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ABSTRACT

Drug-induced liver injury (DILI) remains a major challenge in drug development. Although numerous mechanisms for DILI
have been identified, few studies have focused on loss of hepatocyte polarization as a DILI mechanism. The current study
investigated the effects of valproate (VPA), an antiepileptic drug with DILI risk, on the cellular mechanisms responsible for
loss of hepatocyte polarization. Fully polarized collagen sandwich-cultured rat hepatocytes were treated with VPA (1–
20 mM) for specified times (3–24 h). Hepatocyte viability was significantly decreased by 10 and 20 mM VPA. Valproate
depolarized hepatocytes, even at noncytotoxic concentrations (�5 mM). Depolarization was associated with significantly
decreased canalicular levels of multidrug resistance-associated protein 2 (Mrp2) resulting in reduced canalicular excretion
of the Mrp2 substrate carboxydichlorofluorescein. The decreased canalicular Mrp2 was associated with intracellular
accumulation of Mrp2 in Rab11-positive recycling endosomes and early endosomes. Mechanistic studies suggested that
VPA inhibited canalicular trafficking of Mrp2. This effect of VPA on Mrp2 appeared to be selective in that VPA had less
impact on canalicular levels of the bile salt export pump (Bsep) and no detectable effect on P-glycoprotein (P-gp) canalicular
levels. Treatment with VPA for 24 h also significantly downregulated levels of tight junction (TJ)-associated protein, zonula
occludens 2 (ZO2), but appeared to have no effect on the levels of TJ proteins claudin 1, claudin 2, occludin, ZO1, and ZO3.
These findings reveal that two novel mechanisms may contribute to VPA hepatotoxicity: impaired canalicular trafficking of
Mrp2 and disruption of ZO2-associated hepatocyte polarization.

Key words: drug-induced liver injury; multidrug resistance-associated protein 2; protein trafficking; hepatocyte polarization;
tight junction.

Drug-induced liver injury (DILI) is a mechanistically multifacto-
rial event. Direct hepatocellular injury and immune-mediated
injury are the two major causes of DILI (Mosedale and Watkins,
2017; Yuan and Kaplowitz, 2013). Hepatocellular injury is often
associated with altered activity of metabolic enzymes and/or
impaired function of efflux transporters. These changes may re-
sult in cellular accumulation of endogenous substances, drugs,
and/or metabolites, leading to hepatocellular stress and injury

(Swift et al., 2010; Tujios and Fontana, 2011), and consequently,
cell death.

Transporters, especially efflux transporters, are essential for
hepatic detoxification. Efflux transporters help maintain non-
toxic cellular levels of xenobiotics and metabolites, thus pre-
venting hepatocellular injury (Kock and Brouwer, 2012).
Hepatocytes have a well-defined polarized architecture, a fun-
damental morphology that supports the efflux and influx
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functions of transporters (Gissen and Arias, 2015). Polarized
hepatocytes have distinct apical (canalicular) and basolateral
membranes that are segregated by tight junctions (TJs). The
bile canaliculus, a tubular structure formed by apical mem-
branes of adjacent hepatocytes, connects with other canaliculi
to form a canalicular network, into which bile acids, drugs, and
metabolites are secreted. The basolateral membrane, which
faces the space of Disse, facilitates the exchange of biological
materials and xenobiotics with sinusoidal blood (Treyer and
Musch, 2013).

The key determinants of hepatocyte polarization are func-
tional polarization and structural polarization (Gissen and
Arias, 2015). Functional polarization is associated with the cellu-
lar localization and function of canalicular and basolateral
transporters. The three major ATP-binding cassette (ABC) trans-
porters located on the canalicular membrane are the bile salt
export pump (BSEP; ABCB11), P-glycoprotein (P-gp; ABCB1), and
multidrug resistance-associated protein 2 (MRP2; ABCC2). These
transporters are efflux pumps that remove chemically and
pharmacologically distinct substrates from hepatocytes, and
are essential for functional polarization (Kock and Brouwer,
2012). Disruption of functional polarization leads to impaired ef-
flux of endogenous/exogenous substrates. Structural polariza-
tion includes the integrity of TJs and the formation of bile
canaliculi (Shin et al., 2006; Zihni et al., 2016). Tight junction pro-
teins consist of two major types of transmembrane proteins,
claudin and occludin, and three main TJ-associated proteins,
zonula occludens (ZO1, 2, and 3) (Zihni et al., 2016). ZO1, 2, and 3
are involved in association of claudin and occludin with the cy-
toskeleton and other cellular organelles/proteins. Disruption of
TJs causes structural depolarization and hepatocellular injury.
For example, Type 4 progressive familial intrahepatic cholesta-
sis is caused by a homozygous mutation in ZO2 (Gissen and
Arias, 2015). ZO2 deficiency is also associated with the develop-
ment of hepatocellular carcinoma in childhood (Zhou et al.,
2015).

Our recent results revealed that hepatotoxic drugs, acet-
aminophen (APAP) and diclofenac, caused depolarization in
both collagen sandwich-cultured rat and human hepatocytes
(Kang et al., 2016). Even at low and nontoxic doses, APAP depo-
larized hepatocytes by disrupting TJ integrity, leading to cellular
stress (Gamal et al., 2017). In a more recent study, alpha-
naphthyl isothiocyanate altered TJ permeability and the levels
of bile acid transporters in rats, resulting in hepatocyte depolar-
ization before the development of cholestatic hepatotoxicity
(Yang et al., 2017). These studies indicate that disruption of he-
patocyte polarization could be a causal factor in DILI. However,
detailed insights are still lacking regarding how hepatotoxic
drugs impair functional and/or structural polarization of hepa-
tocytes. In the current study, valproate (VPA) is used as a model
drug to investigate drug-induced alterations in hepatocyte po-
larization and how these changes may lead to cellular stress
and injury.

Valproate, an antiepileptic drug used to treat seizures, bipo-
lar disorder, and anxiety, is metabolized in the liver by glucuro-
nidation (50%), mitochondrial b-oxidation (40%), and
cytochrome P450 (CYP)-mediated oxidation (10%) (Ghodke-
Puranik et al., 2013). Damage to the liver and pancreas are the
most common adverse reactions in patients administered VPA.
A black box warning for hepatotoxicity is included in the VPA la-
bel (Tujios and Fontana, 2011). The therapeutic serum concen-
tration range of VPA is 0.35–0.875 mM, and toxicity can occur
when serum concentrations are >1.05 mM (Ghannoum et al.,
2015). Valproate hepatotoxicity has been attributed, in part, to

inhibition of mitochondrial b-oxidation (Ghodke-Puranik et al.,
2013). However, the mechanism(s) underlying VPA hepatotoxic-
ity (e.g., mitochondrial dysfunction, oxidative stress, altered bile
acid homeostasis, other unrecognized pathways) have not been
completely characterized.

To elucidate the mechanisms contributing to VPA hepato-
toxicity, the current study used collagen sandwich-cultured rat
hepatocytes (SCRH) to investigate the effect of VPA on hepato-
cyte polarization. Results revealed that VPA produced both
functional depolarization via impaired Mrp2 trafficking and
ZO2-associated structural depolarization, which are likely
mechanisms contributing to VPA hepatotoxicity.

MATERIALS AND METHODS

Chemicals and reagents. Sodium VPA, cycloheximide (CHX), rat-
anti ZO1 antibody, and mouse anti-actin antibody were
obtained from Sigma-Aldrich (Carlsbad, California). Rabbit anti-
BSEP, rabbit anti-claudin 1, rabbit anti-claudin 2, and rabbit
anti-occludin were from Abcam (Cambridge, Massachusetts).
Mouse anti-MRP2 antibody was purchased from Kamiya
Biomedical (Tukwila, Washington). Mouse anti-P-gp (ABCB1) an-
tibody was obtained from Covance Research (Princeton, New
Jersey). Rabbit anti-ZO2, rabbit anti-EEA1, and rabbit anti-Rab11
were purchased from Cell Signaling Technology (Danvers,
Massachusetts). Mouse anti-Rab11 was obtained from BD
Transduction Laboratory (San Jose, California). Rat anti-ZO1 an-
tibody was obtained from Merck Millipore (Branchburg, New
Jersey). Rabbit-anti Naþ/Kþ ATPase was from Santa Cruz
Biotechnology (Dallas, Texas). Mouse anti-EEA1, anti-mouse
Alexa 488, anti-rabbit Alexa 488, anti-rabbit CY3, anti-mouse-
CY3, anti-rat Alexa 488, anti-rat Alexa 633 antibodies,
AlamarBlue kit, Pierce cell surface protein isolation kit, bicin-
choninic acid (BCA) protein assay kit, and 40,6-diamidino-2-phe-
nylindole (DAPI), 5(6)-carboxy-20, 70-dichlorofluorescein
diacetate (CDFDA) were purchased from Thermo Fisher
Scientific (Waltham, Massachusetts). Anti-rabbit HRP and anti-
mouse HRP-conjugated IgG were obtained from Jackson
ImmunoResearch (West Grove, Pennsylvania).

Collagen SCRH. Freshly isolated rat hepatocytes were purchased
from Lonza (Walkersville, Maryland). The details for culturing
SCRH were described in a recent publication (Fu and Lippincott-
Schwartz, 2018). Briefly, 35 mm glass-bottom dishes (MatTek,
Ashland, Massachusetts) were coated with Type 1 collagen from
rat tail (1.5 mg/ml) (Corning Inc., Corning, New York) followed
by seeding 1.95� 105 rat hepatocytes on the 14 mm glass micro-
well. After attachment, hepatocytes were overlaid with Type 1
collagen (1.5 mg/ml). Nonproliferative primary rat hepatocytes
were cultured for 6 days until the hepatocytes became fully po-
larized and formed interconnected bile canaliculi within the
culture. SCRH were treated in all experiments starting on day 6
of culture.

Cell viability assays. The AlamarBlue assay kit was used to deter-
mine cell viability based on the protocol recommended by the
manufacturer. Hepatocytes were treated with or without VPA
followed by the addition of AlamarBlue to the culture medium
and incubation for 4 h at 37�C. The culture supernatants were
used for absorbance measurements at 570 and 600 nm. Cells
were lysed and total protein concentration was determined by
the BCA assay. The absorbance was normalized for the protein
concentration to calculate cell viability.
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Immunofluorescence and confocal microscopy. The detailed methods
were described previously by Fu et al. (2010) and Kang et al.
(2016). Images were taken using a Zeiss 710 confocal microscope
with a Plan Apochromat 40�/1.4 Oil DIC objective. To quantify
canalicular length, at least three images were randomly taken
within a field of view. All the images were a merged projection
of z-stacks to preserve the 3D canalicular structure.
Measurement and calculation of canalicular length were de-
scribed previously by Fu et al. (2010).

Western blot. After various treatments, hepatocytes were har-
vested and lysed in radioimmunoprecipitation assay buffer
(Thermo Fisher Scientific). The lysates were sonicated on ice us-
ing a sonicator (10–12 s with 1 s intervals). Total proteins were
extracted by centrifugation (15 000 g for 35 min at 4�C). Protein
samples were subjected to separation using NuPage gels
(Thermo Fisher Scientific) followed by transferring to polyvinyli-
dene difluoride membranes. Western blot was performed and
imaged by ChemiDoc XRSþ imaging system with Image Lab pro-
gram (Bio-Rad, Hercules, California). Actin was used as a loading
control. Details were described previously by Kang et al. (2016).

Biotinylation of cell surface proteins. Biotinylation was performed
using Pierce cell surface protein isolation kit following the rec-
ommended protocol from the manufacturer. Biotinylation was
performed at 4�C to allow biotin binding to surface proteins, in-
cluding those on the canalicular membrane (Ihrke et al., 1993;
Wakabayashi et al., 2004). The biotinylation steps were modified
as follows: 0.5 mg/ml of EZ-Link Sulfo-NHS-SS-Biotin was used,
samples were incubated for 40 min at 4�C, and the amount of
quenching solution was doubled. Biotinylated samples were
used for western blot assays. Naþ/Kþ ATPase was used as a
loading control.

Canalicular accumulation of Mrp2 substrate. Freshly isolated rat
hepatocytes (Lonza) were cultured in 24-well plates that were
coated with Type 1 rat tail collagen. Hepatocytes were overlaid
with 0.25 mg/ml Matrigel (Corning Inc.) diluted in culture me-
dium and cultured for 6 days to achieve fully polarized morphol-
ogy. 5(6)-Carboxy-20, 70-dichlorofluorescein diacetate is a
nonfluorescent compound that passively diffuses into hepato-
cytes followed by enzymatic conversion to the fluorescent 5, 6-
carboxydichlorofluorescein (CDF). 5, 6-Carboxydichlorofluorescein
is a Mrp2 substrate that is predominantly secreted into bile cana-
liculi by Mrp2 (Chandra et al., 2005). To determine the canalicular
secretion of CDF by Mrp2, B-CLEARVR technology was used to mea-
sure total (cells þ bile) and cellular accumulation of CDF; accumu-
lation of CDF in bile was obtained by subtracting the cellular
accumulation from the total accumulation (Liu et al., 1999; Swift
et al., 2010). Hepatocytes were treated with various concentrations
of VPA (0, 1, 2.5, 5, 10, and 20 mM) for 24 h, or 10 mM VPA for spe-
cific times (0, 3, 6, 9, 12, and 24 h). After washing with warm cal-
cium containing (standard) or calcium-free (Ca2þ-free) HBSS
buffer (10 s, 2 times), hepatocytes were incubated with standard
or Ca2þ-free HBSS buffers for 10 min at 37�C in a cell culture incu-
bator. After removal of the buffer, hepatocytes were incubated
with CDFDA (2 lM in standard HBSS buffer) for 10 min at 37�C in a
cell culture incubator. After removal of the CDFDA, hepatocytes
were washed with ice-cold standard HBSS buffer three times for
10 s. Cells were lysed using 0.3 ml of 0.5% TritonX-100 in PBS for
60 min at 4�C in the dark. The lysates (200ml) were used for the
measurement of the fluorescent signals (ex488/em519) by BioTek
CYTATION3 Image reader (Winooski, Vermont). The lysates also
were used for quantification of the protein concentration using

the BCA assay kit, and data were normalized by the protein con-
centrations. The biliary excretion index (BEI) represents the frac-
tion of the accumulated substrate that was excreted into bile. CDF
BEI, expressed as a percentage, was calculated using the following
equation: [(accumulation(cells þ bile) � accumulation(cells))/accumu-
lation(cells þ bile)] � 100 (Liu et al., 1999).

Statistics. All data are presented as mean 6 SD. Statistically sig-
nificant differences denoted as p< .05 were determined using
one-way ANOVA.

RESULTS

VPA Depolarized Hepatocytes Even at Noncytotoxic Concentrations
To determine the VPA concentration that caused cytotoxicity,
cell viability was measured after SCRH were treated with vari-
ous concentrations of VPA (0, 1, 2.5, 5, 10, and 20 mM) for 24 h.
Treatment with VPA at 10 and 20 mM caused significant cyto-
toxicity, resulting in 84% and 82% viability, respectively, com-
pared with the untreated control (VPA 0 mM) ( Fig. 1A). Lower
VPA concentrations (1, 2.5, and 5 mM) only caused a slight de-
crease in viability (98–94%) compared with the control, suggest-
ing minimal cytotoxicity (Fig. 1A). For subsequent studies, VPA
concentrations greater than 5 mM were considered to be cyto-
toxic in SCRH.

Hepatocyte polarization in SCRH treated with designated
VPA concentrations starting on day 6 was assessed by examin-
ing the morphological structure of canaliculi within the culture
and quantified by canalicular length using confocal microscopy
images. Treatment with 5, 10, and 20 mM VPA for 24 h resulted
in less canaliculi in hepatocyte cultures and significantly de-
creased canalicular lengths to 78%, 70%, and 55% of that in the
untreated control (0 mM), respectively (Figs. 1B and 1C), indicat-
ing that 5, 10, and 20 mM of VPA caused depolarization of hepa-
tocytes. In contrast, treatment with 1 and 2.5 mM VPA did not
significantly decrease canalicular lengths (�89% of the
untreated control; Figs. 1B and 1C), suggesting that these noncy-
totoxic VPA concentrations had a modest impact on hepatocyte
polarization.

Given that 10 mM VPA caused significant cytotoxicity and
hepatocyte depolarization, the effect of 10 mM VPA on hepato-
cyte polarization was examined further over various exposure
times (0, 3, 6, 9, 12, and 24 h). Polarization, as assessed by can-
alicular length, remained stable in untreated control SCRH
during the 24 h period (Supplementary Figs. 1A and 1B). In
contrast, VPA treatment progressively decreased canalicular
length as early as 3 h (88% of 0 h); VPA treatment for 24 h de-
creased canalicular length to 66% of 0 h (Figs. 1D and 1E).
These data demonstrated that VPA impaired hepatocyte po-
larization after a short duration of exposure. Subsequent stud-
ies to elucidate the mechanism(s) of VPA hepatotoxicity used
10 mM VPA.

VPA Decreased Protein Levels of Major Apical Transporters and
Inhibited Apical Trafficking of Mrp2
Apical transporters such as Bsep, Mrp2, and P-gp play major
roles in drug disposition and detoxification, and are critical
components of functional hepatocyte polarization. Thus, the
effects of VPA on protein levels of Bsep, Mrp2, and P-gp were in-
vestigated. Hepatocytes were treated with VPA (10 mM) for vari-
ous times (0, 3, 6, 9, 12, and 24 h). Using total protein extraction,
western blot results showed that total Bsep, Mrp2, and P-gp
protein levels in the untreated control hepatocytes
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(CTRL) remained steady within the 24 h treatment period
(Supplementary Figs. 1C–E). Mrp2 and Bsep protein levels
trended lower at 24 h after VPA treatment, but due to experi-
mental variability, differences were not statistically significant
at any time point (Figs. 2A and 2B). Valproate had no significant
effect on P-gp protein levels at any time point (Fig. 2C).

To determine whether VPA altered the levels of canalicular
transporters already localized on the apical membrane, biotiny-
lation of surface proteins was performed. Using the biotinylated

samples, western blot analysis showed that VPA treatment pro-
gressively decreased canalicular Mrp2 protein levels, resulting
in 82% at 3 h, 64% at 6 h, 46% at 9 h, and 39% at 12 h and 24 h rel-
ative to the 0 h time point (Fig. 2D). Valproate did not signifi-
cantly alter canalicular levels of Bsep or P-gp (Figs. 2E and 2F).

To further evaluate the effect of VPA on canalicular localiza-
tion/trafficking of Mrp2, Bsep, and P-gp, immunofluorescent
tagging of Mrp2, Bsep, and P-gp was performed after hepato-
cytes were treated with 10 mM VPA for various times (0–24 h).

Figure 1. Effects of VPA on viability and polarization of collagen SCRH. A, Collagen SCRH were treated with various concentrations of VPA for 24 h (0, 1, 2.5, 5, 10, and

20 mM). AlamarBlue assay showed that low VPA concentrations (1, 2.5, and 5 mM) did not cause significant changes in viability, whereas 10 and 20 mM VPA signifi-

cantly decreased viability. B, SCRH were treated with various concentrations (0, 1, 2.5, 5, 10, and 20 mM) of VPA for 24 h. Confocal microscopy images with immuno-

staining for apical (Bsep) and TJ (ZO1) markers and nuclear staining (DAPI) showed that VPA caused concentration-dependent depolarization of hepatocytes with less

branched canalicular networks. C, VPA significantly reduced canalicular length of hepatocytes, even at a noncytotoxic concentration (5 mM). D and E, SCRH were treated

with 10 mM VPA for specific times (0, 3, 6, 9, 12, and 24 h). Valproate caused hepatocyte depolarization and decreased canalicular length even after short-term exposure

(3 h). Valproate treatment caused the most depolarization at 12 and 24 h. *p< .05, **p< .01, **** p< .0001 compared with 0 mM or 0 h; n¼3–4. Abbreviations: SCRH, sand-

wich-cultured rat hepatocytes; VPA, valproate; TJ, tight junction; Bsep, bile salt export pump; ZO1, zonula occludens 1; DAPI, 40 ,6-diamidino-2-phenylindole.
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Figure 2. Effect of VPA on protein levels and canalicular localization of Mrp2, Bsep and P-gp. SCRH were treated with 10 mM VPA for specific times (0, 3, 6, 9, 12, and

24 h). Total protein levels were detected by western blot (A–C). Levels of canalicular Mrp2, Bsep, and P-gp were detected by western blot after biotinylation (D–F).

Immunofluorescence of Mrp2, Bsep, P-gp, and ZO1 was performed; DAPI was used for nuclear staining. The smaller images are a magnification (3.5–4�) of the areas in-

dicated by the white squares. White arrows indicate intracellularly localized Mrp2, Bsep, and P-gp (G–I). A, VPA reduced Mrp2 protein at 24 h to 40% of control values

(n¼4). B, VPA only moderately reduced Bsep protein at 24 h to 70% of control values (n¼ 4). C, VPA had no notable impact on P-gp protein levels (n¼4). D, VPA signifi-

cantly decreased canalicular levels of Mrp2 at 9, 12, and 24 h (**p< .01, compared with 0 h; n¼3). E, VPA did not significantly change canalicular of Bsep (n¼3)., or F, P-

gp (n¼3). G, VPA exposure (3–24 h) increased intracellular accumulation of Mrp2, which was located primarily in vesicle-like structures around the sub-canalicular

regions of hepatocytes; intracellular Mrp2 was less notable at 24 h. H, Intracellular accumulation of Bsep was moderately increased in hepatocytes treated with VPA (3–

24 h). Intracellular Bsep was located primarily in perinuclear and cytosolic regions. I, VPA did not increase intracellular accumulation of P-gp after 3–12 h. After treat-

ment with VPA for 24 h, some intracellular accumulation of P-gp was observed around the perinuclear regions. Abbreviations: VPA, valproate; SCRH, sandwich-cultured

rat hepatocytes; Bsep, bile salt export pump; Mrp2, multidrug resistance-associated protein 2; P-gp, P-glycoprotein; ZO1, zonula occludens 1; DAPI, 40,6-diamidino-2-

phenylindole.
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The confocal microscopy data revealed that Mrp2, Bsep, and
P-gp were predominantly localized on the canalicular mem-
brane in untreated CTRL at 0, 3, 6, 9, 12, and 24 h
(Supplementary Figs. 2A–C). In contrast, VPA treatment
caused intracellular accumulation of Mrp2 at 3 h in a majority
of the hepatocytes (Fig. 2G). The accumulated intracellular
Mrp2 was located primarily in the sub-apical region, and
appeared as vesicles in many cases, indicating that VPA inhib-
its Mrp2 trafficking to the canalicular membrane and/or
causes Mrp2 internalization (Fig. 2G). The increased intracellu-
lar accumulation of Mrp2 became less notable at 24 h treat-
ment. In contrast, VPA only moderately increased intracellular
accumulation of Bsep, which was located primarily around
the perinuclear region (Fig. 2H). No apparent change in intra-
cellular accumulation of P-gp occurred after VPA treatment
(Fig. 2I). These data reveal for the first time that impaired
Mrp2 apical trafficking/localization is a mechanism associated
with VPA hepatotoxicity.

Intracellular Accumulation of Mrp2 Was Localized Primarily in
Endosomal Compartments
Apical transporters traffic to the canalicular membrane through
the endosomal pathway (Fu, 2013). To identify where the intra-
cellular accumulation of Mrp2 was localized, co-localization
assays were performed using the early endosomal marker,
EEA1, and the recycling endosomal marker, Rab11. Hepatocytes
were treated with VPA (10 mM) for various times.
Immunofluorescence and confocal microscopy results showed
that Mrp2 was largely co-localized with canalicular marker ZO1
at the beginning of the treatment (0 h) (Fig. 3A), indicating Mrp2
is predominantly localized on canaliculi, as expected. Some
Mrp2 was localized intracellularly and was co-localized with
Rab11 (Fig. 3A). Notably, Rab11-positive recycling endosomes
(RE) were localized at both perinuclear and sub-canalicular
regions. The sub-canalicular Rab11-positive RE were in very
close proximity to the apical membrane (Fig. 3A). The close
proximity of Rab11 to the canalicular membrane was also
reported in previous studies in both rat liver tissues and hepato-
cyte cultures (Gupta et al., 2016; Rahner et al., 2000). Valproate
treatment (3 h) caused more intracellular Mrp2 to accumulate in
the sub-canalicular region (Fig. 3B), and the sub-canalicular
Mrp2 was largely co-localized with Rab11 (Fig. 3B).

The intracellular Mrp2 that was not co-localized with Rab11
was further identified by immunostaining with the early endo-
some marker EEA1. At the beginning of treatment (0 h), Mrp2
was largely localized on canaliculi (Fig. 3C) and only a small
amount of intracellular Mrp2 was co-localized with EEA1 at the
perinuclear region (Fig. 3C). After VPA treatment (3 h), some of
the intracellular Mrp2 was co-localized with EEA1 at both peri-
nuclear and sub-canalicular regions (Fig. 3D), suggesting intra-
cellular Mrp2 was also localized in early endosomes (EE). In
addition, time course results also showed that increased intra-
cellular Mrp2 was predominantly localized at both EE and RE at
the early stage of VPA treatment (3–9 h) (Supplementary Figs. 3
and 4). Taken together, these data reveal that VPA disrupted
endosomal trafficking of Mrp2, leading to Mrp2 accumulation in
both EE and RE.

Inhibition of Protein Synthesis Prevented VPA-Mediated Intracellular
Accumulation of Mrp2
To further investigate the hypothesis that VPA disrupted newly
synthesized Mrp2 from trafficking to the canalicular membrane,
hepatocytes were first treated with the protein synthesis inhibi-
tor, CHX (10–100mg/ml, 5 h), followed by the addition of VPA

(10 mM, 3 h). The cellular accumulation of Mrp2 was examined
by immunofluorescence and confocal microscopy.
Cycloheximide prevented VPA-mediated intracellular accumu-
lation of Mrp2 in a concentration-dependent manner (Fig. 4).

VPA Decreased the Protein Levels of TJ Protein ZO2 and Disrupted
Structural Polarization of Hepatocytes
Given that TJ proteins are essential for maintenance of the po-
larized morphology, the effects of VPA on TJ proteins were ex-
amined. The protein levels of claudin 1 and claudin 2, the main
isoforms in liver (Gunzel and Yu, 2013), and occludin were ex-
amined after SCRH were treated with VPA (10 mM) for various
times (0, 3, 6, 9, 12, and 24 h). Western blot results showed that
VPA treatment significantly decreased protein levels of ZO2 at
24 h (27% compared with 0 h; Fig. 5F), but did not significantly al-
ter the levels of other major TJ proteins, including claudin 1,
claudin 2, occludin, ZO1, and ZO3 (Figs. 5A–E).

The cellular localization of ZO2 was also examined after VPA
treatment. Results showed that ZO2 was located predominantly
along canaliculi in the untreated control cells, and primarily
remained localized to the canalicular domain or sub-canalicular
region after short-term exposure to VPA (3–9 h). However, intra-
cellular localization of ZO2 increased when hepatocytes were
treated with VPA (Fig. 5G). These data suggest that VPA reduced
canalicular-associated ZO2 resulting in internalization and pos-
sible degradation of ZO2, which may contribute to hepatocyte
depolarization. Notably, immunostaining showed that ZO1
largely remained either on the canaliculi or on the plasma
membrane outside canaliculi, likely the lateral membranes, af-
ter treatment with VPA for 24 h (Supplementary Fig. 5A), indi-
cating that VPA did not impact membrane localization of ZO1.

VPA Inhibited Canalicular Accumulation of a Mrp2 Substrate
To ensure that inhibition of Mrp2 trafficking and consequent
depolarization of hepatocytes impaired canalicular secretion of
Mrp2, the canalicular accumulation of a Mrp2 substrate, CDF
(Fig. 6A), was examined in the presence and absence of VPA.
The collagen-Matrigel SCRH had similar canalicular network
formation (Fig. 6A) and similar protein levels of Bsep, Mrp2, and
P-gp compared with the collagen-collagen SCRH
(Supplementary Fig. 5B). Using B-CLEARVR technology, the accu-
mulation of CDF in “cells þ bile” and “cells” of SCRH was mea-
sured, and the BEI was calculated as detailed in the Methods.
Valproate (10 and 20 mM) decreased the biliary excretion of CDF;
the BEI decreased from 41% to 18% and 11%, respectively
(Fig. 6B). Furthermore, 10 mM VPA treatment for 24 h progres-
sively decreased the BEI of CDF from 41% to 18% (Fig. 6C). Taken
together, these results confirm that disruption of Mrp2 traffick-
ing as well as hepatocyte depolarization by VPA impaired cana-
licular secretion of CDF by Mrp2.

DISCUSSION

The current study reveals two novel mechanisms that may con-
tribute to VPA hepatotoxicity. First, VPA inhibited apical traf-
ficking of Mrp2 resulting in increased intracellular
accumulation of Mrp2 and decreased canalicular localization of
Mrp2; these changes led to impaired Mrp2-mediated canalicular
excretion (Fig. 7). Secondly, VPA reduced ZO2 protein levels,
causing TJ disruption and hepatocyte depolarization (Fig. 7).
This emphasizes the multifactorial nature of DILI, and suggests
that individuals with a pathological or acquired condition that
impacts one of these targets/pathways may exhibit increased
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susceptibility to DILI. Although the 10 mM VPA concentration is
higher than therapeutic serum concentrations, hepatocellular
concentrations achieved in patients who experience VPA hepa-
totoxicity have not been reported. A previous study showed
that VPA reduced SCRH viability at 1 mM, and caused significant
cytotoxicity (Lactate Dehydrogenase assay) at 6 mM; however,
these SCRH were cultured for a much shorter period of time,
which might explain differences in sensitivity to drug toxicity
(Kiang et al., 2010).

Valproate hepatotoxicity has been associated with mito-
chondrial toxicity, including inhibition of b-oxidation, impaired
oxidative phosphorylation, and reduced adenosine triphos-
phate synthesis (Nanau and Neuman, 2013; Tong et al., 2005).
Given that VPA impaired trafficking of Mrp2, but not Bsep or P-

gp, inhibition of b-oxidation is unlikely to be the cause of im-
paired Mrp2 trafficking. Valproate and/or VPA metabolites may
target specific regulator(s) of Mrp2 trafficking, leading to inhibi-
tion of Mrp2 canalicular trafficking and consequently, accumu-
lation of toxic Mrp2 substrates that target various cellular
pathways including mitochondria.

Valproate caused Mrp2 to accumulate predominantly in EE
and RE; this effect could be due to internalization of Mrp2 from
the canalicular membrane, or inhibition of canalicular traffick-
ing of newly synthesized protein. Given that the half-life of fully
glycosylated rat Mrp2 protein is approximately 45 h in SCRH
(Zhang et al., 2005), any Mrp2 that has internalized due to VPA
would still be in the endosomal compartments at early time
points (e.g., 3 h) in the presence of the protein synthesis

Figure 3. Co-localization of intracellular Mrp2 with the recycling endosomal marker Rab11 and the early endosomal marker EEA1 after VPA treatment. SCRH were

treated with 10 mM VPA for 3 h. Immunofluorescence of Mrp2 (red), ZO1 (blue), and Rab11 (green) or EEA1 (green) was performed. Nuclei were stained with DAPI (white).

The projection images of the z-stacks for individual and merged channels are presented. A, Co-localization of Mrp2 with ZO1 and Rab11 in the CTRL. Mrp2 was primar-

ily co-localized with ZO1 (merged as purple color), indicating the canalicular localization. Rab11 was localized at both sub-canalicular and perinuclear regions.

Intracellular Mrp2 was co-localized with Rab11 (merged as yellow/orange color). B, Co-localization of Mrp2 with ZO1 and Rab11 in the hepatocytes treated with 10 mM

VPA (3 h). Intracellular Mrp2 (red) was primarily localized at the sub-canalicular region. Large amounts of Rab11 were also localized at the sub-canalicular region.

Intracellular Mrp2 was primarily co-localized with Rab11 (merged as yellow/orange color). C, Co-localization of Mrp2 with ZO1 and EEA1 in the CTRL. Mrp2 was primar-

ily co-localized with ZO1 (merged as purple color), indicating the canalicular localization. EEA1 was localized at both sub-canalicular and perinuclear regions.

Intracellular Mrp2 was co-localized with EEA1 primarily in the perinuclear region (merged as yellow/orange color). D, Co-localization of Mrp2 with ZO1 and EEA1 in the

hepatocytes treated with 10 mM VPA (3 h). Intracellular Mrp2 was primarily localized in the sub-canalicular region. The canalicular localized Mrp2 was co-localized

with ZO1 (merged as purple color). Intracellular Mrp2 was co-localized with EEA1 (merged as yellow/orange color). Abbreviations: CTRL, control hepatocytes; VPA, val-

proate; SCRH, sandwich-cultured rat hepatocytes; Mrp2, multidrug resistance-associated protein 2; ZO1, zonula occludens 1; EEA1, early endosome antigen 1; Rab11,

Ras-related protein Rab-11; DAPI, 40 ,6-diamidino-2-phenylindole.
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inhibitor CHX. However, treatment with VPA (3 h) in the pres-
ence of CHX led to very little intracellular Mrp2 (Fig. 4).
Therefore, the intracellular Mrp2 after VPA (3 h) exposure may
be attributed to Mrp2 that did not traffic to the canalicular
membrane after synthesis and posttranslational modification.
These data support the hypothesis that VPA first inhibits cana-
licular trafficking of Mrp2, followed by disruption of the ZO2-
associated TJ pathway and impaired polarization, leading to
hepatotoxicity.

Rab proteins are small GTPases that play a critical role in
regulating trafficking of apical transporters (Fu, 2013). Rab11
is localized on apical RE (Welz et al., 2014), and VPA-mediated
accumulation of Mrp2 was predominantly at Rab11-positive
RE. A previous study also demonstrated the involvement of
Rab11 in plasma membrane trafficking of MRP2 in sodium/
taurocholate co-transporting polypeptide transporter-
overexpressing Huh-7 cells (Park et al., 2014). Interestingly,
Rab11-positive RE are also involved in apical trafficking of
Bsep (Hanley et al., 2017; Wakabayashi et al., 2005). Given that
VPA inhibited Mrp2 trafficking and had much less impact on
Bsep trafficking, it appears that VPA targets Rab11 effectors
that are specifically involved in Mrp2 trafficking. This idea is
also consistent with the minimal effect VPA had on canalicu-
lar trafficking of P-gp. Rab11 can interact with diverse types
of proteins through its downstream effector proteins (Jing and
Prekeris, 2009; Prekeris et al., 2000; Wu et al., 2005). Currently,
it is unclear whether VPA targets any of these Rab11 effectors
for Mrp2 trafficking in hepatocytes.

The impact of VPA on structural depolarization due to a re-
duction in ZO2 protein levels, but not other major transmem-
brane TJ proteins (i.e., claudin1, claudin2, occludin) is
interesting. Zona occludens (ZO) proteins interact with the
transmembrane TJ proteins (i.e., occludin and claudins) to form
the TJ complex. As the cytosolic component of the TJ complex,
ZO proteins can interact with other cytoplasmic proteins, espe-
cially cytoskeletal proteins (Cordenonsi et al., 1999; Zimmerman
et al., 2013). Further investigations are needed to elucidate the
pathways responsible for VPA-mediated structural depolariza-
tion, especially related to these ZO-associated cytoplasmic
proteins.

An important aspect of regulating ZO2-associated TJ integ-
rity and Mrp2 trafficking is phosphorylation of ZO2, Mrp2 and
possibly their regulatory proteins, such as Rab11 effectors.
Protein kinases, especially protein kinase C (PKC) and protein ki-
nase A (PKA, also known as cyclic adenosine monophosphate-
dependent protein kinase), play critical roles in protein phos-
phorylation (Anwer, 2014; Seino and Shibasaki, 2005). There are
many isoforms of PKC, and rat hepatocytes express PKCa, PKCd,
PKCe, and PKCf (Anwer, 2014). Valproate has been shown to
have inhibitory effects on PKC activity in vitro and in vivo (Chen
et al., 1994; Saxena et al., 2017). Thus, the effects of VPA on both
Mrp2 trafficking and the ZO2-associated TJ complex are likely
associated with PKCs, and further studies are needed to eluci-
date the specific mechanisms.

When VPA inhibits PKCs and/or PKA, the cellular con-
sequences such as inhibition of Mrp2 trafficking and disruption
of TJs could occur simultaneously. However, as revealed in the
present studies, significant TJ disruption occurred later than the
inhibition of Mrp2 trafficking. This may be due to the compen-
satory machinery for TJ maintenance. Many TJ proteins appear
to have redundant functions (Sambrotta and Thompson, 2015),
which may explain why ZO1 largely remained on the mem-
brane after VPA treatment (Supplementary Fig. 5A). Knockout or
knockdown of single TJ-associated proteins in cells and in
whole organisms often yielded only minimal functional conse-
quences due to adaptive processes in the TJ protein complex
when defects of individual components occur in humans
(Gonzalez-Mariscal et al., 2017; Sambrotta and Thompson, 2015).
Interestingly, the compensatory mechanism for TJ proteins was
considered less effective in the liver than in other organs. For
example, in patients with ZO2 deficiency, the liver was the ma-
jor organ damaged, although extrahepatic disorders also oc-
curred, suggesting that ZO2 has a nonredundant role in
hepatocyte TJs (Sambrotta and Thompson, 2015).

Reduction in the canalicular localization of Mrp2 by VPA is
likely responsible, at least in part, for the cellular responses that
lead to further depolarization. At early time points (3–6 h), hepa-
tocyte viability was not significantly decreased when intracellu-
lar accumulation of Mrp2 was increased, indicating that
decreased apical levels of Mrp2 alone did not immediately cause

Figure 4. Inhibition of protein synthesis prevented VPA-mediated intracellular accumulation of Mrp2. SCRH were treated with 10, 50, or 100mg/ml of CHX for 5 h prior

to addition of VPA (10 mM) for 3 h. Immunofluorescence localization of Mrp2 and ZO1 was examined by confocal microscopy. The smaller images are a magnification

(�3.5) of the areas indicated by the white squares. Abbreviations: CHX, cycloheximide; VPA, valproate; SCRH, sandwich-cultured rat hepatocytes; Mrp2, multidrug resis-

tance-associated protein 2; ZO1, zonula occludens1; DAPI, 40 ,6-diamidino-2-phenylindole.
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cytotoxicity. Toxic substrates of Mrp2 may accumulate in the cell
and disrupt TJs when Mrp2-mediated excretion is impaired.
Valproate is not a substrate for either Mrp2 or P-gp (Baltes et al.,
2007). However, Mrp2 is the canalicular transporter for a number

of acyl glucuronides of nafenopin, grepafloxacin, mycophenolic
acid, and diclofenac (Regan et al., 2010). It is possible that acyl glu-
curonides of VPA are also Mrp2 substrates (Brouwer et al., 1993).
The impaired canalicular localization of Mrp2 can increase

Figure 5. Effect of VPA on TJ protein levels and cellular localization of ZO2. SCRH were treated with 10 mM VPA for specific times (0, 3, 6, 9, 12, and 24 h). Total protein

levels were measured by western blot. A–C, VPA did not significantly alter the protein levels of major transmembrane TJ proteins, claudin1, claudin2, or occludin

(n¼3–5). D and E, VPA did not significantly alter the levels of the TJ-associated proteins, ZO3 and ZO1 (n¼3). F, VPA significantly decreased ZO2 protein levels at 24 h

(*p< .05, compared with 0 h; n¼3). G, Immunofluorescence of ZO2 (blue) and ZO1 (green) were performed at each time point. White arrows indicate intracellular locali-

zation of ZO2. Abbreviations: VPA, valproate; TJ, tight junction; SCRH, sandwich-cultured rat hepatocytes; ZO1, zonula occludens 1; ZO2, zonula occludens 2; ZO3, zon-

ula occludens 3; DAPI, 40 ,6-diamidino-2-phenylindole.
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cellular accumulation of various Mrp2 substrates including acyl
glucuronides of VPA. However, valproyl 1-O-b-acyl glucuronide,
the major glucuronide of VPA generated in SCRH, did not
cause toxicity (Surendradoss et al., 2014). Thus, other Mrp2
substrates and/or other VPA metabolites may play major
roles in disruption of TJ integrity and hepatocyte
polarization.

The present data reveal that inhibition of apical trafficking
of Mrp2 and disruption of polarization via down-regulation of
ZO2 likely contribute to VPA hepatotoxicity (Fig. 7).
Furthermore, impaired functional polarization (i.e., Mrp2 traf-
ficking) preceded disruption of structural polarization. Given
that functional and structural polarization are essential for cell
function and viability, drug-induced hepatocyte depolarization
may play an important role in susceptibility to DILI and may by

itself be a mechanism of DILI. Clearly, VPA can cause hepatotox-
icity via multiple cellular targets/mechanisms that ultimately
lead to mitochondrial damage and activation of cell death path-
ways. These cellular targets need to be considered for accurate
prediction of DILI risk during drug discovery and development.

SUPPLEMENTARY DATA

Supplementary data are available at Toxicological Sciences
online
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Figure 6. Effect of VPA on canalicular efflux function of Mrp2. A, SCRH were incubated with 2 lM CDFDA for 10 min. After washing with HBSS, distribution of CDF, the

fluorescent metabolite of CDFDA, was imaged by confocal microscopy (ex488/em519). CDF was predominantly secreted into canaliculi. B, SCRH were treated with dif-

ferent concentrations of VPA for 24 h. After incubation with 2 lM CDFDA for 10 min, accumulation of CDF in cells þ bile and cells was examined using B-CLEARVR tech-

nology, and BEI values were calculated (see Methods for experimental details). Valproate (10 and 20 mM) resulted in 2.3- and 3.7-fold decreases in the BEI of CDF,

respectively, compared with 0 mM. C, SCRH were treated with 10 mM VPA for specific times. The BEI of the Mrp2 substrate CDF progressively decreased over time in

hepatocytes treated with 10 mM VPA up to a maximal decrease of 2.3-fold at 24 h compared with 0 h. Abbreviations: SCRH, sandwich-cultured rat hepatocytes; CDF,

5(6)-carboxy-20 , 70-dichlorofluorescein ; CDFDA, CDF diacetate; BEI, biliary excretion index; VPA, valproate.

Figure 7. Novel cellular targets and mechanisms involved in VPA hepatotoxicity. Left hepatocyte: VPA and/or VPA metabolites inhibit canalicular trafficking of Mrp2

leading to Mrp2 accumulation at Rab11-positive RE and EE. Valproate and/or VPA metabolites possibly disrupt Mrp2 trafficking either by inhibition of Rab11 effector(s)

and/or other regulator(s) for Mrp2 trafficking (black dotted lines). Right hepatocyte: VPA and/or VPA metabolites disrupt ZO2-associated TJ integrity resulting in depo-

larization. Abbreviations: VPA, valproate; RE, recycling endosomes; EE, early endosomes; TJ, tight junction; Bsep, bile salt export pump; Mrp2, multidrug resistance-as-

sociated protein 2; P-gp, P-glycoprotein; ZO1, zonula occludens 1; ZO2, zonula occludens 2; ZO3, zonula occludens 3; Rab11, Ras-related protein Rab-11.
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