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Lipotoxicity-induced apoptosis, also referred to as lipoapoptosis, is one of the important initial factors promoting the progression
from hepatosteatosis to nonalcoholic steatohepatitis (NASH). Saturated free fatty acids (SFAs), which are increased significantly in
NASH, are directly hepatotoxic which induce hepatocyte lipoapoptosis. Previously, we reported that protein phosphatase 4 (PP4)
was a novel regulator of hepatic insulin resistance and lipid metabolism, but its role in hepatic lipoapoptosis remains unexplored. In
this study, we found out that PP4 was upregulated in the livers of western diet-fed-induced NASH mice and SFA-treated murine
primary hepatocytes and HepG2 cells. In addition, we found for the first time that suppression of PP4 decreased SFA-induced JNK
activation and expression of key modulators of hepatocyte lipoapoptosis including p53-upregulated modulator of apoptosis
(PUMA) and Bcl-2-interacting mediator (Bim) and reduced hepatocyte lipoapoptosis level as well both in vitro and in vivo.
Further study revealed that PP4 induced JNK activation and lipoapoptosis-related protein expression by regulating the
RAC1/MLK3 pathway instead of the PERK/CHOP pathway. The effects of palmitate-treated and PP4-induced lipoapoptosis
pathway activation were largely abolished by RAC1 inhibition. Moreover, we identified that PP4 interacted with RAC1 and
regulated GTPase activity of RAC1. In conclusion, these results demonstrated that PP4 was a novel regulator of hepatocyte
lipoapoptosis and mediated hepatocyte lipoapoptosis by regulating the RAC1/MLK3/JNK signaling pathway. Our finding
provided new insights into the mechanisms of this process.

1. Introduction

The occurrence of large amounts of hepatocytes death is one
fundamental difference between benign steatosis and progres-
sive nonalcoholic steatohepatitis (NASH) [1]. Lipotoxicity-
induced apoptosis, also referred to as lipoapoptosis, is one of
the mainmodes of hepatocyte death that contributes to NASH
progress [2, 3].

Circulating levels of saturated free fatty acids (SFAs) are
increased significantly in NASH as compared to hepatostea-
tosis [4]. SFAs are taken up by hepatocytes in the liver, and
excess of SFAs are directly hepatotoxic which induce lipoa-
poptosis [5]. The activated JNK pathway (mainly JNK 1

and 2 in hepatocytes) is the central pathway of SFA-
induced hepatocyte lipoapoptosis [3, 6]. Activated JNK path-
way induces the upregulation of proapoptotic Bcl-2 homol-
ogy3- (BH3-) only proteins (PUMA and Bim), which are
key regulators of hepatic lipoapoptosis [7, 8]. These proapop-
totic signaling cascades further induce mitochondrial outer
membrane permeabilization, the activation of effector
caspases, and subsequent lipoapoptosis procession [3, 5].
Two major pathways have been demonstrated to mediate
SFA-induced JNK activation, including the ras-related C3
botulinum toxin substrate 1(RAC1)/mixed lineage kinase 3
(MLK3) pathway [5, 9, 10] and endoplasmic reticulum
(ER) stress pathway [5, 11–13]. But the molecular
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mechanisms involved in hepatocyte lipoapoptosis are incom-
pletely understood.

Protein phosphatase 4 (PP4) is an evolutionarily con-
served protein serine/threonine phosphatase that belongs to
the PP2A family, and mouse PP4 protein shares 100% amino
acid sequence identity with human PP4 [14]. It has been
shown to participate in multiple cellular processes, including
the DNA damage response [15], cell proliferation [16], and
multiple signaling pathways regulation [14, 17]. Recently,
our group verified the role of PP4 in hepatic insulin resis-
tance and lipid metabolism. PP4 forms a complex with IRS-
1 and participates in inflammatory-related hepatic insulin
resistance [18]. PP4 promotes hepatic lipogenesis by dephos-
phorylating ACC-1 [19]. Additionally, PP4 interacted with
hnRNPU and involved in proliferation of HepG2 cells [16].
However, the contribution of PP4 to SFA-induced hepato-
cyte lipoapoptosis has not been explored.

To determine the role of PP4 on hepatocyte lipoapopto-
sis, the expression level of PP4 in human HepG2 cells,
murine primary hepatocytes, and western diet-fed-induced
NASH mice was decreased either by PP4 siRNA or by AD-
PP4shRNA transfection/injection and increased by AD-PP4
transfection/injection. We demonstrated that PP4 promoted
PUMA and Bim upregulation through a RAC1/MLK3/JNK-
dependent signaling pathway, which led to hepatocyte lipoa-
poptosis. Moreover, PP4 interacted with RAC1 and regulated
the GTPase activity of RAC1. Therefore, our findings sug-
gested that PP4 was a positive regulator of RAC1/MLK3/JNK
pathway and participated in hepatocyte lipoapoptosis.

2. Material and Methods

2.1. Antibodies. Antibodies against β-actin (#4970), Bim
(#2933), caspase 3 (#9662), p-PERK (#3179), CHOP
(#2895), JNK (#9252), p-JNK (#9251), and MLK-3 (#2817)
were purchased from Cell Signaling Technology (Boston,
Massachusetts, USA). An anti-p-MLK3 (arb6424) antibody
was purchased from Biorbyt (orb6424). Anti-RAC1
(155938), anti-p-RAC1 (203884) and anti-PUMA (ab9643)
antibodies were purchased from Abcam (Cambridge, UK).
Antibodies against PP4 (sc-6118) and PERK (sc-13073) were
purchased from Santa Cruz Biotechnology (Dallas, TX, USA).

2.2. Preparation of BSA-Bound Palmitate. Palmitate (P5585)
and BSA (A2058) were obtained from Sigma-Aldrich Co.
(St Louis, MO, USA). According to a previously described
protocol [20], palmitate was dissolved in EtOH at a stock
concentration of 250mM. Palmitate was conjugated with
BSA at a 4 : 1 molar ratio before treatment. Specifically,
the palmitate stock and 10% BSA was separately incubated
in 60°C water bath for 10min. 480μl palmitate stock was
drop wise added into 20ml prewarmed 10% BSA to make
6mM palmitate solution. The palmitate solution should
be heated at 60°C water bath for 15min before experiment.
For 600μM palmitate treatment, DMEM medium contain-
ing 1% bovine serum albumin was used for cell culture.

2.3. Adenoviral Vectors, Lentiviral Vectors and siRNAs.
pAdxsi-GFP-PP4, pAdxsi-GFP-PP4shRNA, and the control

adenovirus vector were synthesized by the Chinese National
Human Genome Center, as previously described. RAC1
shRNA lentiviral vectors (sc-36351) were purchased from
Santa Cruz Biotechnology (Dallas, TX, USA). Two siRNA
duplexes (siRNA1: 5′-GGUUACAAGUGGCACUUCATT-
3′ and siRNA2: 5′-GGACGAGCAUCUCC AGAAATT-3′)
targeting human PP4 were used to deplete PP4 (Genepharm,
Shanghai, China). A nonspecific siRNA duplex was used as
control. siRNA oligomers were transfected using HiPerFect
transfection reagent (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions.

2.4. Cell Culture and Treatment. Mouse primary hepatocytes
were isolated as previously described [18]. HepG2 cells pur-
chased from ATCC were cultured in high-glucose DMEM
supplemented with 10% fetal bovine serum (HyClone),
100U/ml penicillin (Gibco), and 0.1mg/ml streptomycin
(Gibco). For palmitate treatment, cells were fasted in
serum-free DMEM for 12 h before being treated with
600μM palmitate conjugated with 1% bovine serum albumin
for 48 h. For AD-PP4, AD-PP4shRNA, and RAC1shRNA
lentiviral treatment, cells were transfected with adenovirus
at a 30 multiplicity of infection (MOI) before treatment with
palmitate. Each experiment was carried out at least 3 separate
times.

2.5. Animals and Treatment. C57BL/6J male mice were pur-
chased from the Peking University Health Science Center
(Beijing, China) and housed in individual cages in a
temperature-controlled environment with a 12-h light/dark
cycle. Six- to eight-week-old C57BL/6J mice were fed a stan-
dard chow diet or a western diet (41% kcal from fat, Research
Diet mD12079B, USA) for 16 weeks to establish a diet-
induced NASH model [21].

Mice were intravenously injected through the tail vein
with control adenovirus (control AD), PP4 (AD-PP4), or
an inhibitor (AD-PP4shRNA) at a dose of 5 × 108 plaque-
forming units (PFU) in 100μl PBS (0.1ml/25 g body weight).
Mice were sacrificed, and tissues were harvested on day 9
after adenovirus injection. All animal experiments were per-
formed in accordance with recommendations of the National
Research Council Guide for Care and Use of Laboratory Ani-
mals, and the protocols were approved by the Animal Ethics
Committee of the Beijing Hospital (2018BJYYEC-164-01).

2.6. Western Blot Analysis. Equal amounts of lysate (15-
30μg) were resolved by SDS-PAGE and transferred to poly-
vinylidene difluoride membranes (Millipore Corp., Bedford,
MA, USA). Membranes were blocked in Tris-buffered saline
containing 0.1% Tween 20 (TBST) containing 5% nonfat
skim milk at room temperature for 2 h and probed with pri-
mary antibodies overnight at 4°C. After five washes in TBST,
membranes were incubated with 1 : 5000 horseradish
peroxidase-conjugated secondary antibodies in TBST for
1 h (Santa Cruz Biotechnology). Bands were visualized using
enhanced chemiluminescence western blotting detection
reagents (Amersham Pharmacia Biotech, Inc., Piscataway,
NJ, USA).
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2.7. Histological Analysis of Tissues. Liver samples were fixed
in optical cutting temperature (O.C.T.) compound (Tissue-
Tek, Japan) and sectioned at a thickness of 8μm. Slides were
stained with oil red O, hematoxylin and eosin (H&E), or
TUNEL according to the manufacturer’s instructions.

2.8. Detection of Apoptotic Cells. For TUNEL staining analy-
sis, the nuclear fragmentation of cryosections and cells was
detected by a TUNEL staining kit (Roche). Cells in 10 ran-
domly chosen fields from each dish were counted to semi-
quantitatively determine the ratio of the apoptotic nuclei.
Each data point indicates the results from 1600 to 2000 cells
in 3 independent experiments.

For DNA laddering analysis, cells were lysed in lysis
buffer (10mM Tris-Cl, 150mM NaCl, 10mM EDTA, 0.4%
SDS, and 100μg/ml protease K), incubated at 37°C for 12h,
then extracted with phenol/CHCl3/isoamyl alcohol, and
followed by CHCl3/isoamyl alcohol. DNA fragmentation
was detected by loading 10μg of total DNA onto 2.5% aga-
rose gel.

2.9. GTPase Activation Assay. RAC1 activation was analyzed
using a GTPase activation assay kit purchased from Upstate
Biotechnology according to the manufacturer’s instructions.
Briefly, cell lysates were incubated with 10μg of glutathione
S-transferase- (GST-) agarose beads coupled to the GST-
Pak-1-binding domain (PBD). Samples were subjected to
SDS-PAGE and immunoblotting. Membranes were probed
with a mouse monoclonal antibody against RAC1 (Abcam)
followed by western blot analysis. The amount of PBD-
bound RAC1 was normalized to the amount of protein in cell
lysates.

2.10. Immunoprecipitation. Immunoprecipitation was per-
formed as previously described [16]. In brief, HepG2 cells
were lysed in lysis buffer. PP4 was immunoprecipitated with
an anti-PP4 antibody (Sc-6118). RAC1 was immunoprecipi-
tated with an anti-RAC1 antibody (ab203884). The immuno-
precipitates were washed three times with washing buffer
containing 50mM HEPES (pH7.4), 0.1% Triton X-100, and
500mM NaCl.

2.11. Statistical Analysis. All data are presented as the mean
± SD. The statistical significance of the differences between
various treatments was determined by Student’s t-test or
one-way ANOVA (Tukey-Kramer honestly significant dif-
ference). A p value less than 0.05 was considered significant.

3. Results

3.1. PP4 Expression Level Was Upregulated by Palmitate-
Treated Hepatocytes. Hepatocyte lipoapoptosis can be
induced in vitro by incubating hepatocytes with SFAs. First,
we examined PP4 expression in the hepatic lipoapoptosis cell
model. Mouse primary hepatocytes treated with palmitate
600μM for 24 h. Oil red staining showed significant lipid
accumulation (Figure 1(a)). Apoptosis level elevated as indi-
cated by TUNEL staining (Figures 1(a) and 1(b)) and DNA
ladder (Figure 1(c)). Along with JNK activation and the
upregulated expression of lipoapoptosis-related proteins

such as PUMA, Bim, and c-caspase 3, the expression of
PP4 significantly increased following palmitate treatment
(Figures 1(d) and 1(e)). Moreover, we did the phenotype
analysis in HepG2 cells treated with palmitate, and similar
results were obtained from HepG2 cells (Figures 1(f)–1(j)).
These data demonstrated that palmitate could induce hepatic
lipoapoptosis and upregulate the expression of PP4.

3.2. PP4 Regulated Palmitate-Induced Lipoapoptosis in
Hepatocytes. To investigate whether PP4 is involved in
hepatic lipoapoptosis, we inhibited PP4 expression with the
recombinant adenoviral vectors expressing PP4shRNA
(AD-PP4shRNA) and upregulated PP4 expression by recom-
binant adenoviral vectors expressing PP4 (AD-PP4) in
mouse primary hepatocytes. Silencing PP4 by AD-
PP4shRNA transfection reduced palmitate-induced JNK
activation and PUMA, Bim and c-caspase 3 expression level
(Figures 2(a), 2(b)). Meanwhile, DNA ladder analysis
(Figure 2(c)) and TUNEL staining (Figures 2(d) and 2(e))
indicated that PP4 inhibition decreased hepatic lipoapoptosis
level. Moreover, upregulation of PP4 promoted palmitate-
induced lipoapoptosis signaling pathway and lipoapoptosis
level (Figures 2(a)–2(e)), which further confirmed the role
of PP4 in hepatocyte lipoapoptosis. In addition, we did the
phenotype analysis in HepG2 cells treated with palmitate,
and similar results were obtained from siRNA-mediated
PP4 inhibition in HepG2 cells (Figures 2(f)–2(i)).

Together, these data suggested that knockdown of PP4
could restore palmitate-induced hepatic lipoapoptosis, and
overexpression of PP4 promoted palmitate-induced
lipoapoptosis.

3.3. PP4 Regulated Lipoapoptosis in the Liver of Western Diet-
Fed Mice. To determine whether PP4 is involved in hepatic
lipoapoptosis in vivo, we analyzed its expression in the
mouse liver after western diet treatment (Figure 3(a)). Feed-
ing with western diet for 16 weeks induced significant
increase of body weight and liver weight (Figures 3(e) and
3(f)) in C57BL/6J mice. In addition, serum alanine amino-
transferase (ALT) and aspartate aminotransferase (AST)
levels were elevated in mice fed with western diet compared
with control mice (Figure 3(g)). Oil red O and TUNEL stain-
ing revealed a significant increase of lipid deposition and
hepatic apoptosis rate in the livers of western diet-fed mice
(Figure 3(b)). Compared with control mice, western diet-
fed mice exhibited elevated JNK phosphorylation and
lipoapoptosis-related protein expressions in the livers,
including PUMA, Bim, and cleaved-caspase 3 (Figures 3(c)
and 3(d)). In addition, western diet-fed mice showed a signif-
icant increase in hepatic PP4 expression (Figures 3(c) and
3(d)).

To determine whether PP4 is involved in hepatic lipoa-
poptosis, we suppressed PP4 expression in the liver of west-
ern diet-fed mice with AD-PP4shRNA by administering tail
vein injections. Ten days after administration, the expression
level of hepatic PP4 was reduced to ~40% by AD-PP4shRNA
compared with control adenovirus vectors (Control AD)
(Figures 3(m) and 3(n)). Compared with Control AD, AD-
PP4shRNA treatment did not alter mouse body weight but
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Figure 1: PP4 expression level was upregulated in palmitate-treated hepatocytes. After treatment with 600μM palmitate for 48 h, oil red O
staining showed lipid accumulation and TUNEL staining showed apoptotic cells in murine primary hepatocytes (a) and HepG2 cells (f) (scale
bar: 20 μM). TUNEL-positive dots were measured by the ImageJ software in murine primary hepatocytes (b) and HepG2 cells (g) (n = 10
images per group). Apoptosis of murine primary hepatocytes (c) and HepG2 cells (h) was detected by DNA laddering in palmitate-treated
cells. Protein levels of PP4, PUMA, Bim, c-caspase 3, and JNK activation were measured by western blot in murine primary hepatocytes
(d) and HepG2 cells (i). Relative protein levels were quantified by densitometry using the ImageJ software and normalized to GAPDH in
murine primary hepatocytes (e) and HepG2 cells (j). Data are expressed as means ± SD (n = 5), and statistical significance for protein
levels was determined by Student’s t-test (∗∗p < 0:01Þ.
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Figure 2: PP4 regulated palmitate-induced lipoapoptosis in hepatocytes. Primary hepatocytes were pretreated with control AD, AD-
PP4shRNA, and AD-PP4 for 24 h followed by palmitate treatment. HepG2 was transfected with control siRNA and 2 pairs of PP4 siRNAs
for 24 h followed by palmitate treatment. Protein expressions of PP4, PUMA, Bim, c-caspases, and phosphorylation levels of JNK were
measured by western blot analysis in murine primary hepatocytes (a) and HepG2 cells (f). Relative protein levels were quantified by
densitometry and normalized by GAPDH (b, g). Apoptotic cells were detected by DNA laddering in murine primary hepatocytes (c).
TUNEL staining showed apoptotic cells in murine primary hepatocytes (d) and HepG2 cells (h). TUNEL-positive dots were analyzed by
the ImageJ software (e, i).
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decrease liver weight and serum levels of ALT and AST
(Figures 3(h)–3(k)). Moreover, the 60% reduction in PP4
expression decreases hepatic lipid deposition and hepatic
lipoapoptosis level (Figure 3(l)). In addition, this effect was
associated with decreased expression levels of PUMA, Bim,
c-caspase 3 protein, and phosphorylation level of JNK in
the liver (Figures 3(m) and 3(n)). These results suggest that
inhibition of PP4 expression in the liver may prevent hepatic
lipoapoptosis in western diet-fed mice. Additionally, we
upregulated PP4 expression in the liver of western diet-fed
mice with AD-PP4. Our data showed that the upregulation
of PP4 did not alter body weight but elevated liver weight
and aggravated liver injury (Figures 3(h)–3(k)) by promoting

western diet-induced lipid deposition, lipoapoptosis
(Figure 3(l)), and lipoapoptosis-related signaling pathway
activation (Figures 3(o) and 3(p)), which is consistent with
the phenotype of PP4 inhibition.

Together, PP4 regulated lipoapoptosis in the liver of
western diet-fed mice.

3.4. PP4 Regulated JNK Activation through a RAC1/MLK3
Pathway in Hepatocytes. Endoplasmic reticulum (ER) stress
and RAC1/MLK3 signaling are 2 important pathways
involved in palmitate-induced JNK activation and lipoapop-
tosis. So, we analyzed the effect of PP4 on these pathways.
Consistent with previous studies, palmitate activated ER
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for 16 weeks were injected with control AD, AD-PP4shRNA, or AD-PP4 (n = 5 for each group) through the tail vein and sacrificed 10 days
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(Tukey-Kramer honestly significant difference), (∗p < 0:05, ∗∗p < 0:01).

8 Oxidative Medicine and Cellular Longevity



GAPDH

PACtrl

PERK

CHOP

p-PERK *

0.0

p-
PE

RK
/P

ER
K

CH
O

P

0.5

1.0

1.5

2.0

Re
lat

iv
e l

ev
el

 (f
ol

d 
of

 co
nt

ro
l) ⁎

⁎

Ctrl

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

(m) (n) (o) (p)

PA

RAC1-PBD

RAC1

PACtrl

p-MLK3

MLK3
0.0

0.5

1.0

1.5

2.0

2.5

⁎

⁎

PB
D

-R
AC

1/
RA

C1

Pr
im

ar
y 

he
pa

to
cy

te
s

Pr
im

ar
y 

he
pa

to
cy

te
s

H
ep

G
2

H
ep

G
2

p-
M

LK
3/

M
LK

3

Ctrl
PA

Re
la

tiv
e l

ev
el

 o
f

PB
D

-R
AC

1/
RA

C1
(fo

ld
 o

f c
on

tro
l)

GAPDH

PACtrl

PERK

p-PERK

CHOP

Re
lat

iv
e l

ev
el 

(fo
ld

 o
f c

on
tro

l)

0.0

0.5

1.0

1.5

2.0
⁎

⁎

p-
PE

RK
/ P

ER
K

CH
O

P

Ctrl
PA

RAC1-PBD

RAC1

PACtrl

p-MLK3

MLK3

PB
D

-R
AC

1/
RA

C1

p-
M

LK
3/

M
LK

3

0

1

2

3

Re
la

tiv
e l

ev
el 

of
PB

D
-R

AC
1/

RA
C1

(fo
ld

 o
f c

on
tro

l)

Ctrl
PA

⁎

⁎

GAPDH

PERK

p-PERK

BS
A

 +
 C

tr
l A

D

PA
 +

 C
tr

l A
D

PA
 +

 A
D

-P
P4

sh
RN

A
PA

 +
 A

D
-P

P4

CHOP

PA + AD-GFP

PA + AD-PP4
PA + AD-PP4ShRNA

Ctrl + AD-GFP

Re
lat

iv
e l

ev
el 

(fo
ld

 o
f c

on
tro

l)

0.0

0.5

1.0

1.5

2.0

2.5

p-
PE

RK
/ P

ER
K

CH
O

P

⁎
⁎

BS
A

 +
 C

tr
l A

D

PA
 +

 C
tr

l A
D

PA
 +

 A
D

-P
P4

sh
RN

A

PA
 +

 A
D

-P
P4

RAC1-PBD

RAC1

p-MLK3

MLK3

Re
lat

iv
e l

ev
el 

(fo
ld

 o
f c

on
tro

l)

0

1

2

3

4

PB
D

-R
AC

1/
RA

C1

p-
M

LK
3/

M
LK

3

⁎

⁎

⁎⁎

⁎⁎

PA + AD-GFP

PA + AD-PP4
PA + AD-PP4ShRNA

Ctrl + AD-GFP

BS
A

 +
 C

tr
l s

iR
N

A

PA
 +

 C
tr

l s
iR

N
A

PA
 +

 P
P4

 si
RN

A
 (1

+2
)

GAPDH

PERK

p-PERK

CHOP

Re
lat

iv
e l

ev
el 

(fo
ld

 o
f c

on
tro

l)

0.0

0.5

1.0

1.5

2.0

2.5

PA + Ctrl siRNA
PA + PP4 siRNA

Ctrl siRNA

p-
PE

RK
/ P

ER
K

CH
O

P

⁎

⁎

BS
A

 +
 C

tr
l s

iR
N

A

PA
 +

 C
tr

l s
iR

N
A

PA
 +

 P
P4

 si
RN

A
 (1

+2
)

RAC1-PBD

RAC1

p-MLK3

MLK3

Re
lat

iv
e l

ev
el 

(fo
ld

 o
f c

on
tro

l)

0.0

0.5

1.0

1.5

2.0

2.5

PA + Ctrl siRNA
PA +PP4 siRNA

Ctrl siRNA

p-
PE

RK
/P

ER
K

CH
O

P

⁎ ⁎

⁎ ⁎

Figure 4: PP4 regulated JNK activation through a RAC1/MLK3 pathway in hepatocytes. Endoplasmic reticulum (ER) stress and
RAC1/MLK3 signaling pathways were measured in palmitate-treated primary hepatocytes and HepG2 cells, PP4 inhibited and PP4
upregulated primary hepatocytes and HepG2 cells. Protein expressions of CHOP and phosphorylation levels of PERK and MLK3 were
measured by western blot analysis. RAC1 activation was determined by binding to GST-PAK PBD and subsequent immunoblot analysis
in palmitate-treated murine primary hepatocytes (a, c), HepG2 cells (e, g), AD-PP4shRNA and AD-PP4 pretreated murine primary
hepatocytes (i, k), and PP4 siRNA-transfected HepG2 cells (m, o). Relative protein levels were quantified by densitometry and normalized
(b, d, f, h, j, l, n, p). Data are expressed as means ± SD, and statistical significance for protein levels was determined by Student’s t-test or
one-way ANOVA (∗p < 0:05).
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Figure 5: Continued.
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stress as indicated by elevated phosphorylation level of PERK
and upregulation of CHOP both in mouse primary hepato-
cytes (Figures 4(a) and 4(b)) and HepG2 cells (Figures 4(e)
and 4(f)). Simultaneously, palmitate led to elevated RAC1
activity as indicated by elevated combination ability of Pak-
binding domain (PBD). Also, MLK3 was phosphorylated
rapidly following palmitate treatment both in primary hepa-
tocytes (Figures 4(c) and 4(d)) and HepG2 cells (Figures 4(g)
and 4(h)).

Then, we analyzed the effect of PP4 on these pathways.
As shown in Figures 4(i)–4(l), inhibition of PP4 decreased
RAC1 activation and the MLK3phosphorylation
(Figures 4(k) and 4(l)) but did not affect the activation of
PERK and the expression and CHOP (Figures 4(i) and 4(j))
in mouse primary hepatocytes. Also, overexpression of PP4
enhanced the phosphorylation of MLK3 (Figures 4(k) and
4(l)) but did not affect the PERK/CHOP signaling
(Figures 4(i) and 4(j)). Similar results were obtained in
palmitate-treated HepG2 cells. MLK3 instead of PERK/-
CHOP signaling significantly activated following PP4 siRNA
transfection (Figures 4(m)–4(p)).

3.5. PP4 Regulated JNK Activation through a RAC1/MLK3
Pathway In Vivo. Consistent with previous in vitro study,
activation of the PERK/CHOP (Figures 5(a) and 5(b)) and
RAC1/MLK3 signaling (Figures 5(c) and 5(d)) were also
observed in the liver of western diet-fed mice. The suppres-
sion of PP4 expression by AD-PP4shRNA did not induce sig-
nificant change of the PERK/CHOP pathway (Figures 5(e)
and 5(f)) but had significant effect on RAC1/MLK3 signaling
activation (Figures 5(g) and 5(h)). Also, upregulation of PP4
expression by AD-PP4 did not induce significant change of
the PERK/CHOP pathway (Figures 5(i) and 5(j)) but had sig-

nificant effect on RAC1/MLK3 signaling activation
(Figures 5(k) and 5(l)).

Taken together, these results demonstrated that PP4 par-
ticipated in hepatic JNK activation by activating
RAC1/MLK3 signaling instead of PERK/CHOP pathway.

3.6. RAC1 Mediates PA-Induced MLK3/JNK Activation and
Lipoapoptosis. To verify the role of RAC1 in hepatic lipoa-
poptosis, the RAC1 expression was suppressed by RAC1-
shRNA lentivirus (LV) transfection in HepG2. As shown in
Figures 6(a) and 6(b), in palmitate-treated HepG2 cells,
RAC1 suppression led to decreased MLK3/JNK activation
and PUMA, Bim, and c-caspase 3 expression levels induced
by palmitate. Moreover, RAC1 inhibition did not induce sig-
nificant change in PP4 expression.

3.7. PP4 Regulated Lipoapoptosis through Regulating the
Activity of RAC1. Previous studies showed that PP4 was a
positive regulator of Rho GTPases, including RAC1 in
HEK293 cells by regulating their GTP-binding activity [22].
So, we speculated that PP4 may induce hepatic lipoapoptosis
through regulating RAC1 activation. Next, we assessed the
role of RAC1 in PP4-mediated lipoapoptosis. We found that
in RAC1-silenced cells, PP4-induced MLK3/JNK activation
was abolished by RAC1 inhibition (Figures 6(c) and 6(d)).
More importantly, the knockdown of RAC1 reduced PP4
upregulation-induced PUMA, Bim, and c-caspase 3 levels.
Taken together, these data suggested that RAC1 was a key
mediator in PP4 induced lipoapoptosis.

Then, we analyzed the effect of PP4 on RAC1 activity. We
found that PP4 upregulation by AD-PP4 transfection led
to RAC1 activation (Figures 6(e) and 6(f)), and PP4
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Figure 5: PP4 regulated JNK activation through a RAC1/MLK3 pathway in vivo. Endoplasmic reticulum (ER) stress and RAC1/MLK3
signaling pathways were measured in western diet-fed mice and mice injected with control AD, AD-PP4shRNA, or AD-PP4 through the
tail vein. Protein expressions of CHOP and phosphorylation levels of PERK and MLK3 were measured by western blot analysis. RAC1
activation was determined by binding to GST-PAK PBD and subsequent immunoblot analysis in western diet-fed mice (a, c) and AD-
PP4shRNA- (e, g) and AD-PP4-injected (i, k) mice. Relative protein levels were quantified by densitometry and normalized (b, d, f, h, j, l).
Data are expressed as means ± SD, and statistical significance for protein levels was determined by Student’s t-test (∗p < 0:05, ∗∗p < 0:01).
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Figure 6: Continued.
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suppression by siRNA transfection decreased the levels of
PBD-RAC1 (Figures 6(g) and 6(h)).

We addressed whether PP4 was able to regulate RAC1
directly. Coimmunoprecipitation revealed that RAC1 was
immunoprecipitated with PP4 by an anti-PP4 antibody
(Figure 6(i)) and vice versa (Figure 6(j)). Taken together,
we identified RAC1 as a novel interaction protein with PP4
and PP4-regulated lipoapoptosis through regulating the
activity of RAC1.

4. Discussion

In this study, we provided new insights into the mechanisms
of hepatocyte lipoapoptosis and described a positive function
of PP4 in this model. We had demonstrated for the first time
that (1) PP4 was a positive regulator of hepatocyte lipoapop-
tosis both in vitro and in vivo, (2) PP4 promoted JNK-
mediated lipoapoptosis by activating the RAC1/MLK3
instead of PERK/CHOP signaling pathway, and (3) PP4
interacted with RAC1 and regulated RAC1 GTPase activity.
Each of these results is discussed in greater detail below.

Lipoapoptosis induced by excess toxic lipids is one of the
main modes of hepatocyte death that contributes to NASH
progress [2]. Accumulating evidence have shown that the
SFAs can induce hepatic lipoapoptosis both in vivo and
in vitro. In hepatocytes, the activation of JNK signaling path-
ways is central regulator of hepatic lipoapoptosis [6, 7]. Two
types of BH3-only proteins, PUMA and Bim, were reported
to be key sensitizers of hepatocytes to lipoapoptosis, which

further triggers mitochondrial outer membrane perme-
abilization [23], the activation of the executioner caspases 3
and 7, and cell death [3, 5]. But the molecular mechanisms
involved in hepatocyte lipoapoptosis are incompletely
understood.

PP4 is a novel regulator of hepatic glucose and lipid
metabolism. Previously, our group showed that PP4 formed
a complex with IRS-1 and participated in inflammatory-
related insulin resistance [18]. Additionally, PP4 promoted
hepatic lipogenesis by dephosphorylating ACC-1 [19]. How-
ever, the contribution of PP4 to SFA-induced hepatocyte
lipoapoptosis has not been explored. In this study, we found
that along with elevated levels of hepatocyte apoptosis and
the activation of lipoapoptosis signaling, the expression of
PP4 significantly increased in the liver of western diet-fed
mice, palmitate-treated HepG2 cells, and murine primary
hepatocytes, suggesting that PP4 may be involved in hepato-
cyte lipoapoptosis.

In order to verify the important role of PP4 on lipoapop-
tosis, we assessed the regulatory effect of PP4 on these regu-
lators both in vitro and in vivo. In murine primary
hepatocytes and HepG2 cells, the inhibition of hepatic PP4
expression reduced hepatic lipoapoptosis and was accompa-
nied by decreased expression levels of lipoapoptosis-related
molecules. Additionally, the PP4 upregulation increased
lipoapoptosis and activated related molecules. On the other
hand, to examine the role of PP4 in hepatic lipoapoptosis
in vivo, we suppressed PP4 expression in the liver of western
diet-fed mice with AD-PP4shRNA and upregulated PP4
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Figure 6: PP4 regulated lipoapoptosis through regulating the activity of RAC1. HepG2 cells were pretreated with control LV and RAC1
shRNA LV for 24 h followed by palmitate treatment or AD-PP4 transfection. The levels of RAC1, PUMA, Bim, PP4, and c-caspase 3 and
phosphorylation levels of JNK and MLK3 were measured by western blot analysis in palmitate treatment cells (a) and AD-PP4-transfected
cells (c). Relative protein levels were quantified by densitometry and normalized (b, d). RAC1 activity was determined by binding to GST-
PAK PBD and subsequent immunoblot analysis in AD-PP4- (e, f) and PP4 siRNA- (g, h) transfected cells. HepG2 cells were transfected
with control AD or AD-PP4 for 24 h. The interaction between PP4 and RAC1 was confirmed using coimmunoprecipitation with an anti-
PP4 antibody (i) and RAC1 antibody (j). Data are expressed as means ± SD, and statistical significance for protein levels was determined
by Student’s t-test or one-way ANOVA (∗p < 0:05, ∗∗p < 0:01).

13Oxidative Medicine and Cellular Longevity



expression with AD-PP4 by administering tail vein injec-
tions. The knockdown of PP4 reversed western diet-
induced lipoapoptosis signaling. It is noteworthy that liver
weight and lipoapoptosis were ameliorated in the AD-PP4
shRNA-injected mice. Also, PP4 upregulation promoted
western diet-induced lipid deposition, lipoapoptosis level,
and lipoapoptosis-related signaling pathway activation.
These data confirmed that PP4 contributed to hepatic
lipoapoptosis.

How is PP4 involved in hepatic lipoapoptosis? In the
liver, both RAC1/MLK3 [5, 9, 10] and ER stress [11–13, 24]
signaling contribute to SFA-induced JNK activation. In
accordance with previous studies, we found that the
RAC1/MLK3 signaling pathway and ER stress pathway were
simultaneously activated when hepatocytes underwent lipoa-
poptosis. While inhibition of PP4 had significant effect on
RAC1/MLK3 activation, it did not affect the activation of
ER stress signaling both in vitro and in vivo. Similarly, the
upregulation of PP4 expression also enhanced hepatocyte

lipoapoptosis by activating theMLK3/JNK signaling pathway
instead of the PERK/CHOP pathway both in vivo and
in vitro. These data strongly suggested PP4 likely regulated
hepatocyte lipoapoptosis via the MLK3/JNK signaling
pathway.

What is the mechanism underlying PP4 involvement in
the palmitate-induced RAC1/MLK3 pathway activation? In
palmitate-treated hepatocytes, RAC1, a key type of GTP-
binding protein, has been reported to be an important com-
ponent of a SFA-stimulated signaling pathway that regulates
MLK3-dependent activation of JNK in hepatocytes [9, 25].
RAC1 is activated by palmitate treatment and participates
in MLK3/JNK activation. The combination of RAC1 and
the CRIB motif of MLK3 releases the self-inhibition of
MLK3, followed by the activation of theMLK3/JNK signaling
pathway [9, 26]. In accordance with a previous study, palmi-
tate stimulation increased the GTPase activity of RAC1 in
hepatocytes, while silencing RAC1 expression in HepG2 cells
significantly inhibited the activation of the MLK3/JNK
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Figure 7: Molecular mechanism by which PP4 participates in hepatocyte lipoapoptosis. Stimulation of PP4 by SFAs causes enhanced GTPase
activity of RAC1 possibly by dephosphorylating RAC1, which subsequently activate MLK3/JNK pathway, which led to elevated expression of
Bcl-2 proapoptotic family members and promoted hepatocyte lipoapoptosis.
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signaling pathway induced by palmitate. Our data confirmed
that palmitate-induced JNK activation and lipoapoptosis
were through a RAC1-dependent pathway. Moreover, PP4
has been reported to be a positive regulator of Rho GTPases,
including RAC1, in HEK293 cells by regulating their GTP-
binding activity [22]. So, we speculated that PP4 may induce
hepatic lipoapoptosis through regulating RAC1 activation.
As we expected, PP4 also regulates the GTPase activity of
RAC1 in hepatocytes. The upregulation of PP4 enhances
the GTPase activity of RAC1, while the suppression of PP4
significantly reduces its GTPase activity. Moreover, RAC1
inhibition significantly inhibited PP4-induced MLK3/JNK
pathway activation. In addition, we found PP4 was able to
bind RAC1 directly by coimmunoprecipitation. Our data
indicated that PP4 regulated lipoapoptosis through regulat-
ing the activity of RAC1.

However, how PP4-regulated RAC1 activity needed
further verification? For many years, RAC1 activity is
believed to be regulated only by the activation family gua-
nine nucleotide exchange factors (GEFs), inhibition family
GTPase-activating proteins (GAPs), and guanine nucleo-
tide disassociation inhibitors (GDIs) [26]. Recent studies
show that reversible phosphorylation is also involved in
the regulation of RAC1 activity. Ser71 (64yrplsyp73) is a
conserved Akt site on RAC1 that can be phosphorylated
by Akt. The phosphorylation of Ser71 by AKT inhibits
the GTP-binding activity of RAC1, which further inhibits
the activation of downstream signals, including the JNK
signaling pathway [27]. Another study shows that thr108
(106pntp109) is an ERK phosphorylation site of RAC1.
It can be phosphorylated by ERK and induces the translo-
cation of RAC1 from the cytoplasm to the nucleus, which
prevents the transmission of extracellular signals to the cell
[28]. In addition, there are more than 20 candidate phos-
phorylation sites in RAC1 by PhosphoSite analysis, but
whether these sites participate in the regulation of RAC1
activity needs further verification. For many years, due to
the lack of specific phosphatase motifs, research on protein
dephosphorylation has been relatively lagging. To date, the
phosphatase that dephosphorylates the ser71, thr108, and
other phosphorylation sites of RAC1 were still unknown,
and whether these sites were regulated by PP4 needed fur-
ther verification.

In conclusion, increased expression of hepatic PP4 con-
tributed to lipoapoptosis by enhancing the GTPase activity
of RAC1 and activating the MLK3/JNK pathway, which led
to elevated expression of Bcl-2 proapoptotic family members
and promoted hepatocyte lipoapoptosis (Figure 7). Overall,
we revealed the significant role of PP4 in hepatocyte lipoa-
poptosis, which may provide benefit in developing novel
therapeutic approaches for NASH treatment in the future.

Data Availability

All data needed to evaluate the conclusions in the paper are
present in the paper and/or the Supplementary Materials.
Additional data related to this paper may be requested from
the authors.

Conflicts of Interest

The authors declare that they have no conflict of interest.

Acknowledgments

This work was supported by grants from the National Natu-
ral Science Foundation of China (81770858, 81600618,
81770228, 81270495, and 81470427), National Key R&D
Program of China (2018YFC2000100), the Beijing Natural
Science Foundation (7182144 and 7212086), the Beijing Hos-
pital Nova Project (BJ-2018-138), the Non-Profit Central
Research Institute Fund of the Chinese Academy of Medical
Sciences (2018RC310025), and Qinghai Science and Tech-
nology Foundation (No. 2019-ZJ-922). We would like to
thank the Experimental Technology Center for Life Sciences
at Beijing Normal University.

References

[1] N. Stefan, H. U. Haring, and K. Cusi, “Non-alcoholic fatty liver
disease: causes, diagnosis, cardiometabolic consequences, and
treatment strategies,” The lancet Diabetes & endocrinology,
vol. 7, no. 4, pp. 313–324, 2018.

[2] R. F. Schwabe and T. Luedde, “Apoptosis and necroptosis in
the liver: a matter of life and death,” Nature Reviews Gastroen-
terology & Hepatology, vol. 15, no. 12, pp. 738–752, 2018.

[3] M. Mota, B. A. Banini, S. C. Cazanave, and A. J. Sanyal,
“Molecular mechanisms of lipotoxicity and glucotoxicity in
nonalcoholic fatty liver disease,” Metabolism: clinical and
experimental, vol. 65, no. 8, pp. 1049–1061, 2016.

[4] A. J. Sanyal, C. Campbell–Sargent, F. Mirshahi et al., “Nonal-
coholic steatohepatitis: association of insulin resistance and
mitochondrial abnormalities,” Gastroenterology, vol. 120,
no. 5, pp. 1183–1192, 2001.

[5] P. Hirsova, S. H. Ibrabim, G. J. Gores, and H.Malhi, “Lipotoxic
lethal and sublethal stress signaling in hepatocytes: relevance
to NASH pathogenesis,” Journal of Lipid Research, vol. 57,
no. 10, pp. 1758–1770, 2016.

[6] H. Malhi, S. F. Bronk, N.W.Werneburg, and G. J. Gores, “Free
fatty acids induce JNK-dependent hepatocyte lipoapoptosis,”
The Journal of Biological Chemistry, vol. 281, no. 17,
pp. 12093–12101, 2006.

[7] S. C. Cazanave, J. L. Mott, N. A. Elmi et al., “JNK1-dependent
PUMA expression contributes to hepatocyte lipoapoptosis,”
The Journal of Biological Chemistry, vol. 284, no. 39,
pp. 26591–26602, 2009.

[8] S. C. Cazanave, X.Wang, H. Zhou et al., “Degradation of keap1
activates bh3-only proteins Bim and PUMA during hepatocyte
lipoapoptosis,” Cell Death and Differentiation, vol. 21, no. 8,
pp. 1303–1312, 2014.

[9] M. Sharma, F. Urano, and A. Jaeschke, “Cdc42 and rac1 are
major contributors to the saturated fatty acid-stimulated JNK
pathway in hepatocytes,” Journal of Hepatology, vol. 56,
no. 1, pp. 192–198, 2012.

[10] S. H. Ibrahim, G. J. Gores, P. Hirsova et al., “Mixed lineage
kinase 3 deficient mice are protected against the high fat high
carbohydrate diet-induced steatohepatitis,” Liver Interna-
tional, vol. 34, no. 3, pp. 427–437, 2014.

[11] E. Zhang, S. Yin, X. Song, L. Fan, and H. Hu, “Glycycoumarin
inhibits hepatocyte lipoapoptosis through activation of

15Oxidative Medicine and Cellular Longevity



autophagy and inhibition of er stress/gsk-3-mediated mito-
chondrial pathway,” Scientific Reports, vol. 6, no. 1, article
38138, 2016.

[12] S. H. Ibrahim, Y. Akazawa, S. C. Cazanave et al., “Glycogen
synthase kinase-3 (gsk-3) inhibition attenuates hepatocyte
lipoapoptosis,” Journal of Hepatology, vol. 54, no. 4, pp. 765–
772, 2011.

[13] H. Cho, M. Wu, L. Zhang, R. Thompson, A. Nath, and
C. Chan, “Signaling dynamics of palmitate-induced ER stress
responses mediated by atf4 in hepg2 cells,” BMC Systems Biol-
ogy, vol. 7, no. 1, p. 9, 2013.

[14] J. Park and D. H. Lee, “Functional roles of protein phosphatase
4 in multiple aspects of cellular physiology: a friend and a foe,”
BMB Reports, vol. 53, no. 4, pp. 181–190, 2020.

[15] J. Liu, L. Xu, J. Zhong, J. Liao, J. Li, and X. Xu, “Protein phos-
phatase PP4 is involved in NHEJ-mediated repair of DNA
double-strand breaks,” Cell Cycle, vol. 11, no. 14, pp. 2643–
2649, 2012.

[16] X. Huang, J. Liu, T. Shen et al., “Protein phosphatase 4 plays
dual roles during cell proliferation,” Cell Proliferation,
vol. 49, no. 2, pp. 219–235, 2016.

[17] H. Liao, J. Cai, C. Liu et al., “Protein phosphatase 4 promotes
hedgehog signaling through dephosphorylation of suppressor
of fused,” Cell Death & Disease, vol. 11, no. 8, p. 686, 2020.

[18] H. Zhao, X. Huang, J. Jiao et al., “Protein phosphatase 4 (PP4)
functions as a critical regulator in tumor necrosis factor
(TNF)-α-induced hepatic insulin resistance,” Scientific
Reports, vol. 5, no. 1, article 18093, 2015.

[19] X. Meng, M. Li, J. Guo et al., “Protein phosphatase 4 promotes
hepatic lipogenesis through dephosphorylating acetyl-CoA
carboxylase 1 on serine 79,” Molecular Medicine Reports,
vol. 10, no. 4, pp. 1959–1963, 2014.

[20] H. Shi, M. V. Kokoeva, K. Inouye, I. Tzameli, H. Yin, and J. S.
Flier, “Tlr4 links innate immunity and fatty acid-induced insu-
lin resistance,” The Journal of Clinical Investigation, vol. 116,
no. 11, pp. 3015–3025, 2006.

[21] S. H. Ibrahim, P. Hirsova, H. Malhi, and G. J. Gores, “Animal
models of nonalcoholic steatohepatitis: eat, delete, and
inflame,” Digestive Diseases and Sciences, vol. 61, no. 5,
pp. 1325–1336, 2016.

[22] C. Martin-Granados, A. Philp, S. K. Oxenham, A. R. Prescott,
and P. T. Cohen, “Depletion of protein phosphatase 4 in
human cells reveals essential roles in centrosome maturation,
cell migration and the regulation of rho gtpases,” The Interna-
tional Journal of Biochemistry & Cell Biology, vol. 40, no. 10,
pp. 2315–2332, 2008.

[23] E. Zhang, X. Lu, S. Yin et al., “The functional role of bax/bak in
palmitate-induced lipoapoptosis,” Food and Chemical Toxicol-
ogy: An International Journal Published for the British Indus-
trial Biological Research Association, vol. 123, pp. 268–274,
2019.

[24] F. Xiao, S. L. Waldrop, S. F. Bronk, G. J. Gores, L. S. Davis, and
G. Kilic, “Lipoapoptosis induced by saturated free fatty acids
stimulates monocyte migration: a novel role for pannexin1 in
liver cells,” Purinergic Signalling, vol. 11, no. 3, pp. 347–359,
2015.

[25] A. Kowluru, “Roles of GTP and rho GTPases in pancreatic islet
beta cell function and dysfunction,” Small GTPases, pp. 1–13,
2020.

[26] L. Zhang and J. L. Wrana, “Regulation of rho GTPases from
the lateral sides of migrating cells,” Small GTPases, vol. 9,
no. 4, pp. 345–348, 2018.

[27] T. Kwon, D. Y. Kwon, J. Chun, J. H. Kim, and S. S. Kang, “Akt
protein kinase inhibits Rac1-GTP binding through phosphor-
ylation at Serine 71 of Rac1,” The Journal of Biological Chem-
istry, vol. 275, no. 1, pp. 423–428, 2000.

[28] J. Tong, L. Li, B. Ballermann, and Z. Wang, “Phosphorylation
of rac1 t108 by extracellular signal-regulated kinase in
response to epidermal growth factor: a novel mechanism to
regulate rac1 function,” Molecular and Cellular Biology,
vol. 33, no. 22, pp. 4538–4551, 2013.

16 Oxidative Medicine and Cellular Longevity


	Protein Phosphatase 4 Promotes Hepatocyte Lipoapoptosis by Regulating RAC1/MLK3/JNK Pathway
	1. Introduction
	2. Material and Methods
	2.1. Antibodies
	2.2. Preparation of BSA-Bound Palmitate
	2.3. Adenoviral Vectors, Lentiviral Vectors and siRNAs
	2.4. Cell Culture and Treatment
	2.5. Animals and Treatment
	2.6. Western Blot Analysis
	2.7. Histological Analysis of Tissues
	2.8. Detection of Apoptotic Cells
	2.9. GTPase Activation Assay
	2.10. Immunoprecipitation
	2.11. Statistical Analysis

	3. Results
	3.1. PP4 Expression Level Was Upregulated by Palmitate-Treated Hepatocytes
	3.2. PP4 Regulated Palmitate-Induced Lipoapoptosis in Hepatocytes
	3.3. PP4 Regulated Lipoapoptosis in the Liver of Western Diet-Fed Mice
	3.4. PP4 Regulated JNK Activation through a RAC1/MLK3 Pathway in Hepatocytes
	3.5. PP4 Regulated JNK Activation through a RAC1/MLK3 Pathway In Vivo
	3.6. RAC1 Mediates PA-Induced MLK3/JNK Activation and Lipoapoptosis
	3.7. PP4 Regulated Lipoapoptosis through Regulating the Activity of RAC1

	4. Discussion
	Data Availability
	Conflicts of Interest
	Acknowledgments

