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4-Phenylbutyrate protects against rifampin-induced liver injury via regulating
MRP2 ubiquitination through inhibiting endoplasmic reticulum stress
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ABSTRACT ARTICLE HISTORY
Rifampin (RFP), a first-line anti-tuberculosis drug, often induces cholestatic liver injury and Received 27 October 2021
hyperbilirubinemia which limits its clinical use. Multidrug resistance-associated protein 2 (MRP2)  Revised 28 December 2021
localizes to the hepatocyte apical membrane and plays a pivotal role in the biliary excretion of ~ Accepted 29 December 2021
bilirubin glucuronides. RFP is discovered to reduce MRP2 expression in liver cells.  keyworbps
4-Phenylbutyrate (4-PBA), a drug used to treat ornithine transcarbamylase deficiency (DILI), is Cholestasis; rifampicin;
reported to alleviate RFP-induced liver cell injury. However, the underlying mechanism still 4-Phenylbutyrate; multidrug
remains unclear. In the current study, we discovered that RFP induced HepG2 cell viability resistance-associated protein
reduction, apoptosis and MRP2 ubiquitination degradation. Administration of 4-PBA alleviated 2; ubiquitination;

the effect of RFP on HepG2 cell viability reduction, apoptosis and MRP2 ubiquitination degrada- endoplasmic reticulum
tion. In mechanism, 4-PBA suppressed RPF-caused intracellular Ca** disorder and endoplasmic stress

reticulum (ER) stress, as well as the increases of Clathrin and adapter protein 2 (AP2). ER stress

marker protein C/EBP homologous protein took part in the modulation of AP2 and clathrin.

Besides, 4-PBA reduced the serum bilirubin level in RFP-induced cholestasis mouse model,

along with raised the MRP2 expression in liver tissues. These findings indicated that 4-PBA

could alleviate RFP-induced cholestatic liver injury and thereby decreased serum total bilirubin

concentration via inhibiting ER stress and ubiquitination degradation of MRP2, which provides

new insights into the mechanism of 4-PBA in the treatment of RFP-induced cholestasis and liver

damage.
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Introduction

The liver, lying between adsorption and systematic
circulations, is a very important organ in drug meta-
bolism and elimination, and thus, the liver is also
susceptible to drug toxicity. Drug-induced liver injury
(DILI), including damage to hepatocytes and other
liver cells, is one of the most challenging liver diseases
faced by hepatologists [1]. It has become a main rea-
son for acute live failure worldwide [2-4]. Rifampicin
(RFP) is a first-line drug widely used for tuberculosis
(TB) and has been shown to cause serious liver injury
[5], including cholestasis and hyperbilirubine-
mia [6,7].

Recent study supported that oxidative stress might
contribute to RFP-induced hepatotoxicity, which has
been a longstanding concern in the treatment of TB
[8]. Meanwhile, it has been shown that RFP induced
hepatotoxicity is closely related to endoplasmic reti-
culum (ER) stress and multidrug resistance-associated
protein 2 (MRP2) [9,10]. ER stress, caused by the
accumulation of unfolded or misfolded proteins in
ER, has been implicated in the pathogenesis of DILI
and RFP-induced liver injury [10,11]. MRP2, located
on the canalicular membrane of hepatocytes, belongs
to the ATP-binding cassette transporter family and
plays a key role in the biliary excretion of a wide variety
of organic anions, such as glutathione, bilirubin, leu-
kotrienes, and sulfated or glucuronidated bile acids
[12]. Previous study demonstrated that RFP-induced
oxidative stress led to endocytosis and ubiquitination
of MRP2 in hepatic epithelial cells, which further
induced cholestasis [9].

4-Phenylbutyrate (4-PBA) is an PDA approved
drug currently used for the treatment of ornithine
transcarbamylase  deficiency.  Earlier literature
reported that 4-PBA could activate MRP2 function
by modulating its ubiquitination and reducing total
bilirubin concentration in serum [13]. In addition,
4-PBA has been found to contribute to protein folding
and thereby alleviate ER stress [14,15]. Recent study
discovered that 4-PBA inhibited RFP-activated RNA-
dependent protein kinase-like ER kinase (PERK)/acti-
vating transcription factor 4 (ATF4)/C/EBP homolo-
gous protein (CHOP) signal pathway to alleviate
hepatic L02 cell injury [16]. However, the direct con-
nection between 4-PBA with RFP-induced ER stress
and ubiquitination of MRP2 in hepatotoxicity is still
unclear.
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Therefore, we hypothesized that 4-PBA could
attenuate RFP-induced liver injury via inhibition of
RFP initiated ER stress and ubiquitin-proteasome deg
radation of MRP2. To verify this hypothesis, human
hepatoma HepG2 cells were subjected to RFP and/or
4-PBA treatment, cell viability, apoptosis, MRP2
expression, intracellular calcium disorder and ER
stress were tested. Moreover, RFP-induced cholestasis
mouse model was established to further confirm the
beneficial effects of 4-PBA on RFP-caused liver
damage.

Material and methods
Cell culture

HepG2 was obtained from Shanghai Institute of
Biochemistry and Cell Biology (Shanghai, China)
and growth in RPMI-1640 medium (Thermo Fisher
Scientific, Waltham, MA) containing 10% fetal bovine
serum (Thermo Fisher Scientific) and 1% penicillin-
streptomycin solution (Thermo Fisher Scientific).
Both RFP and 4-PBA were purchased from Sigma-
Aldrich (MO, USA).

Cell counting Kit-8 (CCK-8) assay

CCK-8 assay was carried out to test HepG2 cell viabi-
lity [17]. Briefly, HepG2 cells were seeded 96-well plate
with 5 x 10* cells/well for overnight. Then, cells were
treated by RFP (50 uM) [9] and/or 4-PBA (0.1 mM,
0.5 mM, 1 mM) for 48 h. 10 uL. CCK-8 kit solution
(BioVision, Milpitas, CA) was added into the each well
of the plate for 1 h. Following shaking, the absorbance
of each well was detected at 450 nm.

Pi/Annexin V double staining

HepG2 cell apoptosis was measured via PI/Annexin
V double staining [18]. Briefly, HepG2 cells were
seeded into 24-well plate with 2 x 10* cells/well over-
night and treated by RFP (50 uM) and/or 4-PBA
(1 mM) for 48 h. Then, cells in each group were
collected, washed with phosphate buffer saline (PBS)
and stained using Annexin-V-FITC solution and PI
solution (Abcam, Cambridge, MA) for 15 min pro-
tected from light. Following 400 uL 1 x Binding Buffer
adding, HepG2 cell apoptosis was analyzed using flow
cytometer (BD, Franklin Lakes, NJ).
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gRT-PCR

Total RNAs were extracted from cells or tissues using
Trizol reagent (Invitrogen, Carlsbad, CA). cDNA was
synthesized using PrimeScriptTM 1% Strand cDNA
Synthesis Kit (Takara Biotechnology, Beijing, China).
The relative mRNA expressions of MRP2, adapter
protein 2 (AP2), cathrin were detected using Takara
PCR Amplification Kit (Takara Biotechnology) with
GAPDH expression as internal control. The primer
sequences were as follows: 5-CCCTGCTGTTCGA
TATACCAATC-3’ (MRP2 Forward), 5-TCGAGAG
AATCCAGAATAGGGAC-3 (MRP2 Reverse), 5-
GGTGAACCCCAACGAAGTCT-3 (AP2 Forward),
5-GGGATCGGAATGTTGTCGGT-3" (AP2 Rever
se), 5-ATTCTGCCAATTCGTTTTCAGGA-3" (Cla
thrin Forward), 5-GCTTTCAGTGCAATTACTTT
GCT-3’ (Clathrin Reverse), 5-GGAGCGAGATCCC
TCCAAAAT-3 (GAPDH Forward) and 5-
GGCTGTTGTCATACTTCTCATGG-3* (GAPDH
Reverse).

Calcium disorder detection

HepG2 cells were cultivated in 24-well plate trea-
ted with RFP (50 uM) and/or 4-PBA (1 mM) for
48 h. Then, cells in each group were collected and
stained using 5umol/L fluo-3/AM (Dojindo
Laboratories, Kumamoto, Japan) for 30 min at
37°C in the dark [19]. After rinsed three times
with PBS to remove excess fluorescent dye, the
results were analyzed using flow cytometer (BD,
Franklin Lakes, NJ).

Immunofluorescence assay

1 x 10° HepG2 cells were cultivated on cover glass
in 6-well plate overnight and treated by RFP
(50 uM) and or 4-PBA (1 mM) for 48 h. Then,
cells were washed with PBS, fixed with 4% paraf-
ormaldehyde in room temperature, permeated
with 0.5% Triton X-100 for 10 min, blocked with
bovine serum albumin for 1 h, incubated with
anti-MRP2 antibody (#4446, Cell Signaling
Technology, MA, USA) overnight at 4°C and incu-
bated with second antibody for 2 h at room tem-
perature protected from light [20]. DAPI was
utilized for staining nucleus. Results were observed
under fluorescence microscope.

Western blotting

Total proteins in cells and tissues were separated using
NP40 lysis buffer (pH = 7.4, 150 mM NaCl, 1 mM
EDTA, 20 mM Tris-HCI, 1% NP-40, protease inhibi-
tor and phosphatase inhibitor cocktail). Protein con-
centrations were measured by Bradford assay. Soluble
proteins (30-40 ug) were subjected to SDS-
polyacrylamide gel electrophoresis [21]. Then, the
protein was transferred onto nitrocellulose mem-
brane. The membrane was blocked with 5% milk for
1 h, incubated with primary antibody overnight at 4°C
and incubated with second antibody for 2 h at room
temperature. Electrochemiluminescence was carried
out to obtain protein band using an imager (Bio-Rad,
Philadelphia, PA). GAPDH was used as an internal
control. Antibodies against binding immunoglobulin
protein (GRP78 BIP), CHOP, p-p38, MRP2 and acti-
vating transcription factor 6 (ATF6) were purchased
from Cell Signaling Technology (MA, USA).
Antibodies against Cleaved-Caspase 12, Cleaved-
Caspase 3 and PERK were purchased from Santa
Cruz Biotechnology (CA, USA). Antibodies against
X-box binding protein 1 (XBP-1), inositol-requiring
kinase 1 (IRE-1) and p-JNK were purchased from
Millipore (MA, USA).

In vitro ubiquitination assay

In vitro ubiquitination assay was performed to detect
the ubiquitination of MRP2 after relevant stimulation
[22]. HepG2 cells were seeded into 24-well plate and
subjected to relevant treatment. Then, cells were trea-
ted by 20 uM MGI132 (S1748, Beyotime Biotech
nology, Shanghai, China) for 10 h to inhibit degrada-
tion of ubiquitinated proteins. Following splitting cells
using RIPA Lysis Buffer (Beyotime Biotechnology),
the lysate supernatant was harvested for co-
immunoprecipitation with antibodies against MRP2
or IgG. After incubated with Protein A/G Agarose,
centrifugation and precipitation Protein A/G
Agarose, the protein in supernatant was underwent
Western blotting.

Cell transfection

Cell transfection was carried out to alter CHOP
expression in HepG2 cells [23]. To silence CHOP
expression in HepG2 cells, siRNA specifically



targeting CHOP (CHOP-siRNA: 5- UCAUAUUCU
GAAUCUCAUCCU-3’) and control siRNA (CH
OP-siNC: 5- CAGUACUUUUGUGUAGUACAA
—3’) were synthesized by Beyotime Biotechnology
and transfected into cells using Lipofectamine 2000
(Invitrogen, Carlsbad, CA) according to manufac-
turer’s protocol. To overexpress CHOP in HepG2
cells, full-length sequence of CHOP was inserted
into pcDNA3.0 plasmid and named as CHOP-
plasmid. Empty pcDNA3.0 plasmid was utilized as
negative control and named as Control-plasmid.
CHOP-plasmid and Control-plasmid were also trans-
fected into cells using Lipofectamine 2000.
Transfection efficiencies were tested via Western
blotting.

Animal experiments

RFP-induced cholestasis mouse model was estab-
lished to further explore the effects of 4-PBA.
Briefly, 15 Pathogen-free male ICR mice were
purchased from Institute of Laboratory Animal
Sciences (Beijing, China). All experimental proto-
cols were approved by the Institutional Committee
for Animal Care and Use. After housed in patho-
gen-free environment, all mice were stochastically
divided into Control, RFP and 4-PBA+RFP groups
with five mice in each group. 442.5 mg/kg/day
RFP [24] and/or 240 mg/kg/day 4-PBA [25] were
given for mice via gavage for 2 consecutive weeks.

Total bilirubin assay

After experiments, all mice were anesthetized by
isoflurane and sacrificed by cervical dislocation.
Blood was collected and centrifuged at 10,000 rpm
for 10 min to collect serum. The concentration of
total bilirubin in serum was measured using
Bilirubin assay kit (Abcam, Cambridge, MA) [26]
according to manufacturer’s protocol.

Statistical analysis

All experiments repeated three times.
Graphpad prism 5 software was utilized for statis-
tical analysis. Data were presented as means *
standard deviation (SD). Differences between

were
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groups were analyzed using one-way ANOVA.
P < 0.05 was considered as statistically significant.

Results

4-PBA reduced RFP-induced toxicity and
apoptosis of HepG2 cells

Firstly, the influences of RFP and/or 4-PBA treat-
ment on HepG2 cell viability and apoptosis were
tested. The results of CCk8 assay in Figure 1(a)
indicated that 50 uM RFP had significant toxicity
on HepG2 cells, which notably lowered the viabi-
lity of HepG2 cells (P < 0.001). 0.1, 0.5 or 1 mM
4-PBA single treatment had no significant effects
on HepG2 cell viability, which was able to
obviously alleviate RFP-induced decrease of
HepG2 cell viability in a dose-dependent manner
(P <0.050r P<0.01). 1 mM 4-PBA treatment was
chosen for subsequent experiments. Figure 1(b)
showed that RFP gradually elevated HepG2 cells
apoptosis (P < 0.001), which was reduced by 1 mM
4-PBA treatment (P < 0.001). These outcomes
represented that 4-PBA could reduce RFP-
induced toxicity and apoptosis of HepG2 cells.

4-PBA attenuated the suppression of MRP2 by
RFP

To further investigate whether MRP2 participated in
the protective effect of 4-PBA on RFP-resulted
HepG2 cell damage, the expression of MRP2 was
measured after RFP and/or 4-PBA treatment. qRT-
PCR assay showed that RFP and/or 4-PBA treatment
did not affect the mRNA level of MRP2 in HepG2
cells (Figure 2(a)). However, the results of Western
blotting displayed that RFP treatment decreased the
protein level of MRP2 in HepG2 (Figure 2(b),
p <0.001), while 4-PBA partially abolished the effects
of RPF on MRP2 protein level (P < 0.05).
Immunofluorescent staining showed similar results,
which indicated that 4-PBA significantly reversed
the RPF-caused decrease of MRP2 expression in
HepG2 cells (Figure 2(c), p < 0.001). Moreover,
considering that ubiquitination modification is one
of the main reasons for intracellular protein degra-
dation, we checked the ubiquitination of MRP2 in
HepG2 cells after RFP and/or 4-PBA treatment. The
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Figure 1. 4-PBA reduced RFP-induced toxicity and apoptosis of HepG2 cells.

(a) HepG2 cells were treated by RFP (50 uM) and/or 4-PBA (0.1 mM, 0.5 mM, 1T mM) for 48 h. Cell viability was detected via CCK-8
assay. (b) HepG2 cells were treated by RFP (50 uM) and/or 4-PBA (1 mM) for 48 h. Cell apoptosis was checked by Pl/Annexin
V double staining. ***P < 0.001 vs. control group; *P< 0.05, *P< 0.01, #*P< 0.001 vs. RFP group; %P< 0.05, %4P< 0.01 vs. 4-PBA

group.

results showed that RFP promoted the ubiquitina-
tion of MRP2 in HepG2 cells, while 4-PBA decreased
the RFP-resulted ubiquitination of MRP2 (Figure 2
(d)). Glycoprotein 78 (GP78) is a key E3 ubiquitin
ligase and plays pivotal roles in ER-associated degra-
dation. We discovered that RFP increased the pro-
tein expression of GP78 in HepG2 cells (Figure 2(e),
p < 0.001). Compared to RFP group, the GP78
expression in 4-PBA+RFP group was decreased
(P < 0.001). Collectively, these outcomes suggested
that RFP triggered the ubiquitination degradation of
MRP2 might be via raising GP78 expression, which
was attenuated by administration of 4-PBA.

4-PBA improved RFP-induced intracellular
calcium disorder

Previous literature reported that intracellular cal-
cium disorder contributed to the decrease of MRP2
in liver cells [9]. Following RFP and/or 4-PBA treat-
ment, the intracellular calcium concentration was
monitored by Fluo-3/AM staining. Results in
Figure 3(a) showed that RFP significantly increased
intracellular calcium concentration (indicated by the
increase of fluorescence emission, P < 0.001), while
4-PBA partially abolished the increase of intracellu-
lar calcium concentration caused by FRP in HepG2
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HepG2 cells were treated by RFP (50 uM) and/or 4-PBA (1 mM) for 48 h. (a and b) mRNA and protein expression of MRP2 were
detected through gRT-PCR assay and Western blotting, respectively. (c) Immunofluorescence assay was carried out to further test
MRP2 expression. (d) The ubiquitination of MRP2 was checked by in vitro ubiquitination assay. (e) The protein level of GP78 was
evaluated via Western blotting. ***P< 0.001 vs. control group; *P< 0.05, #*P< 0.001 vs. RFP group; %P< 0.05, **P< 0.01 vs. 4-PBA

group.

cells (P < 0.001). These outcomes represented that
4-PBA could reduce RFP-induced intracellular cal-
cium disorder.

4-PBA repressed RFP-mediated ER stress
response

ER is the main intracellular Ca®" reservoir.
Intracellular calcium disorder can lead to ER stress.
We next checked the ER stress sensors including
inositol-requiring enzyme-1la (IRE-1), ATF6) pro-
tein kinase RNA-like ER kinase (PERK), ER stress-
initiated pro-apoptotic factors (Cleaved-Caspasel2,
Cleaved-Caspase 3), CHOP, ER stress-responsive
marker (GRP78 BIP, XBP-1), p-JNK and p-p38 pro-
tein level in HepG2 cells after RFP and 4-PBA

treatment. Our results suggested that RFP increased
the levels of above indicated proteins (Figure 3(b),
p < 0.001), but 4-PBA relieved the influence of RFP
(P < 0.05, P < 0.01 or P < 0.001). These outcomes
represented that RPF induced ER stress response,
which was repressed by 4-PBA administration.

4-PBA alleviated RFP-caused increase of AP2 and
clathrin

Clathrin and AP2 complex play important role in
renal tubular calcium reabsorption and endosomal-
lysosomal degradation pathway [27]. Subsequent
experiments were carried out to check whether RFP
and/or 4-PBA treatment affect clathrin and AP2
expression in HepG2 cells. qRT-PCR and WB results
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Figure 3. 4-PBA improved RFP-induced intracellular calcium disorder and ER stress response.

HepG2 cells were treated by RFP (50 uM) and/or 4-PBA (1 mM) for 48 h. (a) The intracellular calcium concentration was tested via
fluo-3/AM staining. (b) The protein levels of GRP78 BIP, CHOP, Cleaved-Caspase-12, Cleaved-Caspase-3, PERK, ATF6, XBP-1, IRE-1,
p-JNK and p-p38 in cells were evaluated via Western blotting. **P< 0.01, ***P< 0.001 vs. control group; *P< 0.05, #P< 0.01,

#p< 0.001 vs. RFP group; ¥P< 0.05, %P< 0.01 vs. 4-PBA group.

indicated that RFP enhanced AP2 and clathrin at both
mRNA and protein levels (Figure 4(a,b), p < 0.01 or
P <0.001). 4-PBA treatment alleviated the increases of
AP2 and clathrin levels caused by RFP (P < 0.05,
P < 0.01 or P < 0.001). Besides, to explore whether
CHOP took part in the effects of RFP and/or 4-PBA
on AP and clathrin in HepG2 cells, CHOP was
silenced or overexpressed in hepG2 cells. Results illu-
strated that CHOP-siRNA transfection notably
reduced the CHOP mRNA level in HepG2 (Figure 4
(c), p < 0.001), which remarkably suppressed RFP-
resulted increases of AP2 and clathrin expressions
(P < 0.01), as well as the effect of 4-PBA (P < 0.05 or
P < 0.001). CHOP-plasmid transfection had contrary
influence (Figure 4(d), p < 0.001), which increased the
RFP-induced increases of AP2 and clathrin expres-
sions (P < 0.05). 4-PBA treatment also abolished the
effects of RFP on AP2 and clathrin expressions in

CHOP-plasmid transfected HepG2 cells (Figure 4
(d), p < 0.05 or P < 0.01). These outcomes repre-
sented that RFP induced ER stress response via up-
regulation of AP2 and clathrin which was attenu-
ated by 4-PBA.

4-PBA protected mice against RFP-induced
cholestatic liver injury

Finally, RFP-induced cholestasis mouse model was
established to further confirm the beneficial effects
of 4-PBA on RFP-caused liver damage. Serum bilir-
ubin level was detected by ELISA. The results showed
that RFP elevated bilirubin secretion (Figure 5(a),
p < 0.001), while 4-PBA alleviated the increase of
bilirubin level in serum (P < 0.05). The protein expres-
sion and ubiquitination of MRP2 in the liver tissue
were also detected. Results showed that RFP
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Figure 4. 4-PBA alleviated RFP-caused increase of AP2 and clathrin.

(a and b) HepG2 cells were treated by RFP (50 uM) and/or 4-PBA (1 mM) for 48 h. The mRNA and protein expressions of AP2 and
clathrin in cells were tested via gRT-PCR and Western blotting. (c and d) Following CHOP-siRNA (or CHOP-plasmid) transfection and/
or RFP (50 uM) or 4-PBA (1 mM) treatment for 48 h, the CHOP mRNA expression was tested via qRT-PCR assay and the protein
expressions of AP2 and clathrin in HepG2 cells were tested via Western blotting. *P< 0.05, **P< 0.01, ***P< 0.001 vs. control group;
*P< 0.05, *P< 0.01, " P< 0.001 vs. RFP group; P< 0.05, ¥¥*P< 0.001 vs. 4-PBA group.

treatment decreased MRP2 protein level and pro-
moted the ubiquitination of MRP2 in liver tissue
(Figure 5(b,c), p < 0.001 on MRP2 protein level),
while 4-PBA attenuated the effects of RFP on MRP2
(P < 0.01 on MRP2 protein level). Next, the impact of
different treatments on the protein level of GRP78
BIP, CHOP, Cleaved-Caspase 12, Cleaved-Caspase 3,
PERK, ATF6, XBP-1, IRE-1, p-JNK and p-p38 in liver
tissues were checked. Results in Figure 5(d) illustrated
that RFP enhanced the levels of abovementioned pro-
teins in liver cells (P < 0.05, P < 0.01 or P < 0.001),
which implied that RFP induced ER stress response in
liver. However, this effect was attenuated by 4-PBA
(P < 0.05). These outcomes represented that 4-PBA
could alleviate RFP-induced cholestatic liver injury

via regulating bilirubin secretion, MRP expression
and ER stress response.

Discussion

Anti-TB drugs are the main cause of DILI, account-
ing for 58% of all cases of DILI and 5-22% of drug-
induced acute liver failure cases [28]. RFP is the most
widely used anti-TB drug recommended by the
World Health Organization, but it has well-known
hepatotoxicity that remains to be an important clin-
ical problem [29]. Previous study discovered that the
cholestasis caused by RFP was associated with ER
stress and ubiquitination of MRP2 [30]. As a low



2874 J. CHEN ET AL

a <
1000+ b < 1.2
N o
x© %F‘ =
o 3 < S 104
800 g b : g
< ©
s : MRP2 (. S - S o]
2 600 # 3
5 2 — 5 0.6 i
2 1
£ 400 GAPDH [ -
m § o 044
=
200 e E 0.2
4
o1 I 2 0ol
c Control RFP 4-PBA + RFP Control RFP 4-PBA + RFP
19G MRP2 d N &
P 00““0 & D‘ge‘* GRP78 BIP CHOP Cleaved-Caspase-12
Control Control  RFP  4-PBA+RFP _ = .
GRP78BIP = s s £ $ 084 - 2 08 Tt
% os 2
CHOP  [See e | £ p %o £ s f
Cleaved- £ 04 £ # s
‘ Caspase-12 [ - H 2 04l 2 04l
Cleaved- re——— ° ° °
Caspase-3 £ 02 2 02/ 2 02
PERK | — - ¢ e &
UB ATFG - — ; Control RFP 4-PBA + RFP . Control RFP 4-PBA + RFP = Control RFP 4-PBA + RFP
XBP-1 o — — Cleaved-Caspase-3 PERK ATF6
1.0q 1.0 1.2
IRE-1 = . w— oa OB £, 10 ;
P-UNK S e s 2] s £ o6 goe i
H 5 § 0.6
p-p38 — . — 2 04 2 04 7304
GAPDH [ - - EO 2
] & 2 %%
0.0- 0.0

o
°

IRE-1

°
3
°
>

i

o o
~ o
o o
PO

o
N
o
o

Relative protein expression
Relative protein expression

o

RFP 4-PBA + RFP

Control

Control RFP 4-PBA + RFP

o0
Control RFP 4-PBA + RFP Control RFP 4-PBA + RFP Control RFP 4-PBA +RFP

)

Relative protein expressi
°© o o o o =
S h R o » o
@ )

p-JNK 12 p-p38

o o o
52 o o

Relative protein expression
°
S

RFP 4-PBA + RFP

Control

Control RFP 4-PBA + RFP

Figure 5. 4-PBA protected mice against RFP-induced cholestatic liver injury.

RFP-induced cholestasis mouse model was established and treated by 4-PBA. (a) Serum bilirubin concentration was tested vi ELISA.
(b) The protein expression of MRP2 in liver tissues was measured via Western blotting. (c) The ubiquitination of MRP2 in liver tissues
was tested via ubiquitination assay. (d) The protein levels of GRP78 BIP, CHOP, Cleaved-Caspase-12, Cleaved-Caspase-3, PERK, ATF6,
XBP-1, IRE-1, p-JNK and p-p38 in liver tissues were evaluated via Western blotting. *P< 0.05, **P< 0.01, ***P< 0.001 vs. control group;

#p< 0.05, "P< 0.01 vs. RFP group.

molecular weight fatty acid, 4-PBA was found to
stabilize protein structure and inhibited ER stress
through reducing the accumulation of misfolded
proteins in the ER [31,32]. Earlier literature has
demonstrated that 4-PBA treatment could attenuate
RFP-caused liver cell injury via PERK/ATF4/CHOP
signal pathway [16]. However, the internal regula-
tory mechanism is still unknown.

In this study, we observed that 4-PBA ameliorated
RFP-induced HepG2 cell viability reduction and
apoptosis. Mutation of MRP2 has been demonstrated
to cause Dubin-Johnson syndrome, which is charac-
terized by hyperbilirubinemia and elevated bile acid
level [33]. Previous study reported that RFP decreased
the membrane localization of MRP2 via clathrin-

dependent endocytosis and ubiquitin-proteasome
degradation induced by oxidative stress in HepG2
cells [9]. In consistent with previous research, herein,
we further revealed that RPF lowered MRP2 protein
levels but had no significant effect on MRP2 mRNA
expression in HepG2 cells. Moreover, we discovered
that 4-PBA partially restored the protein expression
and membrane localization of MRP2 but without
significant change of the MRP2 mRNA level in RFP-
stimulated HepG2 cells. Besides, pervious study on
cholestatic patients and rat models of cholestasis has
shown that endocytic retrieval of MRP2 and
decreased MRP2 protein expression without any sig-
nificant changes in MRP2 mRNA levels [34]. These
results suggested that 4-PBA improved RFP-resulted



liver cell injury at least in part through reducing
endocytic retrieval of MRP2 and raising MRP2 pro-
tein level.

Ubiquitination functions as an internalization
signal to conjugate targeted protein with ubiquitin
ligases for identification and degradation by
a proteasome. Among the ubiquitin ligases,
GP78, as a E3 ligase, plays pivotal roles in ER-
associated  ubiquitination  degradation  [35].
Considering that ER stress also participated in
the RFP-induced hepatotoxicity [10], in this
study, we detected the GP78 protein level after
RFP and 4-PBA treatment. Result discovered that
RFP notably upregulated the GP78 protein level in
HepG2 cells, while 4-PBA partially reversed the
increase of GP78 protein level caused by REFP,
which implied that 4-PBA increased MRP2 protein
level in HepG2 cells might be by inhibiting GP78-
associated ubiquitination degradation.

The acute oxidative stress has been found to
elevate Ca** and promote endocytic internaliza-
tion of MRP2, ultimately results in cholestasis
[36,37]. Moreover, Ca** disorder also can cause
ER stress [38]. In the current research, we dis-
covered that RFP increased Ca®* levels in HepG2
cells, while 4-PBA clearly attenuated the increase
of Ca®" levels. ER stress is the result of the
accumulation of unfolded or misfolded proteins
in ER [39]. The accumulation of unfolded pro-
teins in ER may directly induce the unfolded
protein response through activating three stress
sensor proteins, IRE-1, PERK and ATF6 [40,41].
They can combine with CHOP, BIP and XBP-1
to modulate numerous signal pathway, such as
MAPK pathway, to regulate redox metabolism,
amino acid homeostasis and apoptosis [40]. As
mentioned above, 4-PBA can suppress ER stress
through helping protein folding and trafficking
in the ER [15]. Therefore, we investigated the
effects of 4-PBA on the expression of ER stress
markers in HepG2 cells after RFP pretreatment.
Results indicated that RFP upregulated BIP,
XBP-1, CHOP, IRE-1, PERK and ATF6 protein
levels, which was accompanied with the
increases of p-JNK, p-p38, Cleaved-Caspase 12
and Cleaved-Caspase 3 expressions, suggesting
that ER-stress was activated by RFP. 4-PBA
reduced the expression levels of these ER stress
markers, as well as the p-JNK, p-p38, Cleaved-
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Caspase 12 and Cleaved-Caspase 3 expressions,
indicating 4-PBA could inhibit ER stress. In
summary, these results suggested that the reduc-
tion of ER stress resulted by 4-PBA contributed
to the protective effect of 4-PBA on RFP-
induced MRP2 ubiquitination degradation.

AP2 and clathrin are the main constituents of
endocytic clathrin-coated vesicles, which responsi-
ble for the endocytosis of MRP2 in the cholestatic
rat liver [42,43]. In this research, RPF enhanced
the mRNA and protein levels of AP2 and clathrin
in HepG2 cells, while 4-PBA attenuated the
enhancements of mRNA and protein levels of
AP2 and clathrin. By alter CHOP expression via
cell transfection, we discovered that silence of
CHOP reduced RFP-induced increases of AP2
and clathrin expressions, as well as the effect of
4-PBA. Overexpression of CHOP had opposite
influence. These outcomes suggested that CHOP
took part in the modulation of AP2 and clathrin
expression in HepG2 cells and indicated that
4-PBA reduced the endocytosis of MRP2 in
HepG2 cells might be via suppressing CHOP-
mediated AP2 and clathrin expressions.

Finally, RFP-induced cholestasis mouse model
was established. We found that 4-PBA reduced the
serum bilirubin level in mouse, as well as raised
the protein levels of MRP2, ER stress markers,
p-JNK, p-p38, Cleaved-Caspase 12 and Cleaved-
Caspase 3. These outcomes further verified the
beneficial effect of 4-PBA on RFP-caused chole-
static liver injury.

Conclusion

In summary, our findings revealed the protective
effect of 4-PBA on RFP-caused cholestatic liver
injury. 4-PBA attenuated RFP-induced hepatotoxi-
city via reducing MRP2 ubiquitination degrada-
tion through inhibiting ER stress and clathrin
expression. These results suggested that 4-PBA
might be a pharmacological therapeutic drug for
RFP-induced intrahepatic cholestasis.
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