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MBD2 Mediates Septic AKI through Activation
of PKCh/p38MAPK and the ERK1/2 Axis
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Our previous study demonstrated that the methyl-CpG-bind-
ing domain protein 2 (MBD2) mediates vancomycin (VAN)-
induced acute kidney injury (AKI). However, the role and regu-
lation ofMBD2 in septic AKI are unknown. Herein, MBD2was
induced by lipopolysaccharide (LPS) in Boston University
mouse proximal tubules (BUMPTs) and mice. For both
in vitro and in vivo experiments, we showed that inhibition
of MBD2 by MBD2 small interfering RNA (siRNA) and
MBD2-knockout (KO) substantially improved the survival
rate and attenuated both LPS and cecal ligation and puncture
(CLP)-induced AKI, renal cell apoptosis, and inflammatory
factor production. Global genetic expression analyses and
in vitro experiments suggest that the expression of protein ki-
nase C eta (PKCh), caused by LPS, is markedly suppressed in
MBD2-KO mice and MBD2 siRNA, respectively. Mechanisti-
cally, chromatin immunoprecipitation (ChIP) analysis indi-
cates that MBD2 directly binds to promoter region CpG islands
of PKCh via suppression of promoter methylation. Further-
more, PKCh siRNA improves the survival rate and attenuates
LPS-induced BUMPT cell apoptosis and inflammatory factor
production via inactivation of p38 mitogen-activated protein
kinase (MAPK) and extracellular signal-regulated kinase
(ERK)1/2, which were further verified by PKCh siRNA treat-
ment in CLP-induced AKI. Finally, MBD2-KO mice exhibited
CLP-induced renal cell apoptosis and inflammatory factor pro-
duction by inactivation of PKCh/p38MAPK and ERK1/2
signaling. Taken together, the data indicate that MBD2 medi-
ates septic-induced AKI through the activation of PKCh/
p38MAPK and the ERK1/2 axis. MBD2 represents a potential
target for treatment of septic AKI.

INTRODUCTION
Acute kidney injury (AKI) is a common complication of patients with
sepsis.1 It occurs in approximately 40%–50% of all septic patients and
is associated with high mortality.2,3 Although extensive research has
focused on sepsis-induced AKI,4–7 the underlying mechanisms
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remain largely unknown, resulting in reactive and nonspecific
therapy.

Numerous studies have reported that DNA methylation is associ-
ated with AKI induced by ischemic and nephrotoxic drugs.8,9 How-
ever, little is known about the role of DNA methylation in AKI. Guo
et al.9 reported that DNA methyltransferase 1 (DNMT1) plays a
renal-protective role in cisplatin-induced AKI. By contrast, our
recent study suggests that methyl-CpG-binding domain protein 2
(MBD2), a key methylated protein reader, mediates vancomycin
(VAN)-induced AKI.10 The above finding suggests a role of DNA
methylation that is dependent on the specific methylation patterns
and type of AKI. Although our previous study has demonstrated
that MBD2 promoted AKI induced by VAN,10 to the date, the
role and regulatory mechanisms of MBD2 in septic AKI remain
unclear.

In the present study, we demonstrate that MBD2 is induced by lipo-
polysaccharide (LPS) in vitro and vivo. Furthermore, MBD2-
knockout (KO) significantly ameliorates septic AKI induced by LPS
and cecal ligation and puncture (CLP). Mechanistically, MBD2 medi-
ates LPS-induced expression of protein kinase C eta (PKCh) by de-
methylation of its promoter, resulting in the activation of p38
mitogen-activated protein kinase (MAPK) and extracellular signal-
regulated kinase (ERK)1/2 to stimulate renal cell apoptosis and
inflammation, respectively. Collectively, these data indicate that
MBD2 mediates septic AKI via activation of PKCh/p38MAPK and
the ERK1/2 axis.
uthor(s).
//creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtn.2020.09.028
mailto:dongshanzhang@csu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2020.09.028&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. LPS Induced the Expression of MBD-2 in Both BUMPT Cells and

Mice Kidneys

BUMPT cells and male C57BL/6 mice were treated with 0–300 mg/mL and 10 mg/

kg LPS for 0–24 h, respectively. (A) The FCM analysis of apoptosis. (B) The

immunofluorescence detection of MBD2. (C–F) Whole protein lysates from cells and

kidneys were gathered for immunoblot analysis of MBD2 and GAPDH expression at

the indicated time points (C and E), followed by the densitometric analysis of MBD2

(D and F). (G and H) Immunohistochemical staining (G) and quantitative image

analysis (H) of MBD2 expression. Scale bar, 100 mM. Data are expressed as mean ±

SD (n = 6). #p < 0.05 versus hour 0 or the saline group. Original magnification,

�200.

www.moleculartherapy.org
RESULTS
Both Apoptosis andMBD2Were Induced by LPS in BUMPTCells

and C57BL/6 Mice

Although LPS might induce the human kidney proximal tubule (HK-
2) cell apoptosis in several cell lines,11 whether it caused Boston
University mouse proximal tubule (BUMPT) cell apoptosis remains
unclear. The flow cytometry (FCM) analysis results showed that
LPS induced the BUMPT cell apoptosis in a dose-dependent manner
(0–300 mg/mL) (Figure 1A). Previous studies report that VAN
induced expression of MBD2 in HK-2 cells;10 however, it is unclear
whether LPS at 300 mg/mL induces MBD2 expression. In the current
study, we demonstrated that LPS induced MBD2 expression in
BUMPT cells and C57BL/6 mice for the first time using the immuno-
blot and immunofluorescence staining (Figures 1B–1F). The immu-
nohistochemistry data further confirm the above finding and indicate
that MBD2 is mainly expressed in the nucleus of renal tubular cells
(Figures 1F and 1G). Collectively, these data suggest that MBD2 is
induced by LPS in vitro and vivo.

Attenuation of LPS Induces the Progression of AKI in KO of

MBD2 in Mice

To investigate the role of MBD2 in LPS-induced AKI, the MBD2-KO
and wild-type (WT) littermate mice were injected with LPS. After LPS
treatment, MBD2-KOmicemarkedly improved the survival rate (Fig-
ure 2A). As shown in Figures 2B and 2C, LPS induces impaired renal
function in WT mice, as indicated by the elevation of blood urea ni-
trogen (BUN) and creatinine levels, which were markedly improved
in MBD2-KO mice. Interestingly, KO of MBD2 in mice significantly
attenuates that LPS caused the increase of serum tumor necrosis fac-
tor (TNF)-a and interleukin (IL)-1b (Figures 2D and 2E). Hematox-
ylin and eosin (H&E) staining indicates that MBD2-KO ameliorated
the LPS-induced tubular damage in the cortex and the outer stripe of
the outer medulla (OSOM) of the kidney (Figure 2F), which sup-
ported the tubular damage scores (Figures 2G and 2H). These results
demonstrate that MBD2 mediates LPS-induced progression of AKI.

Attenuation of LPS Induced Renal Cell Apoptosis in MBD-KO

Mice

Previous studies have demonstrated that renal cell apoptosis plays a
pivotal role in septic AKI;12–15 however, the role of MBD2 in LPS-
induced AKI is unclear. In the current study, TUNEL staining indi-
cates that LPS increased renal cell apoptosis in the cortex of WT
mice, which were reduced in MBD2-KO mice (Figure 3A).
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Figure 2. Amelioration of LPS-Induced AKI in MBD2-KO Mice

The MBD2-KO and -WT littermate mice were injected with 10 mg/kg LPS for days

0 to 7 or saline as control. (A) Representative of survival cure. (B and C) Blood

samples were collected for the measurement of serum nitrogen (BUN) (B) and

creatinine (C) concentration at 24 h. (D and E) Representative of TNF-a (D) and IL-1b

(E). (F) The kidney sections were stained with hematoxylin and eosin (H&E). (G and

H) Tubular damage scores of kidney cortex (G) and OSOM (H). Scale bar, 100 mM.

For the survival, the animal number is 12; for other experiments, the data are ex-

pressed as mean ± SD (n = 6). #p < 0.05 versus the saline group; *p < 0.05 versus

the MBD2-WT with LPS group. Original magnification, �200.
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Quantification of TUNEL-positive cells further confirmed the TU-
NEL staining (Figure 3B). Immunoblot analysis revealed that
MBD-2 KO markedly suppressed the expression of BAX and cleaved
caspase-3 (Figure 3C). These results were supported by gray analysis
(Figure 3D). The data suggest that MBD2 is involved in renal cell
apoptosis caused by LPS.
The Expression of 54 Genes Was Inhibited during LPS-Induced

AKI in MBD2-KO Mice

We hypothesized that MBD2 regulates multiple genes during LPS-
induced AKI. LPS induced the upregulation of 4,455 genes in WT
mice (Table S1), while downregulating 178 genes in MBD2-KO
mice (Table S3). Meanwhile, downregulation of 7,174 genes was
induced by LPS in WT mice (Table S2). Interestingly, we found
that 54 of 178 downregulated gene promoters exited the CpG
island (Figures 4A and 4B), according to the CpG island prediction
using the MethPrimer Promoter2.0 (http://www.urogene.org/cgi-
bin/methprimer2/MethPrimer.cgi). Furthermore, these 54 genes
were classified as apoptosis, inflammation, and protein coding (Table
1). Six genes, CRK, Chmp4b, rac1, Csnk1a1, Banp, and PKCh, func-
tion in both apoptosis and inflammation. Among these six genes, the
fold change of PKCh in LPS versus saline of WTmice is greatest. The
real-time polymerase chain reaction (PCR) data confirmed that LPS
increases expression levels of PKCh in WT mice, which are signifi-
cantly suppressed in MBD2-KOmice (Figure 4C). Immunoblot anal-
ysis also indicated that MBD2-KO significantly inhibited LPS induc-
tion of PKCh and cleaved PKCh (Figures 4D and 4E).
MBD2 Upregulates PKCh Expression by Inhibiting Methylation

of the PKCh Promoter

Although MBD2 is involved in PKCh expression, the regulatory
mechanism remains unclear. The MethPrimer Promoter2.0 (http://
www.urogene.org/cgi-bin/methprimer2/MethPrimer.cgi) for CpG is-
land prediction and primer design-based bioinformatics analysis
predicted that the promoter of PKCh was located on one island (Fig-
ure 5A). As shown in Figure 5B, the chromatin immunoprecipitation
(ChIP) assay demonstrated that the immunoprecipitation of MBD2-
associated DNA fragments from BUMPT cells contain only one bind-
ing site of mBS5, which verified the bioinformatics prediction.
Furthermore, the DNA methylation target sequences from the pro-
moter region of PKCh were cloned into the CpG-free pCpGI lucif-
erase reporter plasmid. The MBD2 plasmid markedly enhanced the
transcriptional activity compared to the control and mutant plasmids

http://www.urogene.org/cgi-bin/methprimer2/MethPrimer.cgi
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Figure 3. Attenuation of LPS-Induced Renal Cell Apoptosis in MBD2-KO Mice

The MBD2-KO and -WT littermate mice were injected with 10 mg/kg LPS for 24 h or saline as control. (A) TUNEL assay of apoptosis in kidney sections. (B) Quantification of

TUNEL-positive cells. (C) Immunoblot analysis of MBD2, BAX, caspase-3, cleaved caspase-3, andGAPDH expression. (D) Grayscale image analysis among them. Scale bar,

100 mM. Data are expressed as mean ± SD (n = 6). #p < 0.05 versus the saline group; *p < 0.05 versus the MBD2-WT with LPS group. Original magnification, �200.
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of MBD2-methylated DNA-binding domain deletion (Figure 5C).
Methylation analysis demonstrated that endogenous MBD2-bound
DNA markedly suppresses the methylated pCpGI of PKCh, which
was enhanced further by ectopic MBD2 expression (Figure 5D).
The immunoblot analysis verified that LPS increases the expression
levels of both PKCh and cleaved PKCh, which were enhanced by
MBD2 overexpression (Figures 5E and 5F) and reduced by MBD2
small interfering RNA (siRNA) treatment (Figures 5G and 5H). These
data suggest that MBD2 upregulates the expression of PKCh via pro-
moter demethylation.

MBD2-Mediated LPS Induced the BUMPT Cell Apoptosis

To further confirm the in vivo findings of LPS-induced renal cell
apoptosis, BUMPT cells were transfected withMBD2 orMBD2 siRNA,
with or without LPS. As shown in Figure 6A, the results of FCM anal-
ysis demonstrate that LPS increases the apoptosis ratio of BUMPT cells,
which were enhanced by the expression of MBD2 (Figure 6A). Immu-
noblot analysis indicates that LPS upregulates the expression ofMBD2,
BAX, and cleaved caspase-3, which are further enhanced by MBD2
overexpression (Figure 6B). The gray analysis result confirmed the
changes of these proteins (Figure 6C). In contrast, MBD2 siRNAmark-
edly attenuates LPS-stimulated apoptosis in BUMPT cells (Figure 6D)
and the expression of MBD2, BAX, and cleaved caspase-3 (Figures 6E
and 6F). Collectively, these data confirm thatMBD2 is involved in LPS-
induced BUMPT cell apoptosis.
MBD2 Is Involved in the Expression of TNF-a, IL-1b, and ICAM1

Caused by LPS in BUMPTs

Since inflammation plays an important role in LPS-induced AKI,16

we want to investigate whether MBD2 mediates LPS-induced
inflammation. As shown in Figure 7A, LPS increases the expression
of TNF-a, IL-1b, and ICAM1 in BUMPT cells, which were further
upregulated by MBD2 expression; this was further verified by the
immunoblot of them (Figures 7B and 7C). By contrast, MBD2 siRNA
markedly reduces the expression of TNF-a, IL-1b, and ICAM1 stim-
ulated by LPS in BUMPT cells (Figure 7D), which were confirmed by
the immunoblot of them (Figures 7E and 7F). Furthermore, the pri-
mary renal tubular epithelial cells from MBD2-KO mice ameliorated
the LPS-induced expression of TNF-a, IL-1b, and ICAM1 (Figures
7G and 7H). However, the M0 (nonactivated macrophage) macro-
phages came from transition of the primary murine bone marrow-
derived monocytes of the MBD2-KO mice and only attenuated the
LPS-induced expression of TNF-a but did not affect the downregula-
tion of IL-1b and ICAM1 (Figures 7I and 7J). These results verify that
MBD2 mediates LPS-induced expression of inflammatory factors.

PKCh siRNA Suppresses LPS-Induced Renal Cell Apoptosis in

BUMPT Cells via Inactivation of p38MAPK

To date, the role and regulation of PKCh during LPS-induced
BUMPT cell apoptosis remain unclear. FCM analysis verified that
PKCh siRNA notably suppresses BUMPT cell apoptosis (Figure 8A).
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Figure 4. The Induction of PKCh during LPS-Induced AKI Is

Inhibited in MBD2-KO Mice

The MBD2-KO and -WT littermate mice were injected with

10 mg/kg LPS for 24 h or saline as control. (A) The amount of 30

genes from the LPS group was divided by the amount of saline

control to calculate the fold change. (B) The amount of 29 genes

from the LPS group was divided by the amount of saline control to

calculate the fold change. (C) Real-time PCR analysis of PKCh

expression. (D) Immunoblot analysis of PKCh, cleaved PKCh, and

GAPDH expression. (E) Grayscale image analysis between them.

Data are expressed as mean ± SD (n = 6). #p < 0.05 versus the

saline group; *p < 0.05 versus the MBD2-WT with LPS group.
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Table 1. Fifty-Four Genes Induced by MBD2 during LPS-Induced AKI

Gene Function Gene Name

Apoptosis

TRIMI71/CRK/OGDH/Chmp4b/rac1/MTF1/
SRSF3/Ube2d3/Sh3rt1/Zbxb1/Eif2s1/Hpcal1/
NOLF1/Fut4/Plekha8/Atxn7/PRKCH/Banp/
Tox4/Csnk1a1

Inflammation
CRK/fom5/Chmp4b/rac1/II4ra/RNF115/Zbtb1/
Hrh1/PRKCH/Banp/Csnk1a1/Socs4

Protein coding

Lman1l/Grpel1/Ccdc71l/Hook1/Ccdc112/Ap3s1/
Fam133b/Gmps/Ncaph2/Rtfdc1/Arfg

ef2/Atrnl1/Ythdf3/Eif2s3x/Tmco1/eif1/Sept11/
Zfp592/Rragc/Trak1/Trim23/Ankfy1/D

cbld1/Cbx6/Kft5/Mturn

Unknown Sipa1l1/PDXP/Speer5-ps1
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Immunoblot analysis reveals that LPS increased the expression of
MBD2, BAX, and cleaved caspase-3, which were markedly inhibited
by the PKCh siRNA, with the exception of MBD2 (Figure 8B). These
changes were verified by gray analysis (Figure 8C). As shown in Fig-
ure 8D, immunoblot analysis revealed that LPS increases the expres-
sion of PKCh, cleaved PKCh, and phosphorylated (p)-p38MAPK,
which were markedly suppressed by the PKCh siRNA. Gray analysis
confirmed the expression changes in these proteins (Figure 8E).
Furthermore, FAM analysis indicates that inactivation of
p38MAPK using SB203580 attenuates LPS-induced BUMPT cell
apoptosis (Figure 8F). The immunoblot analysis also confirmed
that SB203580markedly suppressed the activation of p38MAPK (Fig-
ures 8G and 8H). To confirm whether p38MAPK mediated the pro-
moting apoptosis role of PKCh during LPS treatment, the p38MAPK
activator was used in the current study. The FCM analysis indicated
that the p38MAPK activator completely reversed the effect of PKCh
siRNA on LPS-induced BUMPT cells apoptosis (Figure 8I), which
was further verified by the immunoblot analysis (Figures 8J and
8K). These data suggest that PKCh mediates LPS-induced BUMPT
cell apoptosis via activation of p38MAPK.
PKCh siRNA Suppresses LPS-Induced Expression of COX2,

iNOS, TNF-a, IL-1b, and ICAM1 in BUMPT Cells via Inactivation

of ERK1/2

A previous study has reported that PKCh activates the inflammatory
signal pathway17, and ERK1/2 signaling is involved in LPS induced
expression of COX2 and inducible nitric oxide synthase (iNOS).18

Hence, we hypothesized that PKChmediates LPS-induced inflamma-
tion via inactivation of ERK1/2 signaling. As shown in Figure S1A,
immunoblot analysis results indicate that PKCh siRNA markedly
suppresses LPS-induced expression of p-ERK1/2, COX2, and iNOS,
which were confirmed by gray analysis (Figure S1B). Furthermore,
real-time PCR analysis indicates that PKCh siRNA notably sup-
presses the expression of TNF-a, IL-1b, and ICAM1 caused by LPS
in BUMPT cells (Figure S1C), which were further confirmed by the
immunoblot of them (Figures S1D and S1E). Furthermore, we also
demonstrated that inhibition of ERK1/2 also attenuated the LPS-
induced the expression of TNF-a, IL-1b, ICAM1, COX2, and iNOS
(Figures S1F and S1G). To confirm if ERK1/2 mediated the promot-
ing inflammation role of PKCh during LPS treatment, the ERK1/2
activator was applied. The immunoblot analysis demonstrated that
the ERK1/2 activator almost reversed the effect of PKCh siRNA on
LPS-induced production of TNF-a, IL-1b, ICAM1, COX2, and
iNOS (Figure S1H), which were further verified by the gray analysis
(Figure S1I). These data suggest that PKCh/ERK1/2 signaling medi-
ates LPS-induced inflammation.

PKCh Mediated the Effect of MBD2 on LPS-Induced Apoptosis

and Inflammation

To further demonstrate if PKCh mediated the role of MBD2 during
LPS treatment, we designed the two experiments. First, the FCM anal-
ysis demonstrated that overexpression of PKCh notably reversed the
effect of MBD2 siRNA on LPS-induced apoptosis (Figures S2A). The
immunoblot analysis further confirmed that overexpression of PKCh
markedly reversed the effect of MBD2 siRNA on LPS-induced expres-
sion of BAX, caspase-3, and cleaved caspase-3, TNF-a, IL-1b,
ICAM1, COX2, and iNOS (Figures S2B and S2C). In addition, over-
expression of MBD2 did not attenuate the effect of the PKCh siRNA
on LPS-induced apoptosis, apoptosis-associated genes, and inflam-
mation-associated genes (Figures S2D–S2F). Taken together, the
data further confirmed that PKChwas a direct downstream ofMBD2.

PKCh siRNA Suppresses CLP-Induced AKI in C57BL/6 Mice

To investigate the role of PKCh in CLP-induced AKI, C57BL/6 mice
were subjected to CLP and then treated with PKCh siRNA. After CLP
treatment, PKCh siRNA markedly improved the survival rate (Fig-
ure S3A). As shown in Figures S3B and S3C, CLP induces impaired
renal function in C57BL/6 mice, as indicated by the elevation of
BUN and creatinine levels, which were markedly improved in
PKCh siRNA. Interestingly, PKCh siRNA significantly attenuates
that CLP caused the increase of serum TNF-a and IL-1b (Figures
S3D and S3E). The result of H&E staining demonstrated that
PKCh siRNA treatment reduces CLP-induced tubular damage in
the cortex and OSOM of kidney (Figure S3F). Tubular damage scores
confirmed the H&E staining results (Figures S3G and S3H). These
data suggest that PKCh is involved in CLP-induced AKI.

PKCh siRNA Suppresses Renal Cell Apoptosis and

Inflammation by Inactivation of p38MAPK and ERK1/2

To further confirm the in vitro regulatory mechanism of PKCh, mice
were subjected to CLP and then treated with PKCh siRNA. TUNEL
staining indicates that PKCh siRNA treatment markedly attenuates
renal cell apoptosis in the cortex of C57BL/6 mice, which are sup-
pressed by PKCh siRNA (Figure S4A). This was confirmed by the
quantification of TUNEL-positive cells (Figure S4B). Immunoblot re-
vealed that PKCh siRNA notably suppresses CLP-induced expression
of cleaved PKCh, BAX, cleaved caspase-3, p-p38MAPK, p-ERK1/2,
iNOS, and COX2 (Figure S4C), which were verified by gray analysis
(Figures S4D and S4E). Finally, PCR and immunoblot analysis further
confirmed that CLP induces the expression of TNF-a, IL-1, and
ICAM1, which are inhibited by PKCh siRNA (Figures S5A–S5C).
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Figure 5. MBD2 Directly Binds to CpG Islands of Promoter of PKCh and Positively Activates Transcription of Them by Hypomethylation of the Promoter

(A) The patterns of CpG islands of the PKCh promoter and five pairs of the primer were predicted by the software of MethPrimer Promoter2.0. (B) ChIP assays represent the

binding sites of MBD2 interaction with CpG islands of the promoter of PKCh. (C) Relative luciferase activity of MBD2 or MBD2 mutation plasmids cotransfected with the

methylated PKCh pCpGI plasmid in BUMPT cells. (D) CpG-DNA methylation of the PKCh promoter region. (E) Immunoblot analysis of PKCh, cleaved PKCh, and GAPDH

expression after LPS treatment with or without transfection of MBD2. (F) Grayscale image analysis between them after LPS treatment with or without transfection of MBD2.

(G) Immunoblot analysis of PKCh, cleaved PKCh, and GAPDH expression after LPS treatment with or without transfection of MBD2 siRNA. (H) Grayscale image analysis

between them after LPS treatment with or without transfection of MBD2 siRNA. These data are representative of at least four separate experiments shown as means ± SD

(n = 6). #p < 0.05 versus the control group; *p < 0.05 versus the MBD2 plasmid or LPS group.
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These data provide strong evidence that PKCh mediates CLP-
induced renal cell apoptosis and inflammation via activation of
p38MAPK and ERK1/2.

Attenuation of CLP-Induced AKI in MBD2-KO Mice

To confirm the role of MBD2 in septic AKI, the MBD2-KO and -WT
littermate mice were subjected to CLP. After CLP treatment, MBD2-
82 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
KO markedly improved the survival rate (Figure S6A). As shown in
Figures S3B and S3C, CLP induced the elevation of BUN and creati-
nine concentration in WT mice, which are reduced in MBD2-KO
mice (Figures S6B and S6C). MBD-KO significantly attenuated the
CLP, which caused the increase of serum TNF-a and IL-1b (Figures
S6D and S6E). H&E staining indicates that MBD2-KO ameliorates
CLP-induced tubular damage in the cortex and OSOM of kidney



(legend on next page)
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(Figure S6F), which was verified by the tubular damage scores (Fig-
ures S6G and S6H). These data further confirm the role of MBD2
in septic AKI.

Amelioration of CLP-Induced Renal Cell Apoptosis and

Inflammation by Inactivation of PKCh/p38MAPK and the ERK1/2

Axis

To confirm the regulatory mechanism of MBD2 for septic AKI,
MBD2-KO and -WT littermate mice were subjected to CLP for 18
h. As shown in Figure S7A, TUNEL staining indicated that MBD2-
KO reduced renal cell apoptosis in the cortex of C57BL/6 mice. The
quantification of TUNEL-positive cells verified the TUNEL staining
data (Figure S7B). Immunoblot analysis indicates that CLP induced
the expression of MBD2, BAX, cleaved caspase-3, cleaved PKCh, p-
p38MAPK, p-ERK1/2, iNOS, and COX2 (Figures S7C and S7E).
Gray analysis confirmed the expression-level changes of these pro-
teins (Figures S7D, S7F, and S7G). Finally, the real-time PCR and
immunoblot analysis indicated that MBD2-KO reduced CLP-
induced expression of TNF-a, IL-1b, and ICAM1 (Figures S8A–
S8C). These data suggest that MBD2/PKCh/p38MAPK and the
ERK1/2 axis mediate renal cell apoptosis and inflammation during
CLP-induced AKI.

DISCUSSION
Our previous studies have demonstrated that MBD2 is involved in
AKI-associated VAN;10 however, the role of MBD2 in septic AKI
was unclear. In the present study, we initially found that MBD2 me-
diates LPS- and CLP-induced AKI. Next, a gene chip assay revealed
that six genes involved in apoptosis and inflammation were upregu-
lated in LPS-AKI via MBD2. Finally, MBD2/PKCh/p38MAPK and
the ERK1/2 signaling axis mediate renal cell apoptosis and inflamma-
tion during septic AKI (Figure S9).

A previous study indicated that MBD2 is induced by VAN.10 In the
current study, we report that MBD2 is also stimulated by LPS
in vitro and vivo, mostly expressed in the nuclei of injured tubular
cells (Figure 1). To investigate the role of MBD2 in septic AKI,
MBD2-KO mice were used in the current study. The results indicate
that MBD2-KO ameliorates both LPS- and CLP-induced AKI and
improved the survival rate (Figures 2 and S6). Recent studies have
recognized that apoptosis plays a crucial role in septic AKI.14,19

Our study verified that MBD2 is involved in renal cell apoptosis,
which is demonstrated by TUNEL staining (Figures 3A, 3B, S7A,
and S7B), the immunoblot of BAX and cleaved caspase 3 (Figures
3C, 3D, S7C, and S7D), and the overexpression of MBD2 or MBD2
siRNA (Figure 6). Interestingly, the quantification of TUNEL-positive
Figure 6. MBD2-Mediated LPS Induced Renal Cell Apoptosis in BUMPT Cells

(A) The FCM analysis of apoptosis after LPS treatment with or without transfection of M

GAPDH expression after LPS treatment with or without transfection of MBD2. (C) The

GAPDH after LPS treatment with or without transfection of MBD2. (D) The FCM analys

Immunoblot analysis of MBD2, BAX, caspase-3, cleaved caspase-3, and GAPDH ex

proteins signal was quantified by densitometry and normalized to internal control of G
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cells suggests that the amount of apoptosis in LPS-induced AKI is less
than in the CLP-induced AKI model, possibly explaining differences
in severity of sepsis models. In addition, we also found that the LPS-
induced production of TNF-a, IL-1, and ICAM1 was inhibited by the
MBD2 siRNA or MBD2-KO and by contrast, reinforced by MBD2
overexpression (Figures 7A–7H); however, MBD2-KO-only LPS or
CLP induced the production of TNF-a but not IL-1 and ICAM1 in
primary M0 macrophages (Figures 7I, 7J, and S8). The difference
may be due to inconsistencies in the response of primary tubular
epithelial cells and macrophages to LPS. These findings are consistent
with a previous study in which MBD2 mediated renal cell apoptosis
and inflammation induced by VAN.10

To further investigate the molecular mechanism of howMBD2medi-
ates LPS-induced apoptosis and inflammation, a gene chip assay was
used to assess gene expression. Following LPS treatment, the expres-
sion of PKCh was positively regulated by the MBD in vivo and vitro
(Figures 4 and 5E–5H ). Mechanistically, MBD2 induced the expres-
sion of PKCh via the suppression of methylation (Figures 5B–5D).
MBD2 siRNA attenuated the LPS-induced BUMPT cell apoptosis;
upregulation of BAX and cleaved caspase-3; and production of
TNF-a, IL-1b, ICAM1, iNOS, and COX2. Interestingly, this was
markedly reversed by PKCh overexpression (Figures S2A–S2C).
Although PKCh siRNA also ameliorated the above effect of LPS,
this was not affected by MBD2 overexpression (Figures S2D–S2F).
The data indicated that PKCh was a directly downstream of MBD2.

Recent studies suggest that PKCh is induced by LPS in primary astro-
cytes.20 However, the role of PKCh in apoptosis remains controver-
sial. Some studies report that PKCh protects against apoptosis in
several cell lines.21,22 In contrast, one study reported that PKCh pro-
motes high glucose (HG)-induced apoptosis in HK-2 cells.23 The
FAM analysis indicated that PKCh mediates LPS-induced BUMPT
cell apoptosis (Figure 8A), which was confirmed by immunoblot anal-
ysis of BAX and cleaved caspase-3 (Figures 8B and 8C). To further
explore the signaling mechanism of PKCh-mediated apoptosis, we
assessed the expression of p-p38MAPK. An immunoblot assay
demonstrated that inhibition of PKChmarkedly suppressed the acti-
vation of p38MAPK (Figures 8D and 8E). Furthermore, inactivation
of p38MAPK notably suppressed BUMPT cell apoptosis (Figures 8F–
8H), which is supported by the observation that inhibition of
p38MAPK reduced TNF-a or albumin-induced podocyte
apoptosis.24–26 Interestingly, the effect of PKCh siRNA on LPS-
induced apoptosis and associated gene expression was reversed by
the activator of p38MAPK, which suggested that p38MAPK was
one of the downstream signal pathways of PKCh (Figures 8I–8K).
BD2. (B) Immunoblot analysis of MBD2, BAX, caspase-3, cleaved caspase-3, and

proteins signal was quantified by densitometry and normalized to internal control of

is of apoptosis after LPS treatment with or without transfection of MBD2 siRNA. (E)
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Figure 7. MBD2-Mediated LPS Induced the Expression of TNF-a, IL-1b, and ICAM1 in BUMPT Cells

BUMPT cells were transfected with MBD2 plasmid or MBD2 siRNA or primary macrophages from bone marrow of MBD2 and MBD2-KO mice, followed by treatment with

300 mg/mL LPS for 24 h. (A) Real-time PCR analysis of TNF-a, IL-1b, and ICAM1 expression after LPS treatment with or without transfection of MBD2. (B) Immunoblot

analysis of TNF-a, IL-1b, ICAM1, or MBD2, and GAPDH after LPS treatment with or without transfection of MBD2. (C)The protein signal was quantified by densitometry and

normalized to internal control of GAPDH after LPS treatment with or without transfection of MBD2. (D) Real-time PCR analysis of TNF-a, IL-1b, and ICAM1 expression after

LPS treatment with or without transfection of MBD2 siRNA. (E) Immunoblot analysis of TNF-a, IL-1b, ICAM1, or MBD2, and GAPDH after LPS treatment with or without

transfection of MBD2 siRNA . (F)The protein signal was quantified by densitometry and normalized to internal control of GAPDH after LPS treatment with or without

transfection of MBD2 siRNA. (G) Immunoblot analysis of TNF-a, IL-1b, ICAM1, or MBD2, and GAPDH in MBD2 KO primary tubular cells with LPS treatment. (H) The protein

signal was quantified by densitometry and normalized to internal control of GAPDH inMBD2 KOprimary tubular cells with LPS treatment. (I) Immunoblot analysis of TNF-a, IL-

1b, ICAM1, or MBD2, and GAPDH in MBD2 KO primary macrophage cells with LPS treatment. (J) The protein signal was quantified by densitometry and normalized to

internal control of GAPDH in MBD2 KO primary macrophage cells with LPS treatment. Data are expressed as mean ± SD (n = 6). #p < 0.05 versus the saline group; *p < 0.05

versus the MBD2 plasmid or MBD2 siRNA with LPS group; Dp > 0.05 versus the LPS group.
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In addition, our previous study reported that EKR1/2 mediates LPS-
induced expression of COX2 and iNOS.18 In the present study, we
demonstrated that knockdown of PKCh suppresses the expression
of p-ERK1/2, which is accompanied by the downregulation of
COX2, iNOS, TNF-a, IL-1, and ICAM1; by contrast, the effect of
PKCh siRNA on LPS-induced inflammation-associated gene expres-
sion was also reversed by the activator of ERK1/2 (Figure S1), suggest-
ing that ERK1/2 was one of the downstream signal pathways of
PKCh. Finally, inhibition of PKCh attenuates CLP-induced AKI,
renal cell apoptosis, inflammation via inactivation of p38MAPK,
and ERK1/2 signaling and improved survival rate (Figures S3 and
4). Collectively, these data suggest that PKCh/p38MAPK and the
ERK1/2 axis mediate LPS-induced apoptosis and inflammation
in vitro and vivo, which was further confirmed in CLP-induced
AKI using MBD2-KO mice (Figures S7E–S7G).
In summary, our data verify that MBD2 is involved in septic AKI
induced by LPS and CLP. Furthermore, MBD2 induces the expression
of PKCh via promoter hypomethylation, subsequently activating
p38MAPK and ERK1/2 signaling pathways to induce renal cell
apoptosis and inflammation during septic AKI, respectively. The
data indicate thatMBD2 is a potential therapeutic target for septic AKI.

MATERIALS AND METHODS
Reagents and Antibodies

Antibodies were obtained from multiple sources: glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) and b-actin were from Santa
Cruz Biotechnology (Santa Cruz, CA, USA); MBD2 and PKCh
were from Abcam (Cambridge, MA, USA); caspase-3, cleaved cas-
pase-3, p-ERK1/2, ERK1/2, p-p38MAPK, p38MAPK, COX-2, and
iNOS were from Cell Signaling Technology (Dancers, MA, USA).
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Figure 8. PKCh Mediated LPS-Induced Renal Cell Apoptosis and the

Expression of BAX andCleaved Caspase-3 in BUMPTCells via Activation of

p38MAPK

BUMPT cells were used the p38MAPK inhibitor (SB203580) or transfected with

PKCh siRNA plus with or without the p38MAPK activator (dehydrocorydaline

chloride) or and then followed by treatment with 300 mg/mL LPS for 24 h. (A) FCM

analysis of apoptosis. (B) Immunoblot analysis of MBD2, BAX, caspase-3, cleaved

caspase-3, and GAPDH expression. (C) Grayscale image analysis among them. (D)

Immunoblot analysis of PKCh, cleaved PKCh, p38MAPK, and p-p38MAPK

expression. (E) Grayscale image analysis among them. (F) FCM analysis of

apoptosis. (G) Immunoblot analysis of p38MAPK and p-p38MAPK expression. (H)

Grayscale image analysis between them. (I) FCM analysis of apoptosis. (J) Immu-

noblot analysis of p38MAPK, p-p38MAPK PKCh, cleaved PKCh, BAX, caspase-3,

cleaved caspase-3, and GAPDH. (K) Grayscale image analysis among them. Data

are expressed as mean ± SD (n = 6). #p < 0.05 versus the scramble with saline

group; *p < 0.05 versus the scramble with LPS group; Dp > 0.05 versus the

scramble with LPS group.
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TNF-a, IL-1b, and ICAM1 are from Proteintech North America
(Rosemont, IL, USA). p38MAPK activator dehydrocorydaline chlo-
ride and pERK1/2 activator honokiol were purchased from MedChe-
mExpress USA (Deer Park, NJ, USA). LPS was obtained from Sigma
(St. Louis, MO, USA). The methylation promoter PKCh was subcl-
oned into a CpG-free pCpGI luciferase reporter vector by Invitrogen
Biotechnology (Shanghai, China). The plasmids of MBD2, mtMBD2
lacking the methylated DNA binding domain, and PKCh were con-
structed by the Ruqi biology company (Guangdong, Guangzhou,
China). siRNAs against MBD2 and PKCh were synthesized by the
Ruibo biology company (Guangdong, Guangzhou, China), as previ-
ous described.10

Animal Model

MBD2-KOmice were obtained fromCyagen Biosciences (Guangzhou,
People’s Republic of China). The littermate mice of MBD2-WT and
MBD2-KO (male, aged 10–12 weeks) were injected intraperitoneally
with LPS at 10 mg/kg, whereas the control group was administered
normal saline. The littermate mice of MBD2-WT and MBD2-KO
(male, aged 10–12 weeks) were also subjected to CLP to induce AKI,
as previously described.18 The mice (male, aged 10–12 weeks) were in-
jected intraperitoneally with LPS at 10 mg/kg or subjected to CLP and
then injected intraperitoneally with PKCh siRNA (15 mg/kg) 1 h after
CLP treatment. The control group was administered normal saline.
Renal tissues were harvested for various biochemical and morphologic
analyses at 24 h following LPS or at 18 h after CLP. Animal experi-
ments were carried out in strict accordance with the guide by the Insti-
tutional Committee for the Care and Use of Laboratory Animals of
Second Xiangya Hospital, China. All animals were housed on a 12-
hour light/dark cycle and were allowed free access to food and water.

Cell Culture and Treatments

BUMPT cells were cultured in Dulbecco’s modified Eagle’s medium
with 10% fetal bovine serum, 0.5% penicillin (Thermo Fisher Scienti-
fic), and streptomycin and then maintained in a 5% CO2 incubator at
37�C. After 24 h transfection of MBD2 siRNA or PKCh siRNA or
negative control or MBD2 plasmid, the BUMPT cells were treated
with 300 mg/mL LPS for 24 h.
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The Analysis of ChIP and Transcriptional Activation Activity

The ChIP experiment was carried out using anti-MBD2, according to
the procedure of the ChIP kit (Millipore, USA).10,27–31 Immunopre-
cipitated DNAs were amplified by PCR with primers of CpG islands’
binding of promoter of PKCh: forward (F)1: 50-TTAAATTAT
GTGTTAGAAAGGGGA-30, reverse (R)1: 50-ACAAAACCAAAAT
ATAATAAATCCCTTC-30; F2: 50-TTAAATTATGTGTTAGAAAG
GGGA-30, R2: 50-CAAAACCAAAATATAATAAATCCCTTC-30;
F3: 50-GTTAAATTATGTGTTAGAAAGGGGA-30, R3: 50-ACAAA
ACCAAAATATAATAAATCCCTTC-30; F4: 50-GTTAAATTATGT
GTTAGAAAGGGGA-30, R4: 50-CAAAACCAAAATATAATAAAT
CCCTTC-30; F5: 50-TTAAATTATGTGTTAGAAAGGGGA-30, R5:
50-AAATAAACAAACCCTAAATTTACCCAT-30. The relative ac-
tivity of the luciferase kit (Promega) was used to detect the transcrip-
tional activation activity of PKCh, as previously described.10
Methylated CpG-DNA Immunoprecipitation (MCIp)

TheMCIp was performed as previously described (ZymoResearch).32

Briefly, sheared DNA was used for MCIp, and then methylated DNA
was analyzed by PCR analysis using an Applied Biosystems StepOne-
Plus Real-Time PCR System.
Histology, Immunohistochemistry, and Immunoblot Analyses

Histological analysis involved H&E staining. The percentage of
damaged tubules was used to assess the score of tissue damage: 0, no
damage; 1, <25% damage; 2, 25%–50% damage; 3, 51%–75% damage;
4, >75% damage. The criteria of tubular damage contained brush
border, the loss of tubular dilation, tcast formation, and cell lysis.10,33

The TUNEL kit was used for renal cell apoptosis and then quantified
by calculating the percentage of total number of TUNEL-positive cells
in 10–20microscopic fields per tissue section.33 Immunohistochemical
analyses were carried out by using antibodies of MBD2 and F4/80 and
quantified as previously described.34 For immunoblot analysis, tissue
lysates of kidneys and BUMPT cells were collected to SDS-PAGE elec-
trophoresis and immunoblotted with antibody of MBD2, PKCh, cspa-
pase-3, cleaved caspase-3, p-ERK1/2, ERK1/2, p-p38MAPK,
p38MAPK, COX-2, and iNOS following standard procedures.
Real-Time PCR

Quantitative real-time RT-PCR amplifications were performed as
previously described.30,35,36 The following primer pairs were used:
TNF-a: F: 50-TAGCCAGGAGGGAGAACAGA-30, R: 50-TTTTCT
GGAGGGAGATGTGG-30; ICAM-1: F: 50-CTTCCAGCTACCATC
CCAAA-30, R: 50-CTTCAGAGGCAGGAAACAGG-30; IL-1: F: 50-C
CTCGTGCTGTCGGACCCATA-30, R: 50-CAGGCTTGTGCTCT
GCTTGTGA-30; GAPDH: F: 50-CGTCCCGTAGACAAAATGGT-
30, R: 50-TTGATGGCAACAATCTCCAC-30.
Statistical Analysis

Data were expressed as mean ± SD. Two group comparisons used 2-
tailed Student’s t tests. Multiple group data were evaluated with one-
way ANOVA. p <0.05 was considered significantly different.
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