medicine and Engineering, University of
Yamanashi, Yamanashi, Japan). The MPC-5 cells were
cultured at a permissive temperature (33°C) in 5% CO2 in
DMEM containing 10% FBS and recombinant IFN-γ (10 U/
mL). Following passage, MPC-5 cells were cultured at 37°C in
5% CO2 for 14 days in DMEM medium without IFN-γ to induce
differentiation. Fully differentiated MPC-5 cells were then
cultured in 5.6 and 30 mM glucose concentrations to induce
cellular injury, and with or without MCC950 (10 µM) or 740Y-P
(30 μM) for 1 h, prior to investigating the effect of TFA on
podocyte injury.

Cell Viability Assessment
Cell viability was determined by CCK-8 assays (Biosharp,
Shanghai, China). The cells were seeded into 96-well plates at
a density of 0.5 × 104 cells per well in DMEM containing 0.1%
FBS; three replicates were carried out for each experimental
group. When the confluency was 70–80%, we added a high
glucose (HG) concentration with or without TFA or MCC950
treatment for 24 h. The CCK-8 solution (10 μl) was added to each
well and incubated for 2 h. The optical density (OD) was
determined at an absorbance of 450 nm and cell viability was
calculated.

The Overexpression and Knockdown of
METTL3 in MPC-5 Cells
cDNA fragment of METTL3 were amplified and ligated into the
pcDNA3.1 vector to construct an overexpression (OE) vector for
METTL3 (METTL3 OE); the vector was synthesized by Beijing
Syngentech Co., Ltd. (Beijing, China). The small interfering RNA
(siRNA) for METTL3 knockdown (METTL3 KD) was also
purchased from Beijing Syngentech Co., Ltd. (Beijing, China).
A Lipofectamine 3000 transfection kit, purchased from Thermo
Fisher Scientific Co., Ltd. (Waltham, United States) was then used
to transfect MPC-5 cells with the vector or siRNA; this kit was
used in accordance with the manufacturer’s instructions.

Western Blot Analysis
Protein expression levelswere detected bywestern blotting (WB).MPC-
5 cells were lysed with a total protein extraction kit (KeyGEN, China)
and protein concentrationwas determined by a bicinchoninic acid kit in
accordance with the manufacturer’s instruction. Protein loading buffer
was added into each sample at a ratio of 4:1 and mixed. Samples were
then denatured by boiling at 100°C for 8min. Each group of proteins
was subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). We used a range of primary
antibodies, including GSDMD-N (Abcam, Cambridge, MA; 1:1,000),
IL-1β (Abcam, Cambridge, MA; 1:1,000), IL-18 (Abcam, Cambridge,
MA; 1:1,000), nephrin (Abcam, Cambridge, MA; 1:500), ZO-1 (Absin,
Shanghai, China; 1:500), WT1 (Absin, Shanghai, China; 1:500),
podocalyxin (Absin, Shanghai, China; 1:500), caspase-1 (Abcam,
Cambridge, MA; 1:500), ASC (Absin, Shanghai, China; 1:1,000),
NLRP3 (Abcam, Cambridge, MA; 1:1,000), phosphorylated-PI3K
(p-PI3K) (Cell Signaling, Beverly, MA; 1:1,000), PI3K (Cell Signaling,
Beverly, MA; 1:1,000), phosphorylated-Akt (p-Akt) (Cell Signaling,
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Beverly,MA; 1:1,000), Akt (Cell Signaling, Beverly,MA; 1:1,000), PTEN
(Cell Signaling, Beverly,MA; 1:1,000), NEK7 (Abcam, Cambridge,MA;
1:1,000), METTL3 (Cell Signaling, Beverly, MA; 1:1,000), METTL14
(Cell Signaling, Beverly, MA; 1:1,000), WTAP (Cell Signaling, Beverly,
MA; 1:1,000), and GAPDH (Cell Signaling, Beverly, MA; 1:1,000).
Membranes were incubated at 4°C overnight and then incubated with
goat anti-rabbit IgG horseradish peroxidase-conjugated secondary
antibody for 1 h at room temperature. The blots were finally
visualized using an enhanced chemiluminescence detection system
(Tanon-5200Muilti, China). Quantitative analysis was performed
using ImageJ Software (NIH, United States; http://rsbweb.nih.gov/ij/
index.html).

Calcein-AM/PI Double Staining
A calcein-AM/PI double staining kit was purchased from
Dojindo Laboratories (Tokyo, Japan). First, a calcein-AM/PI
working solution was prepared using 2 μM calcein-AM, and
4.5 μM PI. After intervention, the cells of each group were
washed with PBS once, then stained with 100 μl calcein-AM/
PI working solution and incubated at 37°C for 15 min. After
incubation, the cells were washed twice. The cells were assessed
under a fluorescence microscope (200×) or detected by flow
cytometry to determine the percentage of dead/live cells.

Quantitative Real-Time PCR
Total RNA was extracted using TRIzol (Invitrogen, Thermo Fisher
Scientific, Waltham, MA, United States). Complementary DNA
(cDNA) was synthesized and processed by quantitative real-time
polymerase chain reaction (qRT-PCR) analysis using a QuantiNova
SYBR Green PCR Kit (QIAGEN, Hilden, Germany). All experiments
were performed according to the manufacturer’s instructions. qRT-
PCR analysis was performed using an ABI Step One Plus Real-Time
PCR instrument (Applied Biosystems, Inc., Thermo Fisher Scientific,
Foster City, CA, United States). The primer pair sequences were as
follows: PTENForward: 5′-TGGCGGAACTTGCAATCCTCAGT-3′,
Reverse: 5′-TCCCGTCGTGTGGGTCCTGA-3′; GAPDH, forward:
5′-AACAGCCTCAAGATCATCAGCA-3′, reverse: 5′-ATGAGT
CCTTCCACGATACCA-3′. The relative expression levels of PTEN
mRNAwere determined by theCt (2−ΔΔCt)method (Chen et al., 2016).
GAPDH was used for normalization.

The Measurement of m6A Content
The total m6A content of MPC-5 cells was determined using an
EpiQuik™ m6A RNA methylation quantification kit (Epigentek
Group Inc. United States); the kit was used in accordance with the
manufacturer’s instructions. The total content of m6A was
calculated using the following formula: m6A % � {[(Sample
OD − NC OD)/S] ÷ [(PC OD − NC OD)/P]} × 100%, and
OD, NC, S, PC, and P represent the optical density, negative
controls, total amount of input RNA, positive controls, and total
amount of positive control RNA, respectively.

Methylated RNA Immunoprecipitation With
qPCR (MeRIP-qPCR)
Next, we performed m6A immunoprecipitation to measure the
m6A modification of PTEN. In brief, a m6A antibody and normal

rabbit IgG were conjugated to protein A/G magnetic beads (Bio-
linkedin, China) at 4°C overnight. RNA was then fragmented and
incubated with magnetic beads in immunoprecipitation buffer
supplemented with an RNase inhibitor at 4°C for 3 h. Following
two washes with IP buffer, we used elution buffer to elute the
mRNA from the beads. Following extraction and precipitation,
the input RNA and eluted RNA were reverse transcribed. Their
abundance was then determined by RT-PCR.

Statistical Analysis
All the data were collected and presented as means ± standard
deviation (SD). Data were analyzed by SPSS 24.0 (IBM, Armonk,
NY, United States). Differences between multiple groups were
compared by one-way analysis of variance (ANOVA) on
normally distributed data with the least significant difference
(LSD) post hoc test, or non-parametric Kruskal-Wallis if not. A p
value < 0.05 or < 0.01 indicated a statistically significant
difference.

RESULTS

Total flavones of Abelmoschus manihot
Ameliorated Pyroptosis and Injury in
Podocytes Induced by High Glucose
To identify the protective effects of TFA in podocytes, we
investigated the effects of TFA on pyroptosis and injury in
podocytes induced by HG. First, we used the CCK-8 assay to
investigate cellular viability. As shown in Figure 1A, compared
to control cells, the viability of podocytes exposed to HG for 48 h
was remarkably reduced to 45%. However, this reduction in
viability was significantly reversed in podocytes that were co-
treated with TFA for 24 h. This effect occurred in a dose-
dependent manner and the protective effects towards
podocytes were most significant at a TFA concentration of
20 μg/ml. Next, we used WB analysis to detect the expression
levels of several proteins related to pyroptosis (GSDMD-N, IL-
1β, and IL-18) as well as the levels of proteins known to protect
podocytes (nephrin, ZO-1, WT1 and podocalyxin). Our analysis
showed that HG conditions increased the protein levels of
GSDMD-N, IL-1β, and IL-18, but reduced the protein levels
of nephrin, ZO-1, WT1 and podocalyxin, when compared to
those of the control cells. Conversely, the protein expression
levels of GSDMD-N, IL-1β, IL-18, nephrin, ZO-1, WT1 and
podocalyxin were rescued following co-treatment with TFA for
24 h; these effects occurred in a dose-dependent manner
(Figures 1B–I).

To further confirm the specific role of TFA in the alleviation
of pyroptosis and injury in podocytes, we carried out a series of
experiments using MCC950 (an inhibitor of NLRP3). As
shown in Figure 2A, the CCK-8 assay showed that
MCC950 led to the restoration of cellular viability at a
concentration of 10 μM under HG conditions. Next, we
investigated the effects of MCC950 on HG-stimulated
pyroptosis and injury in podocytes. Our results revealed
that MCC950 did not only down-regulate the protein
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FIGURE 1 | TFAamelioratedpodocytepyroptosisand injury inducedbyHG inMPC-5cells inadose-dependentmanner. (A)Thecell viability inculturedMPC-5cellsexposed toHGat
30 mMfor48 hwithorwithoutTFAat5,10, 20, and30 μg/ml for24 h; (B)WBanalysisofGSDMD-N, IL-1β, IL-18, nephrin,ZO-1,WT1andpodocalyxin in culturedMPC-5cells exposed to
HGat30 mMfor48 hwithorwithout TFAat 5, 10, and20 μg/ml for 24 h; (C)GSDMD-Nwasquantifiedbydensitometry; (D) IL-1βwasquantifiedbydensitometry; (E) IL-18wasquantified
by densitometry; (F) Nephrin was quantified by densitometry; (G) ZO-1 was quantified by densitometry; (H)WT1 was quantified by densitometry; (I) Podocalyxin was quantified by
densitometry. Data are expressed as mean ± S.D., (n � 3). *p < 0.05, **p < 0.01 vs. the HG group; &p < 0.05 vs. the TFA (10 μg/ml) group; ##p < 0.01 vs. the TFA (20 μg/ml) group.
Abbreviations: TFA, total flavones ofAbelmoschusmanihot; HG, high glucose;MPC-5,mouse podocyte cell-5;WB,western blotting; GSDMD-N,N-terminus of GSDMD; IL-1β, interleukin-
1β; IL-18, interleukin-18; ZO-1, Zonula occludens 1; WT1, Wilms tumor type 1.
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FIGURE 2 |MCC950 ameliorated podocyte pyroptosis and injury induced by HG in a dose-dependent manner in MPC-5 cells. (A) The cell viability in cultured MPC-5
cells exposed to HG at 30 mM for 48 h with or without MCC950 at 0.1, 1, 10, and 100 μM for 24 h; (B) WB analysis of GSDMD-N, IL-1β, IL-18, nephrin, ZO-1, WT1 and
podocalyxin in culturedMPC-5 cells exposed toHGat 30 mM for 48 hwith orwithoutMCC950 at 0.1, 1, and 10 μM for 24 h; (C)GSDMD-Nwas quantified by densitometry;
(D) IL-1β was quantified by densitometry; (E) IL-18 was quantified by densitometry; (F) Nephrin was quantified by densitometry; (G) ZO-1 was quantified by
densitometry; (H)WT1was quantified by densitometry; (I) Podocalyxin was quantified by densitometry. Data are expressed asmean ± S.D., (n � 3). *p < 0.05, **p < 0.01 vs.
the HG group; &p < 0.05 vs. the TFA (10 μg/ml) group; ##p < 0.01 vs. the TFA (20 μg/ml) group. Abbreviations: HG, high glucose; MPC-5, mouse podocyte cell-5; WB,
western blotting; GSDMD-N, N-terminus of GSDMD; IL-1β, interleukin-1β; IL-18, interleukin-18; ZO-1, Zonula occludens 1; WT1, Wilms tumor type 1.
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FIGURE 3 | TFA and MCC950 attenuated HG-induced inflammasome activation in MPC-5 cells. (A) WB analysis of NEK7, NLRP3, ASC, and caspase-1, in
cultured MPC-5 cells exposed to HG at 30 mM for 48 h with or without TFA (20 μg/ml) and MCC950 (10 μM) treatment for 24 h; (B) NEK7 was quantified by
densitometry; (C) NLRP3 was quantified by densitometry; (D) ASC was quantified by densitometry; (E) Caspase-1 was quantified by densitometry. Data are expressed
as mean ± S.D., (n � 3). *p < 0.05, **p < 0.01. Abbreviations: TFA, total flavones of Abelmoschus manihot; HG, high glucose; MPC-5, mouse podocyte cell-5; WB,
western blotting; NEK7, NIMA-related kinase 7; NLRP3, NOD-like receptor pyrin domain-containing protein 3; ASC, a C-terminal caspase recruitment domain;
Caspases-1, cysteinyl aspartate-specific proteinase-1.
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expression levels of GSDMD-N, IL-1β, and IL-18; it also
upregulated the protein expression levels of nephrin, ZO-1,
WT1 and podocalyxin in podocytes under HG conditions;
these effects occurred in a dose-dependent manner
(Figures 2B–I).

These results demonstrated that TFA and MCC950 could
protect podocytes against HG-induced pyroptosis and injury
and that this effect may be related to the inhibition of NLRP3
inflammasome activation.

Total flavones of Abelmoschus manihot
Protected Podocytes by Inhibiting
Activation of the NLRP3 Inflammasome via
the PI3K/Akt Signaling Pathway
Recent studies have shown that the activation of the NLRP3
inflammasome is a trigger of pyroptosis, and that NEK7 acts as
a kinase regulator to activate the NLRP3 inflammasome. To
further explore the regulatory effect of TFA on the activation of

inflammasomes, we used WB to detect the protein expression
levels of NEK7, NLRP3, ASC, and caspase-1 under HG
conditions (Figure 3A). We found that the expression levels
of all proteins were significantly elevated in the HG group when
compared to levels in the control cells. When treated with TFA
(20 μg/ml) or MCC950 (10 μM) for 24 h, the protein expression
levels of NEK7, NLRP3, ASC, and caspase-1, all improved in
the cultured podocytes exposed to HG conditions
(Figures 3B–E).

The PI3K/Akt signaling pathway has been found to be closely
involved with the progression of pyroptosis in podocytes and
represents the downstream target for inflammasome activation in
HG conditions. The main signaling molecules of the PI3K/Akt
pathway include p-PI3K and p-Akt. Therefore, we determined
the effect of TFA on the protein expression levels of p-PI3K and
p-Akt in HG-stimulated podocytes by WB analysis. As shown in
Figure 4, HG inhibited the phosphorylation levels of PI3K and
Akt when compared to those of the control cells. Furthermore,
co-treatment with TFA (20 μg/ml) for 24 h significantly

FIGURE 4 | TFA activated the PI3K/Akt signaling pathway in HG-afflicted MPC-5 cells. (A) WB analysis of p-PI3K, PI3K, p-Akt, and Akt, in cultured MPC-5 cells
exposed to HG at 30 mM for 48 h with or without TFA (20 μg/ml) treatment for 24 h; (B) p-PI3K was quantified by densitometry; (C) p-Akt was quantified by
densitometry. Data are expressed as mean ± S.D., (n � 3). *p < 0.05, **p < 0.01. Abbreviations: TFA, total flavones of Abelmoschus manihot; PI3K, phosphatidylinositol
3-kinases; Akt, protein kinase B; HG, high glucose; MPC-5, mouse podocyte cell-5; WB, western blotting; p-PI3K, phosphorylated-phosphatidylinositol 3-kinase;
p-Akt, phosphorylated-protein kinase B.
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FIGURE 5 | TFA and 740Y-P inhibited HG-induced inflammasome activation in MPC-5 cells. (A)WB analysis of NEK7, NLRP3, ASC, and caspase-1, in cultured
MPC-5 cells exposed to HG at 30 mM for 48 h with or without TFA (20 μg/ml) and 740Y-P (30 μM) treatment for 24 h; (B) NEK7 was quantified by densitometry; (C)
NLRP3 was quantified by densitometry; (D) ASC was quantified by densitometry; (E) Caspase-1 was quantified by densitometry; (F) Representative pictures of calcein-
AM/PI double stains. The live cells are stained by calcein and the death cells are stained by PI. Four fields (200×) were randomly selected to calculate the percentage
of alive/dead cells. In this part of the experiment, MPC-5 cells exposed to HG at 30 mM for 48 h with or without TFA (20 μg/ml), MCC950 (10 μM) and 740Y-P (30 μM)
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improved the protein expression levels of p-PI3K and p-Akt
(Figures 4A–C).

To further determine the regulatory effect of TFA on the
activation of the PI3K/Akt pathway and the downstream
NLRP3 inflammasomes, we used an exogenous agonist of PI3K
(740Y-P) as a control. The levels of pyroptosis-related proteins
were then detected byWB. Similar to the previous results, TFA and
740Y-P were found to suppress the protein expression levels of
NEK7, NLRP3, ASC, and caspase-1 (Figures 5A–E) and increase
the protein expression levels of p-PI3K and p-Akt in cultured
podocytes exposed to HG conditions (Figures 6A–C). Calcein-
AM/PI double staining was performed to identify live/dead cells.
With HG stimulation for 48 h, the percentage of calcein-positive
cells significantly decreased, whereas that of PI-positive cells
significantly increased. In HG condition, with the co-treatment
of TFA, MCC950 and 740Y-P the percentage of calcein-positive
cells were increased and the PI-positive cells were decreased
(Figures 5F,G). In addition, the mimic changes could be found

in the levels of GSDMD, NLRP3, IL-1β, IL-18, nephrin, ZO-1 and
WT-1 in HG-stimulated podocytes with or without TFA (20 μg/
ml), MCC950 (10 μM) and 740Y-P (30 μM) detecting by ELISA or
qRT-PCR (Supplementary Figures S1, S2).

Collectively, these data suggested that TFA and 740Y-P
protected podocytes from HG-induced pyroptosis and injury
by inhibiting the activation of the NLRP3 inflammasome via
the PI3K/Akt signaling pathway.

Total flavones of Abelmoschus manihot
Inhibited the PTEN/PI3K/Akt Signaling by
Attenuating m6A Modification
The PTEN signaling pathway is the upstream target of the PI3K/
Akt pathway. Our results showed that both mRNA and protein
expression levels of PTEN were elevated in HG-treated podocytes
and that TFA could reduce the levels of PTEN (Figures 7A,B).
m6A modification includes a range of mRNA transcriptional

FIGURE 5 | treatment for 24 h (G)The ratio of positive cells was calculated according to the calcein-AM/PI double stains. Data are expressed asmean ± S.D., (n � 3 or n �
4). *p < 0.05, **p < 0.01. Abbreviations: TFA, total flavones of Abelmoschus manihot; HG, high glucose; MPC-5, mouse podocyte cell-5; WB, western blotting; NEK7,
NIMA-related kinase 7; NLRP3, NOD-like receptor pyrin domain-containing protein 3; ASC, a C-terminal caspase recruitment domain; Caspases-1, cysteinyl aspartate-
specific proteinase-1.

FIGURE 6 | TFA and 740Y-P activated the PI3K/Akt signaling pathway in HG-afflicted MPC-5 cells. (A) WB analysis of p-PI3K, PI3K, p-Akt, and Akt, in cultured
MPC-5 cells exposed to HG at 30 mM for 48 h with or without TFA (20 μg/ml) and 740Y-P (30 μM) treatment for 24 h; (B) p-PI3K was quantified by densitometry; (C)
p-Akt was quantified by densitometry. Data are expressed as mean ± S.D., (n � 3). *p < 0.05, **p < 0.01. Abbreviations: TFA, total flavones of Abelmoschus manihot;
PI3K, phosphatidylinositol 3-kinases; Akt, protein kinase B; HG, high glucose; MPC-5, mouse podocyte cell-5; WB, western blotting; p-PI3K, phosphorylated-
phosphatidylinositol 3-kinase; p-Akt, phosphorylated-protein kinase B.
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FIGURE 7 | TFA inhibited PTEN/PI3K/Akt signaling by increasing the m6Amodification of PTENmRNA in HG-afflictedMPC-5 cells. (A) ThemRNA levels of PTEN in
cultured MPC-5 cells exposed to HG at 30 mM for 48 h with or without TFA at 5, 10, and 20 μg/ml for 24 h by qRT-PCR; (B) WB analysis of PTEN in cultured MPC-5
cells exposed to HG at 30 mM for 48 h with or without TFA at 5, 10, and 20 μg/ml for 24 h; (C) Quantification of m6A levels in cultured MPC-5 cells exposed to HG at
30 mM for 48 h with or without TFA at 5, 10, and 20 μg/ml for 24 h by the m6A RNA methylation quantification kit; (D) The levels of methylated PTEN mRNA in the
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modifications and has been found to be a dynamic regulator of
various biological processes. Next, we investigated the levels of
intracellular m6A modification in podocytes and found that the
levels of global m6Amodification were remarkably reduced under
HG conditions; these were effectively rescued by co-treatment of
TFA (Figure 7C). In order to confirm the relationship between
PTEN transcription and m6A modification, we investigated the
methylation levels of PTEN mRNA by Me-RIP assay. Figure 7D
shows that the levels of methylated PTENmRNAwere reduced in
HG conditions when compared to those of the control cells.
However, this level of suppression was ameliorated by the co-
treatment of podocytes with TFA.

It is known that the methylation modification of m6A needs to
be completed under the catalysis of a m6A methyltransferase
complex containing METTL3, METTL14, and WTAP. Next, we
observed the protein expression levels of these key m6A
methyltransferase members in HG-stimulated podocytes
(Figure 7E). The expression levels of METTL3 protein were
significantly down-regulated in HG-stimulated podocytes when
compared to those of the control cells. In comparison with the
stimulation of HG, TFA could up-regulate the activation of
METTL3 methyltransferase in a dose-dependent manner
(Figure 7F). However, the expression levels of METTL14 and
WTAP in HG-treated podocytes did not change remarkably
(Figures 7G,H).

Collectively, these data showed that TFA restored activation of
the PTEN/PI3K/Akt signaling pathway induced by HG
conditions by regulating the m6A methylated modification
catalyzed by METTL3.

Total Flavones of Abelmoschus manihot
Ameliorated Pyroptosis and Injury in
Podocytes in a METTL3-Dependent Manner
by Regulating the Activation of the NLRP3
Inflammasome and PTEN/PI3K/Akt
Signaling Pathway
To further evaluate the effects of METTL3 on the m6A
modification of PTEN, we detected the impact on the PTEN/
PI3K/Akt pathway in HG-stimulated podocytes transfected with
the negative control (NC) andMETTL3 OE vectors, as well as NC
and METTL3 KD siRNAs. Here, we used cDNA fragment for
METTL3 to construct a pcDNA3.1 vector that could effectively
elevate the expression levels of METTL3 protein when transfected
into podocytes (Figure 8A). The global m6A content showed
similar results (Figure 8B). We used METTL3 KD siRNA that
could effectively decrease the expression levels of METTL3
protein when transfected into podocytes (Figure 9A). Then,
we detected the protein expression levels of the key molecules

within the PTEN/PI3K/Akt pathway, including PTEN, p-PI3K,
and p-Akt (Figures 8C, 9B). HG increased the protein expression
levels of PTEN and decreased the protein expression levels of
p-PI3K and p-Akt significantly in podocytes transfected with NC
vector. With the co-treatment of TFA, the protein expression
levels were reversed. We found that the protein expression levels
of PTEN were reduced, and p-PI3K and p-Akt were elevated in
podocytes transfected with METTL3 OE vector under HG
conditions when compared to that in podocytes transfected
with NC vector (Figures 8D–F). While the protein expression
levels of PTEN were elevated, and p-PI3K and p-Akt were
decreased in podocytes transfected with METTL3 KD siRNA
under HG conditions when compared to those of the cells
transfected with NC siRNA (Figures 9C–E). Furthermore,
TFA significantly reversed the HG-induced upregulation of
PTEN, as well as the downregulation of p-PI3K and p-Akt, in
podocytes overexpressing or knocking-down METTL3 when
compared to those of the cells transfected with NC vector or
NC siRNA (Figures 8D–F, 9C–E).

Next, we investigated the activation of the NLRP3
inflammasome and podocyte injury under conditions of
overexpressing or knocking-down METTL3. The protein
expression levels of GSDMD-N, NLRP3, caspase-1, nephrin,
and ZO-1, were detected by WB analysis (Figures 10A, 11A).
HG increased the protein expression levels of GSDMD-N,
NLRP3, and caspase-1, and decreased the protein
expression levels of nephrin and ZO-1 significantly in
podocytes transfected with NC vector. With the co-
treatment of TFA, the protein expression levels were
reversed. We found that the protein expression levels of
GSDMD-N, NLRP3, and caspase-1 were reduced, and that
the protein expression levels of nephrin and ZO-1 were
increased in podocytes transfected with METTL3 OE vector
in HG conditions when compared to the levels of podocytes
transfected with NC vector (Figures 10B–F). While the
protein expression levels of GSDMD-N, NLRP3, and
caspase-1 were increased, and that the protein expression
levels of nephrin and ZO-1 were decreased in podocytes
transfected with METTL3 KD siRNA in HG conditions
when compared to those of the cells transfected with NC
siRNA (Figures 11B–F). TFA significantly reversed these
protein changes expression levels in podocytes
overexpressing or knocking-down METTL3 in HG
conditions when compared to those of cells transfected with
NC vector or NC siRNA (Figures 10B–F, 11B–F). In
Figure 11G, compared to HG-treated podocytes, the
viability of podocytes transfected with METTL3 OE vector
was significantly increased, while it was reduced notably in
podocytes transfected with METTL3 KD siRNA.

FIGURE 7 | cultured MPC-5 cells exposed to HG at 30 mM for 48 h with or without TFA at 5, 10, and 20 μg/ml for 24 h by a Me-RIP assay; (E)WB analysis of METTL3,
METTL14, and WTAP, in cultured MPC-5 cells exposed to HG at 30 mM for 48 h with or without TFA at 5, 10, and 20 μg/ml for 24 h; (F) METTL3 was quantified by
densitometry; (G) METTL14 was quantified by densitometry; (H) WTAP was quantified by densitometry. Data are expressed as mean ± S.D., (n � 3). *p < 0.05, **p <
0.01. Abbreviations: TFA, total flavones of Abelmoschus manihot; PTEN, phosphate and tension homology; PI3K, phosphatidylinositol 3-kinases; Akt, protein kinase B;
m6A, N6-methyladenosine; HG, high glucose; MPC-5, mouse podocyte cell-5; qRT-PCR, quantitative real-time polymerase chain reaction; WB, western blotting;
MeRIP, methylated RNA immunoprecipitation; METTL, methyltransferase-like; WTAP, Wilms tumor 1-associated protein; NS, not significant.
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FIGURE 8 | TFA regulated the PTEN/PI3K/Akt signaling pathway in a METTL3-dependent manner via m6A modification in HG-afflicted MPC-5 cells with
overexpressed METTL3. (A)WB analysis of METTL3 in cultured MPC-5 cells transfected in duplicates with a NC vector or a METTL3 OE vector for 24 h and exposed to
HG (30 mM) for 48 h; (B) Quantification of m6A levels in cultured MPC-5 cells transfected in duplicates with a NC vector or METTL3 OE vector for 24 h and exposed to
HG (30 mM) for 48 h, as determined by a m6A RNA methylation quantification kit; (C)WB analysis of PTEN, p-PI3K, PI3K, p-Akt, and Akt, in cultured MPC-5 cells
transfected with NC or METTL3 OE vectors for 24 h, following by exposure to HG at 30 mM for 48 h with or without TFA (20 μg/ml) for 24 h; (D) PTEN was quantified by
densitometry; (E) p-PI3K was quantified by densitometry; (F) p-Akt was quantified by densitometry. Data are expressed as mean ± S.D., (n � 3). *p < 0.05, **p < 0.01.
Abbreviations: TFA, total flavones of Abelmoschus manihot; PTEN, phosphate and tension homology; PI3K, phosphatidylinositol 3-kinases; Akt, protein kinase B;
METTL, methyltransferase-like; m6A, N6-methyladenosine; HG, high glucose; MPC-5, mouse podocyte cell-5; WB, western blotting; NC, negative control; OE,
overexpression; p-PI3K, phosphorylated-phosphatidylinositol 3-kinase; p-Akt, phosphorylated-protein kinase B.
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Collectively, these data strongly indicated that TFA
ameliorated pyroptosis and injury in podocytes induced by
HG in a METTL3-dependent manner and did so by regulating
the activation of the NLRP3 inflammasome and the PTEN/PI3K/
Akt signaling pathway.

DISCUSSION

Many traditional Chinese herbal medicines, and their active
components, have been widely used to treat kidney disease,
including DKD; these treatments have shown promising
outcomes (Zhong et al., 2015; Guo et al., 2019). Of these,
HKC, and its principal component TFA, have become very
well known (Zhang et al., 2014; Chen et al., 2016). Our
previous studies found that HKC could alleviate renal injury
by attenuating oxidative stress and by inhibiting inflammation by
regulating different signaling activities in an experimental rat

model of DKD (Mao et al., 2015;Wu et al., 2018; Han et al., 2019).
Moreover, TFA has been shown to exert renoprotective effects by
therapeutically remodeling dysbiosis in the gut microbiota and by
inhibiting intestinal metabolite-derived microinflammation (Tu
et al., 2020). Zhou et al. further proved that TFA could reduce
urinary albumin excretion and glomerular podocyte apoptosis in
a rat model of DKD (Zhou et al., 2012). The protection of
podocytes is considered to be of great significance when
attempting to delay pathological injury in DKD (Podgórski
et al., 2019). In contrast to podocyte apoptosis, pyroptosis is a
novel form of cell death that involves the rupture of the plasma
membrane and the release of proinflammatory intracellular
contents. According to the different types of caspases and
stimuli involved, pyroptosis can be divided into a canonical
pathway (caspase-1) and a non-canonical pathway (caspase-
11/4) (Platnich and Muruve, 2019); the NLRP3 inflammasome
is considered to be the most important initiator of pyroptosis (Lin
et al., 2020). Hou et al. proved that the restoration of podocyte

FIGURE 9 | TFA regulated the PTEN/PI3K/Akt signaling pathway in a METTL3-dependent manner via m6A modification in HG-afflicted MPC-5 cells with
knockdown of METTL3. (A)WB analysis of METTL3 in cultured MPC-5 cells transfected in duplicates with a NC siRNA or a METTL3 KD siRNA for 24 h and exposed to
HG (30 mM) for 48 h; (B)WBanalysis of PTEN, p-PI3K, PI3K, p-Akt, and Akt, in culturedMPC-5 cells transfected with NC siRNA or METTL3 KD siRNA for 24 h, following
by exposure to HG at 30 mM for 48 hwith or without TFA (20 μg/ml) for 24 h; (C)PTENwas quantified by densitometry; (D) p-PI3Kwas quantified by densitometry;
(E) p-Akt was quantified by densitometry. Data are expressed as mean ± S.D., (n � 3). *p < 0.05, **p < 0.01. Abbreviations: TFA, total flavones of Abelmoschus manihot;
PTEN, phosphate and tension homology; PI3K, phosphatidylinositol 3-kinases; Akt, protein kinase B; METTL, methyltransferase-like; m6A, N6-methyladenosine; HG,
high glucose; MPC-5, mouse podocyte cell-5; WB, western blotting; NC, negative control; siRNA, small interfering RNA; KD, knockdown; p-PI3K, phosphorylated-
phosphatidylinositol 3-kinase; p-Akt, phosphorylated-protein kinase B.

Frontiers in Pharmacology | www.frontiersin.org July 2021 | Volume 12 | Article 66764414

Liu et al. TFA Protects Podocytes in HG

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


FIGURE 10 | TFA attenuated podocyte pyroptosis and injury in a METTL3-dependent manner by inhibiting the activation of the NLRP3 inflammasome in HG-
afflicted MPC-5 cells with overexpressed METTL3. (A)WB analysis of GSDMD-N, NLRP3, caspase-1, nephrin, and ZO-1, in cultured MPC-5 cells transfected with a NC
vector or a METTL3 OE vector for 24 h, following by exposure to HG at 30 mM for 48 h with or without TFA (20 μg/ml) for 24 h; (B) GSDMD-N was quantified by
densitometry; (C) NLRP3 was quantified by densitometry; (D) Caspase-1 was quantified by densitometry; (E) Nephrin was quantified by densitometry; (F) ZO-1
was quantified by densitometry. Data are expressed as mean ± S.D., (n � 3). *p < 0.05, **p < 0.01. Abbreviations: TFA, total flavones of Abelmoschus manihot; METTL,
methyltransferase-like; NLRP3, NOD-like receptor pyrin domain-containing protein 3; HG, high glucose; MPC-5, mouse podocyte cell-5; WB, western blotting;
GSDMD-N, N-terminus of GSDMD; Caspases-1, cysteinyl aspartate-specific proteinase-1; ZO-1, Zonula occludens 1; NC, negative control; OE, overexpression.
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autophagy by the inactivation of NLRP3 in HG conditions could
reduce the extent of podocyte injury (Hou et al., 2020). It has also
been reported that activation of the NLRP3 inflammasome
requires NEK7, a protein that binds to the leucine-rich repeat
domain of NLRP3 in a kinase-independent manner (Shi et al.,
2016). Numerous studies have shown that the NLRP3
inflammasome is formed by the recruitment of the adaptor
ASC and caspase-1, thus resulting in the release of an
abundance of inflammatory factors, including IL-1β and IL-18,

thus inducing pyroptosis and inflammatory injury in tissues
(Mulay, 2019). In our present study, we found that the
expression levels of pyroptosis-related proteins in the
canonical pathway, and inflammatory factors that are involved
in the activation of the NLRP3 inflammasome, were all
upregulated in podocytes under HG conditions, including
GSDMD-N, IL-1β, IL-18, NEK7, NLRP3, ASC, and caspase-1.
In contrast, the expression levels of nephrin, ZO-1, WT1 and
podocalyxin, proteins that are known to exert protective effects

FIGURE 11 | TFA attenuated podocyte pyroptosis and injury in a METTL3-dependent manner by inhibiting the activation of the NLRP3 inflammasome in HG-
afflicted MPC-5 cells with knockdown of METTL3. (A)WB analysis of GSDMD-N, NLRP3, caspase-1, nephrin, and ZO-1, in cultured MPC-5 cells transfected with a NC
siRNA or a METTL3 KD siRNA for 24 h, following by exposure to HG at 30 mM for 48 h with or without TFA (20 μg/ml) for 24 h; (B) GSDMD-N was quantified by
densitometry; (C) NLRP3 was quantified by densitometry; (D) Caspase-1 was quantified by densitometry; (E) Nephrin was quantified by densitometry; (F) ZO-1
was quantified by densitometry; (G) The cell viability in cultured MPC-5 cells transfected with METTL3 OE vector or METTL3 KD siRNA for 24 h exposed to HG at 30 mM
for 48 h. Data are expressed as mean ± S.D., (n � 3). *p < 0.05, **p < 0.01. Abbreviations: TFA, total flavones of Abelmoschus manihot; METTL, methyltransferase-like;
NLRP3, NOD-like receptor pyrin domain-containing protein 3; HG, high glucose; MPC-5, mouse podocyte cell-5; WB, western blotting; GSDMD-N, N-terminus of
GSDMD; Caspases-1, cysteinyl aspartate-specific proteinase-1; ZO-1, Zonula occludens 1; NC, negative control; siRNA, small interfering RNA; KD, knockdown; OE,
overexpression.
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upon the podocytes, were down-regulated. However, in a
previous study, Cheng et al. identified that the non-canonical
inflammasome pathway was implicated in podocyte injury in a
mouse model of diabetic nephropathy and involved caspase-11/4
and a GSDMD-dependent pathway (Cheng et al., 2020). Several
different pathways of pyroptosis have been discovered in
experimental models of DKD, thus demonstrating the
complexity of this system. With TFA therapy, we found that
the protein expression levels of pyroptosis in podocytes were
reduced and that the expression levels of proteins associated with
podocyte injury were increased in HG conditions. Moreover,
MCC950, a specific small-molecule inhibitor of the NLRP3
inflammasome, yielded a similar protective effect with regards
to HG-induced pyroptosis and injury in podocytes. These results
suggested that TFA and MCC950 could protect HG-induced
pyroptosis and injury in podocytes by inhibiting activation of the
NLRP3 inflammasome.

The PI3K/Akt signaling pathway is a vital upstream element
that is involved in the activation of the NLRP3 inflammasome
(Ives et al., 2015). The PI3K/Akt signaling pathway is a critical
mediator of survival, and plays a key regulatory role in the
development of DKD (Dragos et al., 2020). Nevertheless, there
has been controversy regarding whether the PI3K/Akt pathway is
activated or inhibited in models of DKD or in HG-treated
podocytes. Yang et al. found that the PI3K/Akt pathway was
activated in podocytes that were cultured in HG at 30 mM for
24 h (Yang et al., 2020). In contrast, in the present study, we
observed that the phosphorylation levels of PI3K and Akt were
down-regulated in HG-stimulated podocytes, thus indicating that
the PI3K/Akt pathway was suppressed in HG conditions; when
co-treated with TFA, the protein expression levels of p-PI3K and
p-Akt were up-regulated. Similarity, Huang et al. created a rat
model of DKD by intraperitoneal injections of STZ at a dosage of
65 mg/kg and found that the protein expression levels of p-PI3K
and p-Akt were notably reduced in the kidneys (Huang et al.,
2016). It is possible that different sources of podocytes, or
different culture environments, may induce different outcomes
in relevant signaling pathways. For example, we used 740Y-P to
activate the PI3K/Akt pathway. In a previous study, Wang et al.
reported that 740Y-P could reduce apoptosis in foam cells by
increasing the levels of phosphorylation of proteins in the PI3K/
Akt signaling pathway in Raw 264.7 cells treated with Nε-
carboxymethyl-lysine (Wang et al., 2019). Our data
demonstrated that, similar to TFA, the use of 740Y-P as a
PI3K agonist suppressed the protein expression levels of
NEK7, NLRP3, ASC, and caspase-1 in cultured podocytes
exposed to HG, but increased the protein expression levels of
p-PI3K and p-Akt. These results suggested that TFA and 740Y-P
could protect podocytes from HG-induced pyroptosis and injury
by inhibiting the activation of the NLRP3 inflammasome via the
PI3K/Akt signaling pathway. PTEN is a tumor-suppressing dual
phosphatase that antagonizes the function of PI3K and negatively
regulates Akt activity (Papa and Pandolfi, 2019). A recent study
confirmed that PTEN is closely related with DKD (Khokhar et al.,
2020). Our own research showed that exposure to HG conditions
can increase the mRNA and protein expression levels of PTEN in
podocytes and that this effect might be associated with the

inhibition of PI3K/Akt signaling. Furthermore, TFA therapy
was able to down-regulate the expression levels of PTEN
mRNA and protein. Therefore, these findings may suggest that
TFA protects podocytes against pyroptosis and injury under HG
conditions via the PTEN/PI3K/Akt signaling pathway.

It has been reported that m6A is the most prevalent and
abundant type of internal post-transcriptional RNA modification
in eukaryotic cells. A range of different RNA types are involved in
m6A methylation, including mRNAs, rRNAs, tRNAs, long non-
coding RNAs, and microRNAs (Qin et al., 2020). In a previous
study, Diao et al. found that the total levels of m6A methylated
RNA and the levels of methylated PTENmRNA were remarkably
elevated in neurons exposed to hypoxia/reoxygenation (Diao
et al., 2020). However, our findings showed that the global
m6A modification level in podocytes was remarkably reduced
under HG conditions, and that the levels of methylated PTEN
mRNA were also reduced, as detected by Me-RIP assay.
Depending on a variety of conditions, the regulation of PTEN
signaling by m6A modifications can represent a bi-directional
approach for protecting cells against disease. In our study, we
found that TFA therapy reversed changes in the global level of
m6A modification level and the levels of methylated PTEN
mRNA in HG-stimulated podocytes. These results indicated
that m6A-modified PTEN is involved in the regulation of
pyroptosis and injury in podocytes under HG conditions.

The biological function of m6A modification is dynamically
and reversibly mediated by methyltransferases (writers),
demethylases (erasers), and m6A binding proteins (readers).
The methyltransferase complex is responsible for the
catalyzation of m6A modification and is typically composed of
METTL3, METTL14, and WTAP (Tong et al., 2018). A previous
study reported that the upregulation of METTL3 alleviated
cytotoxic effects and pyroptosis in HG-treated RPE cells and
that the knock-down of METTL3 induced the opposite effects
(Zha et al., 2020). Similar changes were also observed in the
present study in HG-stimulated podocytes. Our present findings
revealed that the expression levels of METTL3 protein were
significantly down-regulated, while the levels of METTL14 and
WTAP protein did not change remarkably. The overexpression
of METTL3 reduced the protein expression levels of PTEN and
elevated the expression levels of p-PI3K and p-Akt proteins. TFA
enhanced the activation of METTL3methyltransferase in a dose-
dependent manner in podocytes in HG conditions. Specifically,
the effects of HG on the key molecules involved in the regulation
of the PTEN/PI3K/Akt signaling pathway in podocytes, as well
as pyroptosis and injury, were all reversed by TFA in cells
transfected with METTL3 OE vector or METTL3 KD siRNA.
Moreover, the interested protein expression levels under the
baseline were different between NC vector and METTL3 OE
vector, or between NC siRNA and METTL3 KD in podocytes.
The reason for the various of the protein expression levels in
podocytes under the baseline is probably due to METTL3 is an
upstream key molecular in HG-treated podocytes by regulation
of NLRP3-inflammasome activation and PTEN/PI3K/Akt
signaling, additionally, the gene level changes of METTL3 OE
or KD may affect the downstream molecules’ protein
expressions.
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These results indicated that TFA ameliorated pyroptosis and
injury in podocytes induced by HG conditions via the PTEN/
PI3K/Akt signaling pathway in a METTL3-dependent manner.
Nevertheless, Xu et al. previously revealed that METTL14-
mediated m6A RNA modification affected the PI3K/Akt
signaling pathway via PTEN in HG-induced EMT in renal
tubular cells (Xu et al., 2021), thus indicating that changes in
the catalyzation of m6A modification under HG conditions are
complex and vary across different organisms. In our study, under
HG conditions, the viability of METTL3 OE vector transfected
cells were similar to the viability of podocytes co-treated with the
high dose of TFA (30 μg/ml) group. The reason was probably due
to the effect of transfection on cell activity. However, the viability
of METTL3 OE vector transfected cells was increased
significantly than the HG-treated normal podocytes. The
reason was probably due to the increased METTL3 gene
expression may further enhance the activity of podocytes
biologically. Zha et al. found the similar phenomenon that
METTL3 may rescue cell viability in high-glucose treated RPE

cells (Zha et al., 2020). There is an interesting phenomenon that
the GSDMD-N level is not further increased in HG conditions
from the baseline in the METTL3 KD group, but the cell viability
was reduced notably in podocytes transfected with the METTL3
KD siRNA co-treated with HG, when compared to HG-treated
normal podocytes. They showed that METTL3 may stabilize cells
in a different way aside from the GSDMD pathway. Besides
pyroptosis, TFA may contribute to the survival of podocytes in
HG conditions by regulation of the other pathways, such as
apoptosis, autophagy or necroptosis.

The present study has three limitations that need to be
considered. First, we investigated the effects and mechanisms
associated with the action of TFA on podocytes under HG
conditions in vitro; however, the effects and mechanisms of
TFA on experimental models of DKD in vivo were not
assessed. Future research should include the classical DKD
model. Second, both apoptosis and pyroptosis are caspase-
dependent programmed cell death pathways. Caspase-3 is a
common key protein in the apoptosis. However, it is reported

FIGURE 12 | Schematic diagram showing how TFA ameliorates pyroptosis and injury in podocytes exposed to HG conditions. Abbreviations: TFA, total flavones of
Abelmoschus manihot; HG, high glucose.
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that gasdermin E (GSDME) cleavage by caspase-3 liberates the
GSDME-N domain and mediates pyroptosis by forming pores in
the plasma membrane. Caspase-3-mediated inflammasome
pathway is also a pathway of pyroptosis generation in DKD
(Liu et al., 2021). The effect of TFA in regulating apoptosis and
caspase-3-mediated inflammasome pathway will be focused in
our further study. Third, a novel and vital finding of the current
study was that METTL3-dependent m6A modification and
methylated PTEN expression levels were reduced in podocytes
undergoing HG-induced pyroptosis and injury; however, m6A
modification is complex. Further studies are now needed to
explore whether demethylases and m6A binding proteins
participate in the modification of PTEN in podocytes under
HG conditions.

Collectively, we demonstrated that TFA could ameliorate HG-
induced pyroptosis and injury in podocytes by targeting
METTL3-dependent m6A modification via the regulation of
NLRP3-inflammasome activation and PTEN/PI3K/Akt
signaling (Figure 12). This study uncovered the underlying
mechanisms of pyroptosis and injury in podocytes in DKD, at
least in part, and provides a better understanding of the role of
TFA in protecting podocytes during the progression of DKD.
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GLOSSARY

Akt protein kinase B

AM Abelmoschus manihot

ANOVA analysis of variance

ASC a C-terminal caspase recruitment domain

Caspases-1 cysteinyl aspartate-specific proteinase-1

cDNA complementary DNA

DKD diabetic kidney disease

DMEM Dulbecco’s modified eagle medium

DMSO dimethyl sulfoxide

EMT epithelial-mesenchymal transition

ESRD end-stage renal disease

FBS fetal bovine serum

GSDMD gasdermin D

GSDME gasdermin E

GSDMD-N N-terminus of GSDMD

HG high glucose

HKC Huangkui capsule

IFN-γ recombinant γ-interferon

IL-1β interleukin-1β

IL-18 interleukin-18

KD knockdown

LSD least significant difference

MeRIP methylated RNA immunoprecipitation

METTL methyltransferase-like

MPC-5 mouse podocyte cell-5

m6A N6-methyladenosine

NC negative control

NEK7 NIMA-related kinase 7

NLRP3 NOD-like receptor pyrin domain-containing protein 3

OE overexpression

OD optical density

p-PI3K phosphorylated-phosphatidylinositol 3-kinase

p-Akt phosphorylated-protein kinase B

PI3K phosphatidylinositol 3-kinases

PTEN phosphate and tension homology

qRT-PCR quantitative real-time polymerase chain reaction

RPE retinal pigment epithelium

SD standard deviation

siRNA small interfering RNA

STZ streptozotocin

TFA total flavones of Abelmoschus manihot

WB western blotting

WT1 Wilms tumor type 1

WTAP Wilms tumor 1-associated protein

ZO-1 Zonula occludens 1
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