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Steatotic Rat Hepatocytes in Primary Culture Are More Susceptible
to the Acute Toxic Effect of Acetaminophen
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Summary

Acetaminophen (APAP) overdose is the most common cause of
acute liver failure in humans. Non-alcoholic fatty liver disease is
the most frequent chronic liver disease in developed countries.
The aim of our work was to compare the effect of APAP on intact
rat hepatocytes and hepatocytes isolated from steatotic liver in
primary cultures. Male Wistar rats were fed with standard diet
(10 % energy from fat) and high-fat diet (71 % energy from fat)
for 6 weeks and then hepatocytes were isolated. After cell
attachment, APAP (1; 2.5; 3.75 and 5 mM) was added to culture
media (William s E medium) and hepatocytes were cultured for
up to 24 hours. APAP caused more severe dose-dependent
damage of steatotic hepatocytes as documented by increased
release of lactate dehydrogenase (LDH) and LDH leakage,
decreased activity of cellular dehydrogenases (WST-1 test) and
reduced albumin production. Intact steatotic hepatocytes
reduced glutathione (GSH).
Treatment with APAP (1 and 2.5 mmol/l) caused more

contained lower amount of
pronounced decrease in GSH in steatotic hepatocytes. ROS
(reactive oxygen species) formation after 24-hour incubation was
significantly higher in fatty hepatocytes using APAP at
concentration of 3.75 and 5 mmol/l. Interleukin 6 (IL-6)
production was elevated in 2.5 mM APAP-treated nonsteatotic
and steatotic hepatocyte cultures at 8 hours, compared to
appropriate controls. In conclusions, our results indicate that
steatotic hepatocytes exert higher sensitivity to the toxic action
of APAP. This sensitivity may be caused by lower content of GSH
in intact steatotic hepatocytes and by more pronounced APAP-

induced decrease in intracellular concentration of GSH.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is the
most frequent chronic liver disease in the developed
countries (Bedogni et al. 2005). Histological picture of
NAFLD ranges from simple steatosis to non-alcoholic
steatohepatitis. While simple steatosis is thought to be a
benign hepatic manifestation of metabolic syndrome,
steatohepatitis liver

may subsequently progress to

cirrhosis which can lead to the development of
hepatocellular carcinoma. Simple fatty liver is the most
common form of NAFLD and may affect 20-30 % of
adult population in the western countries (Vernon et al.
2011). Although simple steatosis usually does not cause
severe clinical symptoms, it exerts some alterations in
mitochondrial function (Vendemiale et al. 2001, Kucera
et al. 2011a), higher formation of reactive oxygen species
(ROS) (Videla et al. 2004), lower content of reduced
glutathione (GSH) (Gambino et al. 2011), induction of
cytochrome P450 2E1 (Orellana et al. 2006) and cytokine
imbalance (Braunersreuther et al. 2012). All these
conditions are suspected of increasing sensitivity of the
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liver to hepatotoxicity.

Acetaminophen (APAP) s used

analgesic and antipyretic and is safe when used within

widely

pharmacological doses. Nevertheless, APAP overdose is
the leading cause of acute liver failure in the USA (Lee
2003). At therapeutic doses, APAP is preferentially
metabolized by conjugation with glucuronate and
sulphate to non-toxic metabolites and only small fraction
of APAP
dependent oxidase enzyme system to N-acetyl-p-
benzoquinone imine (NAPQI) (Dahlin et al. 1984) which
is detoxified by conjugation with reduced glutathione
(GSH) to form APAP-SG conjugate (Rollins and
Buckpitt 1979).

The toxicity of APAP in overdose has been

is Dbiotransformed by cytochrome P450

shown to be initiated by increased formation of NAPQI
which induces depletion of GSH (Mitchell et al. 1973),
impairment of mitochondrial respiration (Vendemiale ef al.
1996), increased formation of ROS (Bajt et al. 2004,
Rousar et al. 2009), opening of mitochondrial permeability
transition pore (Kon er al. 2004), and Kupffer cell
activation (Ju ef al. 2002). A novel possible mechanism of
toxic action of APAP and its metabolite APAP-SG has
been described recently (Rousar et al. 2010).

We have already proven higher hepatotoxicity of
APAP in steatotic rat liver in vivo (Kucera et al. 2012)
but the precise mechanism, by which fatty liver
predisposes to increased toxicity of APAP, still remains
unclear. To study the detailed mechanisms of toxic liver
injury, model systems in vitro are favourably used. The
aim of our work was to compare sensitivity of non-
steatotic hepatocytes and steatotic hepatocytes in primary
culture to acute toxic effect of APAP and to try to reveal
detailed mechanisms of higher susceptibility of fatty
hepatocytes to toxicity of APAP.

Material and Methods

Chemicals

Medium William’s E (without phenol red), fetal
bovine serum, penicillin, streptomycin and glutamine
were purchased from PAN BIOTECH GmbH (Germany).
Collagenase (Collagenase NB 4 Standard Grade from
Clostridium histolyticum) was obtained from Biotech
(Czech Republic), insulin (Actrapid, Hoechst, Germany),
glucagon (Novo Nordisk, Denmark), prednisolon (Solu-
Decortin, Merck, USA), Rat Albumin ELISA
Quantification Kit (Bethyl Lab. Inc., USA), and Cell
Proliferation Reagent WST-1 (Roche, Germany) were

from the suppliers mentioned in brackets. Type I
collagen, trypan blue, acetaminophen, and all other
chemicals were purchased from Sigma-Aldrich (USA).

Animals

Male albino Wistar rats (Biotest, Czech
Republic) were housed at 23+1 °C, 55+10 % relative
humidity, air exchange 12-14 times/h, and 12-h light-dark
cycle periods (6:00 h to 18:00 h). Rats used for isolation
of nonsteatotic hepatocytes were fed ad libitum a
standard pelleted diet (ST-1, Velaz, Prague, Czech
Republic; 10 % energy fat, 30 % energy proteins, 60 %
energy saccharides) for 6 weeks. For isolation of fatty
hepatocytes, animals were fed slightly modified high-fat
gelled diet (HFGD; 71 % energy fat, 18 % energy
proteins, 11 % energy saccharides) according to Lieber et
al. (2004) for 6 weeks. The animals had free access to tap
water. All animals received care according to the
guidelines set by the Institutional Animal Use and Care
Committee of the Charles University, Prague, Czech
Republic.

Hepatocyte isolation, cultivation and treatment

Hepatocytes were isolated from rats by
collagenase perfusion (Berry et al. 1991). The viability of
freshly isolated hepatocytes used in experiments was
more than 90 % as confirmed by trypan blue exclusion
test. Isolated hepatocytes were suspended in William’s E
medium supplemented with foetal bovine serum (6 %),

mmo/l), (100  IU/ml),
(10 mg/ml), (0.08 IU/ml),

prednisolon (0.5 lg/ml), glucagon (0.008 Ig/ml) and

glutamine (2 penicillin

streptomycin insulin
plated in collagen-coated Petri dishes (60 mm) or 12-, 24-
and 96- well plates at a density of 70,000 cells/cm?’.
Hepatocytes were allowed to attach in a gassed
atmosphere (5 % CO,) at 37 °C for 2 h. After the
establishment of monolayers, the medium was removed
and replaced with a fresh supplemented medium without
foetal bovine serum containing dissolved acetaminophen
at concentrations of 1; 2.5; 3.75 and 5 mmol/l. Control
hepatocytes were incubated in William’s E medium
without APAP. The treatment period lasted up to
24 hours (5 % CO,, 37 °C). Then the medium and cells
were collected for the required assays.

Biochemical assays

Hepatocyte toxicity was determined by the
activity of lactate dehydrogenase (LDH) in the culture
medium and by LDH leakage. LDH activity in the culture
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medium and in lysate of hepatocytes (frozen and lysed
cells in distilled water) was measured using a commercial
kit from DiaSys (Germany). To evaluate the functional
capacity of cultured hepatocytes the amount of albumin
secreted into the culture medium during the incubation
was measured using the ELISA kit from Bethyl Lab. Inc.,
USA. Cell viability was also evaluated by the WST-1
assay (Roche, Germany). The WST-1 test measures the
activity of cellular dehydrogenases (Lotkova et al. 2009).
After cell lysis in a freezer (-80 °C, 10 min) and the
harvesting of hepatocytes, the antioxidative status of the
hepatocytes was determined by spectrofluorometric assay
for reduced glutathione based on the reaction between
glutathione and o-phthalaldehyde (A(exc) = 340 nm,
pH 6.0) (Rousar et al. 2012). The production of ROS was
evaluated using 5- and 6-chloromethyl-2,7 -dichloro-
dihydrofluorescein diacetate (CM-H,DCFDA; 1 uM;
Molecular Probes, USA). Slightly modified method was
previously described (Rousar ef al. 2009). The results are
expressed in a percentage where “lean” intact hepatocytes
exerted 100 % fluorescence (difference in fluorescence
intensity at the end and at the beginning of a
measurement). Concentrations of interleukin 6 (IL-6) in
culture medium was measured by enzyme linked
(ELISA)  according to
(BMS625,

immunosorbent  assay

manufacturer’s instructions Bender

MedSystems, Vienna, Austria).

Statistical analysis

Experiments were repeated at least three times
using different isolations of hepatocytes. The results are
expressed as a mean £ SD. After testing the normality,
the statistical significance was analysed using the one-
way ANOVA test followed by Tukey—Kramer’s post hoc
test for comparing the control group to the others.
(GraphPad Prism 4.03 for Windows, GraphPad Software,
USA). p<0.05 was
significant.

considered to be statistically

Results

Figure 1A shows time course of LDH activity in
culture medium. Data up to 5.5-hour incubation are not
presented because we did not observe any differences
among groups. Significantly higher activity of LDH in
medium of control steatotic hepatocytes was found when
fatty cells were incubated for 5.5 hours or longer,
compared to nonsteatotic control hepatocytes. APAP did
not cause significant changes in LDH activity of both

lean and steatotic hepatocytes cultured for 5.5 and
8 hours in comparison to appropriate control. Between
8 and 18 hours, there was an increase in LDH activity in
medium of non-fatty hepatocytes treated with 3.75 and
5mM APAP and more dramatic elevation of LDH
activity in cultures of steatotic hepatocytes incubated with
any tested concentration of APAP [even 1| mM APAP
(p<0.01) caused significantly higher activity of LDH].
Results of LDH activity were confirmed by measurement
of LDH leakage at 24 hours (Table 1).
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Fig. 1. Time course of LDH activity in culture media (A), albumin
production (B) and IL-6 production by hepatocytes (C) in primary
cultures treated with APAP (n=3; SD and statistical significance
are not shown in B and C; * p<0.05, ** p<0.01, *** p<0.001
vs. control ST-1; $$ p<0.01, $$$ p<0.001 vs. control HFGD;
+ p<0.05, +++ p<0.001 vs. ST-1+APAP of appropriate
concentration).
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Fig. 2. Microphotographs of intact lean (A) and fatty hepatocytes (B; arrows point steatotic hepatocytes), and non-steatotic (C; arrows
point detached dead hepatocytes) and steatotic (D; arrows point detached dead hepatocytes) rat hepatocytes incubated with 2.5 mM
APAP for 24 hours (phase contrast, magnification 200x, bar 50 pm).

Activities of cellular dehydrogenases (WST-1
test) in cell culture at 24 hours are shown in Table 1.
Because of generally lower dehydrogenase activities of
steatotic cells compared to non-fatty cells (p<0.001, data
not shown), results of WST-1 test are expressed in
percentages where 100 % was set to dehydrogenase
activities of nonsteatotic and fatty control cultures for
APAP-treated
respectively. Cell viability, measured by WST-1 test, was

lean and  steatotic  hepatocytes,
affected by APAP administration in a dose dependent
manner. Significantly lower relative dehydrogenase
activity was observed in steatotic cells after 24 h
incubation only with 5 mM APAP.

Figure 1B depicts time course of albumin
production by primary hepatocyte cultures. We found that
albumin production by control fatty hepatocytes is
significantly decreased already after 8-hour cultivation

compared to control lean cells. Incubation with APAP

(2.5 mmol/l) for at least 8 hours induced reduction of
albumin synthesis by both non-steatotic (p<0.01) and
steatotic (p<0.05) hepatocytes.
concentrations in culture media at 24 hours confirm lower

Results of albumin

production of albumin by steatotic hepatocytes and
minimal concentration of APAP (2.5 mmol/l) for a
decrease in functional capacity of both kinds of
hepatocytes (Table 1).

Intracellular content of GSH was measured only
at 24 hours (Table 1). Intact steatotic hepatocytes
contained lower amount of GSH vs. lean cells. Already
the lowest tested concentration of APAP (1 mmol/l)
caused reduction of intracellular GSH; decrease in GSH
induced by 1 and 2.5 mM APAP was more pronounced in
fatty hepatocytes than in non-fatty cells.

We also evaluated ROS generation in hepatocyte
cultures at 24 hours (Table 1). There was no difference in
ROS formation between control nonsteatotic and fatty
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hepatocytes. In non-fatty cells, only the highest tested
concentration of APAP induced higher ROS production
(approx. 2-fold increase) whereas steatotic hepatocytes
exerted higher formation of ROS when exposed to APAP
at concentration of 3.75 and 5 mmol/l (approx. 2-fold and
4-fold increase, respectively).

Figure 1C shows concentration of IL-6 in culture
media between 8 and 24 hours. We did not observe any
differences in levels of IL-6 between control nonsteatotic
and control fatty hepatocytes in tested time intervals.
Incubation with APAP at concentration of 2.5 mmol/l for
8 hours caused significantly higher production of IL-6 by
lean (p<0.001) and fatty (p<0.001) hepatocytes,
compared to appropriate controls. IL-6 concentration in
the medium of APAP-treated nonsteatotic cells at 8 hours
was even higher than in the medium of fatty hepatocytes
(p<0.01). We did not find differences in IL-6 production
of APAP-treated cells in subsequent time intervals. TNF
alpha production showed similar trends as IL-6 (data not
shown).

Hepatocytes isolated from rat liver of HFGD fed
animals exerted microvesicular steatosis (Fig. 2B) in
comparison with intact lean cells (Fig. 2A). Nonsteatotic
hepatocytes incubated with 2.5 mM APAP (Fig. 2C) for
24 hours showed cellular damage and death of some
hepatocytes (detachment of cells from collagen, spherical
shape and plasma membrane blebbing, highly granular
cytoplasm, loss of nuclear visibility). Steatotic
hepatocytes treated with APAP (Fig. 2D) showed more
pronounced injury and increased incidence of cell death
(most of hepatocytes are detached and of spherical shape
without visible nucleus).

Discussion

APAP is one of mostly used analgesics and
antipyretics worldwide and APAP poisoning is the
leading cause of acute liver failure in the USA (Lee
2003). NAFLD is the most common chronic hepatic
affection in the western countries and simple “benign”
steatosis is the main form of NAFLD. The question may
arise whether even simple fatty liver can predispose the
liver to increased sensitivity to the hepatotoxic action of
various compounds including APAP. Although our
research group has already showed that steatotic rat liver
exerts higher susceptibility to hepatotoxicity of APAP
(KucCera et al. 2012) and other hepatotoxins in vivo
(Kucera et al. 2011b), we did not find the detailed
mechanism of increased toxic action of APAP in the liver

affected by NAFLD. Primary cultures of hepatocytes may
be the appropriate in vitro model for studying of
particular mechanisms of APAP toxicity. The aim of our
work was to compare sensitivity of lean hepatocytes and
hepatocytes isolated from simply fatty liver in primary
culture to acute hepatotoxic effect of APAP and possibly
find a reason or reasons for this increased susceptibility
of fatty hepatocytes to APAP.

In APAP overdose, a significant amount of
APAP is biotransformed by cytochrome p450 oxidase
enzyme system to NAPQI, which is detoxified by
GSH. After GSH depletion, NAPQI
covalently binds to critical cellular proteins, which finally

intracellular

leads to hepatocellular damage. Experimental depression
of cellular GSH level by administration of various
compounds before APAP addition increased toxicity of
APAP in mice (James et al. 1993). Similarly, intracellular
content of GSH may be reduced in the liver affected by
NAFLD by changes in cellular homeostasis (Videla et al.
2004). Our results showed significant reduction of GSH
in control fatty hepatocytes by 24 % compared to intact
lean cells. Incubation with the lowest tested concentration
of APAP (1 mmol/l) caused more pronounced decrease in
GSH in fatty hepatocytes (by 44 % of control steatotic
hepatocytes) than in lean cells (by 21 % of control
GSH to
approximately to 25 % of level of control nonsteatotic

nonsteatotic  hepatocytes). Decrease in
cells, induced by 3.75 and 2.5 mM concentration of
APAP in lean and fatty hepatocytes, respectively, caused
similar LDH leakage in both cultures. When amount of
GSH dropped to less than 20 % of control lean
hepatocytes at 24 hours, all the cells were dead (data not
presented) and LDH leakage exceeded 90 %. This
percentage of GSH decline corresponds well with results
of Mitchell (Mitchell et al 1973) who found that
centrilobular necrosis of the liver overdosed by APAP
occurs when GSH levels decreased to 20 % of normal
GSH levels. Lower amount of GSH in intact fatty liver
may be caused by elevated production of ROS as a result
of enhanced mitochondrial and peroxisomal B-oxidation
and microsomal w-oxidation and unchanged expressions
of glutathione synthase (Kohjima et al. 2007) and
especially catalytic subunit of rate limiting enzyme of
GSH synthesis glutamate-cysteine ligase (Lickteig et al.
2007). Oxidative stress is considered to be an important
factor not only in the development of NAFLD but also in
the APAP toxicity. Although we did not find an increase
in formation of ROS in control fatty hepatocytes at
24 hours, incubation with 3.75 and 5 mM APAP caused
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more than 2-fold and 4-fold increase in ROS,
respectively. In contrast in lean hepatocytes, only the
highest dosage of APAP (5 mM) induced significant 2-
fold elevation of ROS. These results are in a good
agreement with our previous findings (Rousar et al
2009). GSH is widely used as a marker of oxidative
stress. Increased production of ROS was found only
when GSH levels were less than 20 % of GSH content in
control lean hepatocytes. Imbalance of hepatic redox
status predisposes fatty liver not only to increased
sensitivity to various toxins but also to fibrogenesis
(Phung et al. 2009). Reduction of intracellular GSH in
intact fatty hepatocytes may explain toxic action of
APAP in “nontoxic dosage” in vitro.

Albumin production and urea synthesis are
widely used tests of hepatocyte function in vitro. We
measured concentration of albumin in culture medium in
time and at 24 hours of incubation. Steatotic hepatocytes
exerted significantly lower proteosynthetic capacity from
8 hours and at 24 hours, fatty cultures synthetized only
68 % of albumin production of control nonsteatotic cells.
These results are inconsistent with findings of Charlton
(Charlton et al. 2002) who did not observe decreased
albumin synthesis in patients with non-alcoholic
steatohepatitis but are in agreement with findings of other
authors. De Fao et al (1991) reported that insulin
deficiency (often matched with primary NAFLD)
decreases albumin synthesis in rats and Jefferson et al.
(1983) found that withdrawal of insulin therapy in the
diabetic rats resulted in marked reduction in albumin
synthesis. Absolute production of albumin was decreased
by fatty hepatocytes when exposed to APAP, but relative
decrease (% of appropriate controls) of albumin
in culture medium of APAP-treated

hepatocytes were proportionally similar in lean and

concentrations

steatotic cells. Dramatic increase in LDH release from
APAP-treated cells occurred between 8 and 18 hours of
incubation but surprisingly was not followed by
proportional decrease in albumin production at this time
interval.

The complex role of inflammatory cells and
proinflammatory cytokines in the mechanism of APAP
toxicity has been widely studied. Kupffer cells in the liver
exposed to APAP become activated and subsequently
trigger inflammatory response leading to recruitment of
inflammatory cells to the liver (Hinson ef al. 2010). In
vivo, TNF-a and IL-6 initiate liver regeneration and

depletion of IL-6 may result in increased sensitivity to

acetaminophen (Masubuchi er al. 2003). Cytokine
imbalance is another important factor in the development
of NAFLD (Braunersreuther ef al. 2012). Despite that, we
did not find any difference in IL-6 production in control
lean and fatty hepatocytes. Kupffer cells are the major
source of hepatic IL-6 in the liver. In vivo, hepatocytes
are about 60 % of hepatic cells and non-parenchymal
cells (such as sinusoidal endothelial cells, Kupffer cells,
hepatic stellate cells, and intrahepatic lymphocytes)
comprise remaining 40 % (Kmie¢ 2001). Kupffer cells
account for about 15 % of all hepatic cells (Decker 1990).
In contrast to situation in vivo, liver cells isolated by two-
step collagenase perfusion are from more than 95 %
hepatocytes and only less than 5 % non-parenchymal
cells (Guillouzo 1998). Thus primary -cultures of
hepatocytes contain only small amount of Kupffer cells.
APAP induced even higher secretion of IL-6 by lean
hepatocytes than fatty cells at 8 hours. This higher IL-6
production can be beneficial for survival of nonsteatotic
hepatocytes since IL-6 is known that may protect the liver
from injury by up-regulation of the hepatic expression of
several cytoprotective heat shock proteins (Masubuchi et
al. 2003).

In conclusion, our study showed that primary
cultures of fatty hepatocytes isolated from rat liver
affected by NAFLD exert higher susceptibility to acute
hepatotoxicity of APAP than nonsteatotic hepatocytes.
One of factors that may increase sensitivity of steatotic
hepatocytes to APAP in vitro is lower content of GSH in
intact steatotic hepatocytes and more pronounced APAP-
induced reduction of intracellular concentration of GSH.
Results of this study confirmed our previous findings of
lower resistance of the liver affected by NAFLD to toxic

action of APAP in vivo (Kucera et al. 2012).
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