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Abstract
There is increasing amount of evidence for sex variation in drug efficiency and toxicity pro-

files. Women are more susceptible than men to acute liver injury from xenobiotics. In gener-

al, this is attributed to sex differences at a physiological level as well as differences in

pharmacokinetics and pharmacodynamics, but neither of these can give a sufficient expla-

nation for the diverse responses to xenobiotics. Existing data are mainly based on animal

models and limited data exist on in vitro sex differences relevant to humans. To date, male

and female human hepatocytes have not yet been compared in terms of their responses to

hepatotoxic drugs. We investigated whether sex-specific differences in acute hepatotoxicity

can be observed in vitro by comparing hepatotoxic drug effects in male and female primary

human hepatocytes. Significant sex-related differences were found for certain parameters

and individual drugs, showing an overall higher sensitivity of female primary hepatocytes to

hepatotoxicants. Moreover, our work demonstrated that high content screening is feasible

with pooled primary human hepatocytes in suspension.

Introduction
There are marked sex-based differences in the epidemiology, clinical manifestations, progression
and treatment of disease, as well as pharmacodynamics, -kinetics, and adverse drug effects.
These differences are derived from the fundamental biological differences between sexes and are
only partially understood in molecular and cellular terms [1]. Females are under-represented in
basic research as well as in animal tests, and more importantly, in human clinical trials. For
many years, the Food and Drug Administration (FDA) guidelines specifically precluded partici-
pation of females in many drug studies [2] [3]. Laboratory animals are predominantly male [4],
even in studies of diseases that disproportionately affect more women. Males are preferred be-
cause they are thought to be less variable due to their constant hormone levels. This variability
should not be ignored as hormones can play a role in many inflammatory responses [5] [6].
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Though there is considerable evidence for sex differences at all levels of biological organisation,
experimental test results taken frommales are assumed to be equally applicable to females [7]
[8] [9] [10].

Currently, the sex of experimental animals or cells is not regularly reported in scientific pub-
lications. Overall less than 40% of studies using experimental animals and only about 25% of
studies using cells in culture indicate the sex of the experimental material [11] [12].

In 2012, the American Physiological Society (APS) was one of the first bodies within the sci-
entific publication community to announce that sex indication of the experimental material,
derived from animals or humans, is required for publication in their journals [11]. This is an
example of the increasing awareness on the importance of considering sex differences in drug
development and preclinical studies [13]. The NIH also plans to address the issue of sex and
gender inclusion across biomedical research multi-dimensionally, pointing out the need to in-
dicate the sex of cell lines studied in vitro [14] and has launched a formal Request for Informa-
tion (RFI) from the research community: consideration of sex as a biological variable in
biomedical research.

In 2011, the European Commission established an expert group, called ‘Innovation
Through Gender’, with the aim to conduct a comprehensive review on how gender analysis
contributes to research. The group looked at concrete examples where appropriate treatment
of gender differences enhances research and, in their report, emphasised the importance of not
only studying sex differences in animal models, but also understanding sex differences in cell-
based research [15].

It is important to note that "Sex" refers to the biological and physiological characteristics
that define men and women, while "Gender" refers to the socially constructed roles, behaviours,
activities, and attributes that a given society considers appropriate for men and women [16].
However the term gender is incorrectly becoming more commonly used in scientific publica-
tions to describe biological variation traditionally assigned to sex because scientists are not
aware that a distinction exists between these terms and that this difference is an important one
[17].

Clinically, women have been reported to have a 1.5–1.7 fold greater risk than men of
experiencing an adverse drug reaction (ADR). Despite these reports on sex-based differences
in ADR for marketed substances, the evaluation of sex differences in efficacy and toxicity has
not been fully instituted for new drugs in development [18] [19]. Moreover, current in vitro
toxicological screening of chemicals and drugs should address sex differences [20].

Specifically, acute liver failure is a rare but very serious ADR that occurs more frequently in
women. In the United States, 74% of drug-induced acute liver failure occurs in women [21]
[22] and the case fatality rate is about 80% [21]. Establishing more adequate drug doses on
women may serve as a prevention method in the future.

The role of pharmacokinetics vs. pharmacodynamics is unclear, as is the impact of pharma-
cogenetics on both [23]. There are numerous theories why women experience more adverse
drug reactions than men (Table 1) [24] [2] [25]. None of these theories has proven to be valid
to sufficiently explain sex differences. Although gastrointestinal motility and metabolising en-
zymes vary by sex, studies have not consistently shown differences in drug bioavailability be-
tween men and women. The sex-based difference in plasma protein binding is postulated as a
contributor to different pharmacokinetics, but the extent of this contribution has not yet been
precisely defined in humans [18]. Age and number of prescribed drugs have not been con-
firmed as confounding factors to explain the higher incidence of ADRs among females. In
these studies, females were generally similar to males with respect to age and were almost iden-
tical with respect to the number of drugs prescribed [26]. Furthermore, reporting bias does not
seem to be a major factor in explaining why women experience more adverse events than men
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[21]. At the molecular level, many studies have reported sex differences in gene expression,
protein product, or enzyme activity for cytochrome P450 and transferases without showing a
clear distinct pattern [2] [27].

Sex-based differences are also important for organ and cell transplants. Sex mismatch in
liver transplantation increases the likelihood of graft failure, with female donor-male recipients
at greatest risk [28] [29] [30] [31]. In contrast, donor sex does not affect liver transplantation
outcome in children [32]. Stem cells transplants are the subject of intense studies in animal
models and in clinical trials. Some animal data suggest that male and female mesenchymal
stem cells may be very different [28]. Stem cell research using sex as a variable has revealed sex
differences in the properties of some adult stem cells. Findings include differences in mesen-
chymal stem cell activation and regenerative capacity of muscle-derived stem cells [15].

The presence of an XX or XY chromosomal complement is fundamental to the genome of
an individual person, animal, tissue, or cell. Every cell has a sex [33]. Therefore, based upon ex-
isting knowledge, it is inappropriate to assume that results from studies conducted on only one
sex apply to the other [11]. The biological mechanisms for the greater susceptibility of women
to drug-induced liver injury are still unknown.

Table 1. Why women experiencemore adverse drug reactions thanmen?

Factors Explanation as to why women experience more adverse drug
reactions than men

Psychosocial and lifestyle factors
[85][21]

Women take more medications than men and therefore have a
higher chance of experiencing side-effects and drug-drug-
interactions.

Women report adverse events more often than men (reporting
bias).

Women are exposed in different ways to men (e.g. occupation or
diet).

Differences in pharmacokinetics [86]
[18][62][87][88]

Dose recommendations are not sex-specific and women therefore
are often overdosed.

Bioavailability might be different due to different absorption and
gastrointestinal motility.

Tissue distribution is different because of different body
composition (variations in body-weight, amount of fat, plasma
volume), organ blood flow and plasma protein binding.

Differences in metabolism (there is no firm evidence and conflicting
data on varying levels of cytochrome P450 expression and activity,
as well as Phase II glucuronidation rate). Despite the large
variations in drug metabolism in individuals, correcting for height,
weight, surface area and body composition eliminates most “sex-
dependent” differences.

Elimination rates might be different (depending on the renal
excretion rates).

Differences in pharmacodynamics
[18][62][86]

Differences in drug targets.

Membrane phenomena (differences in membrane transport).

Receptor phenomena (differences in receptor numbers and
receptor binding).

Different interactions with macromolecules.

Differences in hormones [85][89] Influence of sex hormones, especially estrogen-effects.

Differences in the growth hormone secretion pattern (pulsatile in
male and continuous in females) from the pituitary gland with
consecutive different gene-regulation.

doi:10.1371/journal.pone.0122786.t001
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Data on cellular sex differences are limited and are mainly based on animal studies. To our
knowledge, the effect of known hepatotoxic drugs on primary human hepatocytes of both
sexes have not been compared yet in a systematic manner. The objective of this study was to in-
vestigate whether sex-specific differences in acute hepatotoxicity can be observed at a cellular
level by comparing the effects of well-known hepatotoxic drugs on male and female primary
human hepatocytes pooled from different donor groups.

Materials and Methods

Chemicals and supplies
Male, premenopausal female, and postmenopausal female cryopreserved human hepatocytes,
derived from 12 donors per group, were obtained from Kaly-Cell (Illkirch, France; Kaly-Cell
has been authorised by the French Ministry of Higher Education and Research (Ministère de
l'Enseignement supérieur et de la Recherche) to prepare and conserve human cells for scientific
use according article R1243-68 of the Public Health Code. This authorisation has been renewed
on 1st of September 2014; decision number AC 2014–2155) and stored in liquid nitrogen.
KLC-Thawing medium and KLC-Washing medium were purchased from Kaly-Cell. Tissue
culture treated, clear bottom black and white polystyrene 96 well plates were from Corning
(Pero, Italy). Trypan Blue was purchased from Invitrogen (San Giuliano Milanese, Italy).
Diclofenac sodium salt (CAS No. 15307-79-6), Chlorpromazine hydrochloride (CAS No. 69-
09-0), Verapamil hydrochloride (CAS No. 152-11-4), Acetaminophen (CAS No. 103-90-2),
Omeprazole (CAS No. 73590-58-6), and Caffeine (CAS No. 58-08-2) were purchased from
Sigma-Aldrich (Milan, Italy). For cell viability, the CellTiter-Glo luminescent assay (Promega,
Milan, Italy) was used. Fluorescence staining was performed with Hoechst 33342 (Invitrogen),
DHE (Sigma-Aldrich), TOTO3 (Invitrogen), TMRE (Sigma-Aldrich), Fluo-4 (Invitrogen), and
ER tracker Red (Invitrogen) dyes.

Cell culture and treatment
Three groups of cryopreserved human pooled hepatocytes were used: 3F (18–45 year old fe-
male), 4F (57–74 year old females), and M (20–82 year old males). The hepatocytes were
thawed following a standard procedure and counted using the Trypan blue exclusion method.
The cells were seeded in 96 well plates at a density of 5000 cells/well using the Hamilton Starlet
automated platform. Each group of pooled primary hepatocytes was exposed to 6 chemicals
(Diclofenac, Chlorpromazine, Verapamil, Acetaminophen, Omeprazole, and Caffeine) at 8 in-
creasing concentrations using a dilution factor 1:2 to cover a broad concentration range. The
highest used concentration of each chemical corresponds to the highest soluble dose of the
same chemical in culture medium. To assess the cell viability, pooled primary hepatocytes were
incubated at 37°C, 5% CO2, 100% humidity for 30 min, 2h, and 5h. For hepatotoxicity end-
points, the cells were exposed to the same chemicals and concentrations for 30 min, 1h, 2h, 3h,
4h, and 5h. All chemicals were solubilised in culture medium. In each plate, 8 untreated wells
per group were included. Three experimental replicates were tested. Cells treatment with drugs
was completely automated and the entire process was managed by Hamilton Software (Agrate
Brianza, Italy).

Viability assay
CellTiter-Glo luminescent cell viability assay (Promega) was used to measure cell viability.
Briefly, primary pooled hepatocytes were seeded in 96 well white plates and were exposed to 6
chemicals (Diclofenac, Chlorpromazine, Verapamil, Acetaminophen, Omeprazole, and
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Caffeine) across 8 concentrations for 30 min, 2h, and 5h. Cells were lysed with a volume of
CellTiter-Glo Reagent equal to the volume of cell culture medium present in the well. After
mixing the content for 2 min on a shaker, plates were incubated for 10 min at room tempera-
ture and luminescence was measured using a BMGmicroplate reader (BMG Labtech, Pero,
Italy).

High Content Analysis
Primary pooled hepatocytes were seeded in 96 well clear bottom black plates and were exposed
to 6 chemicals (Diclofenac, Chlorpromazine, Verapamil, Acetaminophen, Omeprazole, and
Caffeine) across 8 concentrations for 30 min, 1h, 2h, 3h, 4h, and 5h. In order to capture the
mechanisms of toxicity, cells exposed to chemicals for 30 min and 3h were stained with dihy-
droethidium (DHE). Hepatocytes treated for 1h and 3h were stained with tetramethylrhoda-
mine (TMRE) and TOTO3 dyes. 2h and 4h treated cells were stained with ER tracker red.
Calcium accumulation was instead measured within cells exposed to chemicals for 5h and
stained with Fluo-4. All the staining were performed in untreated and treated hepatocytes di-
luting each dye in growth media in presence of Hoechst 33342. After 30 min incubation with
each dye at 37°C, 5% CO2 (according to supplier's instructions), and 100% humidity, live cells
were imaged using the Cellomics ArrayScan VTI platform (Thermo Scientific, Pittsburgh,
USA). A 10x objective was used to collect 10 image fields per well with the filter set XF93.
Hoechst staining allows to quantify the number of cells and to evaluate nuclear condensation
as result of cells injury. In the presence of reactive oxygen species (ROS), DHE dye is oxidised
to fluorescent ethidium which intercalates into DNA; the fluorescent signal is used as a mea-
sure of oxidative stress. Mitochondrial damage was measured using TMRE dye. TMRE is posi-
tively charged and accumulates in active mitochondria due to their negative charge.
Depolarised or damaged mitochondria have decreased membrane potential and fail to retain
TMRE dye. Disruption of the plasma membrane was measured using TOTO-3 dye. TOTO-3 is
a dead cell indicator. Only in case of plasma membrane damage it can penetrate and bind
DNA. ER tracker is a cell permeant fluorescent dye, highly selective for the endoplasmic reticu-
lum. Changes in ER fluorescence intensity can be associated to modification in the ER status.
Fluo-4 was used to measure the increase in cytoplasmic calcium, a common pathophysiological
event in cellular toxicity. Fluo-4 is a cell permeant calcium indicator dye. It binds to calcium
and increases its fluorescent signal. All the fluorescent signals were quantified using the Target
Activation Bioapplication v.4 from Cellomics Scan Software.

Data analysis
All experiments were performed in triplicates. The data were presented as mean ± SEM. Statis-
tical analysis was performed using GraphPad Prism version 5.1. The raw response data for cell
viability and that generated by the Target Activation Bioapplication for the 6 cellular toxicity
endpoints (nuclear condensation, ROS formation, mitochondrial damage, plasma membrane
disruption, ER status, and calcium accumulation) were analysed using GraphPad Prism to gen-
erate dose response curves. Raw data were initially normalised to percent of maximum re-
sponse and then plotted against the logarithmic of tested concentrations using nonlinear
regression sigmoidal dose-response (variable slope) curve fitting. EC50 values were then calcu-
lated for each endpoint being analysed and reported in Table 2 and Table 3. In order to see if
the best-fit value of LogEC50 differs between the three experimental groups (M vs 3F vs 4F),
we used the F test as comparison method. This test selects the simpler model unless the extra
sum-of-squares F test has a P value less than 0.05. The F test compares independent fits with a
global fit that shares the same LogEC50. Moreover, statistical comparison between the fitted
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midpoints (LogEC50) of two curves (3F vs 4F, M vs 4F, and M vs 3F) was performed using the
F test to verify whether the two curves are statistically different with respect to the LogEC50.
Comparison between three groups or two groups of data were considered statistically signifi-
cant when P value<0.05.

Results

Drug selection
To test whether significant differences exist in vitro between human female and male hepato-
cytes, we selected five drugs with varying mechanisms of toxicity and documented sex-related
differences in their adverse effects: Diclofenac, Chlorpromazine, Acetaminophen, Verapamil,
and Omeprazole [34] [35] [22].

Diclofenac is an anti-inflammatory drug acting through cyclooxygenase (COX) inhibition.
Diclofenac is metabolised in the liver by two main pathways: acyl glucuronidation (catalysed
primarily by uridine 5'-diphosphoglucuronosyl transferase 2B7) and phenyl hydroxylation
(catalysed by cytochrome 2C9 and 3A4). The three main metabolites are: Diclofenac glucuro-
nide, 4’-Hydroxy Diclofenac, and 5-Hydroxy Diclofenac [36]. Diclofenac-induced hepatocyte
injury is typically associated with an acute hepatitis-like histology involving necrosis, in some
cases mixed hepatocellular cholestatic injury (cholestatic hepatitis), and mediated by acyl glu-
curonide covalent binding with cellular proteins, oxidative stress, mitochondrial permeability
transition and mitochondrial damage [37] [38]. Additionally, an immuno-allergic component
plays a key role in the liver toxicity of this drug [39]. There is greater susceptibility for Diclofe-
nac related liver injury among women than men [40]. According to DrugCite, reported cases
of adverse effects were 57% women and 36% men (7% unknown sex) with an average age of 57

Table 2. EC50 values for cell viability.

Time EC50 (uM) P value

M 3F 4F M vs 3F vs 4F 3F vs 4F M vs 4F M vs 3F

D
ic
lo
fe
n
ac 5h 676.70 694.70 752.40 0.2023 0.2500 0.0613 0.6715

2h 671.10 757.40 702.70 0.2724 0.3689 0.4436 0.1266

30 min 707.80 713 701.90 0.9846 0.8737 0.9061 0.9361

C
h
lo
rp
ro
m
az

in
e 5h 36.97 36.14 39.54 0.3004 0.1519 0.3157 0.6753

2h 61.89 72.30 66.94 0.0967 0.3032 0.3082 0.0129
30 min 100.60 111.10 80.87 0.0430 0.0193 0.1065 0.3540

A
ce

ta
m
in
o
p
h
en 5h 14.07 18.22 11.74 0.0002 0.0001 0.1058 0.0189

2h 17.91 19.30 16.68 0.0963 0.0494 0.2587 0.2603

30 min 21.59 21.51 20.51 0.8302 0.6492 0.5563 0.9700

V
er
ap

am
il 5h 147.40 143.10 135.10 0.4252 0.3816 0.2272 0.6518

2h 168.30 180.70 151.90 0.2705 0.1134 0.3720 0.4721

30 min 214.40 150.90 157.40 < 0.0001 0.6113 0.0005 < 0.0001

P value< 0.05 are reported in bold and italic.

doi:10.1371/journal.pone.0122786.t002
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Table 3. EC50 values for toxicity parameters.

Time EC50 (uM) P value

M 4F 3F M vs 3F vs 4F 3F vs 4F M vs 4F M vs 3F

D
ic
lo
fe
n
ac

Ca 5h 4.12 6.04 37.57 0.2105 0.6568 0.9507 0.1142

ER 4h 227.70 1031 250.90 0.0251 0.0134 0.1192 0.8834

TOTO3 3h 28.76 67.43 74.81 0.7071 0.9206 0.4603 0.4326

TMRE 3h 839.90 542.70 716.90 0.0061 0.0399 0.0020 0.1755

ROS 3h 431.60 83554 1762 < 0.0001 0.3029 < 0.0001 0.0003

ER 2h 59.24 339.30 597.90 < 0.0001 0.4995 < 0.0001 0.0030

TOTO3 1h 1056 1559 1511 0.8923 0.9946 0.9083 0.6617

TMRE 1h 1430 1597 1465 0.7430 0.6169 0.4572 0.8697

ROS 30 min 1182 1628 1175 0.0004 0.0002 0.0077 0.9579

C
h
lo
rp
ro
m
az

in
e

Ca 5h - - - - - - -

ER 4h 4.43 9.38 8.06 0.0031 0.5677 0.0017 0.0346

TOTO3 3h 186.30 141 164.30 0.0124 0.0610 0.0082 0.1597

TMRE 3h 36.12 22.82 56.12 0.0395 0.0127 0.2471 0.0395

ROS 3h - - - - - - -

ER 2h 5.90 16.93 8.07 0.0217 0.0842 0.0067 0.4305

TOTO3 1h 495.50 61.98 1333 0.0089 0.0045 0.074 0.7624

TMRE 1h 90.23 79.76 237.20 0.2801 0.2322 0.8799 0.1879

ROS 30 min 1.42 0.12 0.32 0.5681 0.7186 0.3023 0.5094

A
ce

ta
m
in
o
p
h
en

Ca 5h 0.76 0.65 0.77 0.9968 0.9503 0.9381 0.9859

ER 5h 0.72 387.90 63.27 < 0.0001 0.5111 0.0001 < 0.0001

TOTO3 4h 0.54 1.34 1.39 0.0002 0.8973 0.0018 0.0020

TMRE 4h 10.80 2.12 26.92 < 0.0001 < 0.0001 0.0001 0.0632

ROS 3h 0.71 0.70 3.44 0.8314 0.529 0.9903 0.6924

ER 2h 17.59 26.92 28.16 0.3134 0.9244 0.2694 0.114

TOTO3 1h 13.72 167.80 19.20 0.0205 0.0601 0.005 0.5354

TMRE 1h 2.64 1.37 3.88 0.0475 0.0092 0.0824 0.3416

ROS 30 min 46.67 25.15 22.36 0.0474 0.6031 0.0328 0.1283

V
er
ap

am
il

Ca 6h - - - - - - -

ER 5h - - - - - - -

TOTO3 5h 617.20 425.30 681 0.2581 0.1268 0.1268 0.7627

TMRE 5h 223.90 104.40 181.10 0.0005 0.0013 0.0048 0.0045

ROS 4h - - - - - - -

ER 3h - - - - - - -

TOTO3 2h 1252 936.90 667.10 0.0292 0.0314 0.3175 0.0117

TMRE 2h 555.80 611.60 557.50 0.9045 0.4088 0.7712 0.9965

ROS 30 min 859.30 1518 1738 0.0040 0.7594 0.0021

O
m
ep

ra
zo

le

Ca 5h 9.41 45.57 56.77 0.2160 0.8578 0.1725 0.2187

ER 4h 754.60 186.90 185.40 0.1681 0.9732 0.1397 0.0771

TOTO3 3h 3855 695 539.10 0.6500 0.8649 0.5460 0.3027

TMRE 3h 356.20 343.40 490.10 0.9464 0.8233 0.9789 0.7693

ROS 3h 0.29 0.23 0.67 0.9279 0.8559 0.9635 0.6711

ER 2h 140.70 245.50 148.90 0.1889 0.4453 0.0445 0.9164

TMRE 1h 16.40 19.07 178.60 0.4699 0.2915 0.8590 0.2200

TOTO3 1h - - - - - - -

ROS 30 min - - - - - - -

P value< 0.05 are reported in bold and italic.

-: EC50 value could not be calculated.

doi:10.1371/journal.pone.0122786.t003
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years [41]. In 180 patients reporting Diclofenac related hepatotoxicity, 79% of cases were fe-
male and 71% of them were over 60 years of age [34]. Reported risk factors for non-steroidal
anti-inflammatory drug-related hepatotoxicity in general, and especially for Diclofenac, in-
clude female sex and age above 50 years [35] [34] [42].

Acetaminophen is metabolically oxidised by cytochrome 2E1 to form a quinone imine me-
tabolite (NAPQI), which traps cellular thiols, both protein and glutathione, by formation of co-
valent adducts. Acetaminophen-induced liver toxicity is characterised by apoptosis, necrosis,
inflammation, and oxidative stress with the latter being the salient feature in this pathogenic
process [43] [44] [45]. According to DrugCite, reported cases of adverse effects were 51%
women and 32% men (17% unknown sex) [46]. A prospective study of acute liver failure at 17
tertiary care centres in the United States has shown that 73% of the patients were women and
Acetaminophen overdose was the most common apparent cause of acute liver failure, account-
ing for 39% of all cases [22].

Chlorpromazine is a tricyclic aliphatic phenothiazine which acts by postsynaptic inhibition
of dopamine receptors that formerly was the most common cause of drug-induced liver injury
in the United States [47]. Chlorpromazine is activated by oxidation to electrophilic species that
disrupt mitochondrial function and form adducts with cellular thiols. Approximately 10 to 12
major metabolites have been identified. The major metabolites are the monoglucuronide of
N-Dedimethyl Chlorpromazine and 7-Hydroxy Chlorpromazine.

Besides being cytotoxic, Chlorpromazine induces mitochondrial injury, cholestasis, and
phospholipidosis [48]. There is likely also a hypersensitivity component causing liver injury.
According to DrugCite, reported cases of adverse effects in September 2013 were 64% women
and 27% men (9% unknown sex), while the latest statistics (September 2014) show 43% female,
47% male, and 10% unknown sex cases [49].

Verapamil is a phenyl-alkylamine class of calcium channel blockers that may cause im-
mune-mediated, inflammatory liver injury (hepatitis) [50]. Verapamil is subject to extensive
oxidative metabolism mediated by cytochrome P450 enzymes. Furthermore, Verapamil is
known to be a potent inhibitor of P-glycoprotein function. Major metabolites are Norverapa-
mil, N-Dealkyl Norverapamil (D620), N-Dealkyl Verapamil (D617) and O-Desmethyl Verapa-
mil (D-703) [51]. According to DrugCite, reported cases of adverse effects were 46% women
and 33% men (21% unknown sex) with an average age of 58 years [52].

Omeprazole is a selective proton pump inhibitor acting by specific inhibition of the hydro-
gen-potassium adenosine-triphosphatase (H+, K+-ATPase) enzyme system at the secretory
surface of parietal cells. Omeprazole is completely metabolised by the cytochrome P450 system
to two major metabolites, 5-hydroxyomeprazole (cytochrome 2C19) and Omeprazole Sulfone
(cytochrome 3A4) [53].

Adverse liver effects typically show acute centrilobular necrosis [54]. The mechanism of he-
patic injury is still unknown. Statistics show that females were adversely affected in 52% and
males in 45% of cases (3% unknown sex) with an age maximum for all groups of 59 years [55].

As a negative control for our study, the non-hepatotoxic compound Caffeine was selected.
Caffeine is a xanthine alkaloid that is metabolised in the liver by cytochrome P450 (1A2 iso-
zyme) into three dimethylxanthines.

ATPmeasurement
Male (M), pre-menopausal female (3F), and post-menopausal female (4F) pooled primary he-
patocytes derived from 12 donors per group were exposed to 8 increasing concentrations
(using a dilution factor of 1:2) of Diclofenac (from 13.6 to 1750 uM), Chlorpromazine (from
1.9 to 250 uM), Acetaminophen (from 0.3 to 35 uM), Verapamil (from 7.8 to 1000 uM),
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Omeprazole (from 1.9 to 250 uM), and Caffeine (from 39 to 5000 uM). Cell survival after 30
min, 2h, and 5h exposure was assayed by CellTiter-Glo. Dose response curves showing a de-
crease in ATP levels at increasing concentration of drugs were obtained for Diclofenac, Chlor-
promazine, Acetaminophen, and Verapamil at each of the tested time points (Fig. 1). EC50
values were calculated and reported in Table 2. Statistically significant differences between the
three groups tested were observed only at certain time points: 30 min exposure to Chlorproma-
zine (P value = 0.043), 30 min treatment with Verapamil (P value<0.0001), and 5h treatment

Fig 1. Cell viability curves for Diclofenac, Chlorpromazine, Acetaminophen, and Verapamil. 5000 human primary hepatocytes pooled from either 12
male donors (M), or 12 pre-menopausal female donors (3F), or 12 post-menopausal female donors (4F) were seeded in 96 well plates and exposed to 8
serial concentrations (using a dilution factor of 1:2) of Diclofenac (from 13.6 to 1750 uM), Chlorpromazine (from 1.9 to 250 uM), Acetaminophen (from 0.3 to
35 uM), or Verapamil (from 7.8 to 1000 uM). Decrease in cell number after 30 min, 2h, or 5h exposure to drugs was assessed by lysing the cells with CellTiter-
Glo Reagent and measuring the ATP levels released. Assays were run in triplicates. Results are expressed as mean ±SEM. Dose response curves were
plotted using GraphPad Prism.

doi:10.1371/journal.pone.0122786.g001
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with Acetaminophen (P value = 0.0002). In particular, Verapamil (30 min) was more toxic in
4F and 3F, with no statistically significant differences between pre and post-menopausal fe-
males (3F vs 4F P value = 0.6113) (Table 2). Chlorpromazine (30 min) and Acetaminophen
(5h) were instead more toxic in 4F and M compared to 3F hepatocytes. Although not statisti-
cally significant differences were observed between 4F and M for Chlorpromazine (30 min)
and Acetaminophen (5h) treatment, postmenopausal cells (4F) viability measurements re-
sulted in a lower EC50 value than that recorded for male cells: 80.87 uM (vs 100.6 uM in Chlor-
promazine treated male) and 11.74 uM (vs 14.07 uM in Acetaminophen treated male)
respectively (Table 2).

Caffeine, a non-hepatotoxic compound, and Omeprazole showed no effect on cell viability
at the tested concentrations and exposure times measured (Fig. 2).

High Content Images
We investigated the mechanisms underlying the cytotoxic effects of Diclofenac, Chlorproma-
zine, Acetaminophen, Verapamil, and Omeprazole by measuring changes in nuclear intensity
(Hoechst 33342 dye), ROS accumulation (DHE dye), mitochondrial damage (TMRE dye),
plasma membrane permeability modification (TOTO3 dye), calcium accumulation (Fluo-4
dye), and endoplasmic reticulum status (ER tracker red) in pooled primary hepatocytes. In
order to capture the main mechanism of toxicity, ROS accumulation was measured at two
early time points: 30 min and 3h, whereas calcium accumulation was assayed at late exposure
time (5h). Mitochondrial membrane potential as marker for mitochondrial injury (at 1h and
3h) and endoplasmic reticulum status (at 2h and 4h) were measured alternating every 2 hours.
Fluorescently stained live cells were imaged using the Cellomics ArrayScan VTI platform and
fluorescence intensities were determined for all tested dyes using the Target Activation Bioap-
plication v.4 from Cellomics Scan Software. As shown in the representative fluorescence

Fig 2. Cell viability curves for Omeprazole and Caffeine. 5000 human primary hepatocytes pooled from either 12 male donors (M), or 12 pre-menopausal
female donors (3F), or 12 post-menopausal female donors (4F) were seeded in 96 well plates and exposed to 8 serial concentrations (using a dilution factor
of 1:2) of Omeprazole (from 1.9 to 250 uM), or Caffeine (from 39 to 5000 uM). Cell viability after 30 min, 2h, or 5h exposure to drugs was assessed by lysing
the cells with CellTiter-Glo Reagent and measuring the ATP levels released. Assays were run in triplicates. Results are expressed as mean ±SEM. Data
were plotted using GraphPad Prism.

doi:10.1371/journal.pone.0122786.g002
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images reported in Fig. 3, hepatotoxic drugs induced formation of reactive oxygen species (in-
creased red signal in 30 min, 1750 uM Diclofenac, Fig. 3 H-J-I compared to untreated G-I-K),
induced variation of the mitochondrial membrane potential (decreased red signal in 3h, 125
uM Chlorpromazine, Fig. 3 B-D-F compared to untreated A-C-E), increased plasma mem-
brane permeability (increased green signal in 3h, 125 uM Chlorpromazine, Fig. 3 B-D-F com-
pared to untreated A-C-E), increased ER intensity (increased red signal in 5h, 0.78 uM
Acetaminophen, Fig. 3 N-P-R compared to untreated M-O-Q), and induced accumulation of
calcium (increased green signal in 5h, 250 uM Omeprazole, Fig. 3 T-V-X compared to untreat-
ed S-U-W) in male and pre/post-menopausal female. M, 3F, and 4F Caffeine treated cells were
used as negative control. Caffeine treated pooled hepatocytes were stained with all the above
markers and some representative images for TMRE-TOTO3 (S1 Fig., b-d-f), DHE (S1 Fig., h-j-
l), ER (S1 Fig., n-p-r), and Fluo-4 (S1 Fig., t-v-x), are reported in S1 Fig.

Nuclear intensity assessment
The effect of each of the five chemicals and Caffeine on nuclear intensity was determined by
staining the nuclei of primary hepatocytes with Hoechst 33342, then imaging, and quantifying
the fluorescent signal. A dose dependent increase in nuclear intensity is often associated with
nuclear condensation as result of cell injury. When primary hepatocytes were treated with
Diclofenac, Verapamil, Acetaminophen, Chlorpromazine, and Omeprazole an increase in nu-
clear intensity was observed for the three groups tested (Fig. 4). Comparing the EC50 values
from the three groups of cells (M vs 3F vs 4F) a P value<0.05 was obtained only after 4h treat-
ment with Diclofenac (P value = 0.0090) and 4h with Verapamil (P value = 0.0144). At 4h,
both Diclofenac and Verapamil resulted to be more toxic in post-menopausal female hepato-
cytes (Fig. 4). No sex differences in terms of nuclear intensity were observed at the other time
points tested (30 min, 1h, 2h, 3h, and 5h). No statistically significant nuclear intensity modifi-
cations were obtained comparing M, 3F, and 4F hepatocytes at any of the tested exposure times
for Acetaminophen (P value = 0.7471 at 4h), Chlorpromazine (P value = 0.6578 at 4h), Omep-
razole (P value = 0.7574 at 4h), and Caffeine.

Reactive Oxygen Species formation
Reactive oxygen species are chemically reactive molecules containing oxygen. They are a natu-
ral by-product of the normal oxygen metabolism, but when increased and persistent they may
result in significant cell damage known as oxidative stress. In primary hepatocytes treated with
Acetaminophen for 30 min, we found that ROS, measured using DHE, accumulated in female
cells (3F EC50 = 22.36 uM, 4F EC50 = 25.15 uM, M EC50 = 46.67 uM) at slightly significantly
lower concentration than in male cells (P value = 0.0474) (Table 3 and Fig. 5). The opposite
was observed in 30 min Verapamil treated hepatocytes where ROS formation occurs in male
hepatocytes (3F EC50 = 1738 uM, 4F EC50 = 1518 uM, M EC50 = 859.3 uM) at significantly
lower concentration than in female cells (P value = 0.0040) (Table 3 and Fig. 5). Moreover, in
primary hepatocytes exposed to Diclofenac for 30 min (Fig. 3 H-J-I), we observed that ROS for-
mation was induced at statistically higher concentration in post-menopausal female (3F

Fig 3. Fluorescence images of human primary hepatocytes. 5000 untreated and treated primary hepatocytes derived fromM, 3F, and 4F donors were
stained for 30 min using Hoechst 33342 and either TMRE and TOTO3 (a-f), or DHE (g-l), or ER tracker red (m-r), or Fluo-4 (s-x) dyes and imaged using the
Cellomics ArrayScan VTI. A 10x objective was used to collect 10 images per well with the filter set XF93. Primary hepatocytes treated for 3h with 125 uM
Chlorpromazine or untreated and stained with Hoechst 33342 (blue), TMRE (red), and TOTO3 (green) are reported in a-f. Primary hepatocytes treated with
1750 uM Diclofenac for 30 min or untreated and stained with Hoechst 33342 (blue) and DHE (red) are reported in g-l. Primary hepatocytes treated for 5h with
0.78 uM Acetaminophen or untreated and stained with Hoechst 33342 (blue) and ER tracker (red) are reported in m-r. Primary hepatocytes treated for 5h with
250 uMOmeprazole or untreated and stained with Hoechst 33342 (blue) and Fluo-4 (green) are reported in s-x.

doi:10.1371/journal.pone.0122786.g003
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EC50 = 1175 uM, 4F EC50 = 1628 uM, M EC50 = 1182 uM) compared to male and pre-meno-
pausal female (P value = 0.0004) (Table 3 and Fig. 5). At the tested concentrations and expo-
sure times, no statistically significant differences in ROS accumulation were observed between
male and female primary hepatocytes treated with Omeprazole and Chlorpromazine (Table 3).
ROS was not accumulated in primary hepatocytes exposed to Caffeine (S1 Fig.).

Mitochondrial damage
The mitochondrial permeability and the loss of mitochondrial membrane potential with subse-
quent release of pro-apoptotic proteins from the inner membrane space into the cytosol, and
decreased ATP production are hallmarks of cell death [56]. To investigate the involvement of
mitochondria in the cytotoxic effects of Diclofenac, Chlorpromazine, Acetaminophen, Verapa-
mil, and Omeprazole, the variation of mitochondrial membrane potential was measured in live
treated primary hepatocytes using TMRE dye. As shown in Fig. 5 and Table 3, for the majority
of the tested chemicals, mitochondrial damage was induced at lower concentrations in post-
menopausal females compared to pre-menopausal females and males. 4F samples exposed to
Diclofenac for 3h had an EC50 = 542.7 uM which is significantly lower (P value = 0.0061) than
the EC50 values obtained for 3F (716.90 uM) and M (839.90 uM). Statistically significant lower
EC50 values were also obtained when post-menopausal females were treated with Chlorproma-
zine for 3h (4F EC50 = 22.82 uM vs 3F EC50 = 56.12 uM vs M EC50 = 36.12 uM; P
value = 0.0395), Acetaminophen for 4h (4F EC50 = 2.12 uM vs 3F EC50 = 26.92 uM vs M
EC50 = 10.80 uM; P value<0.0001), and Verapamil for 5h (4F EC50 = 104.40 uM vs 3F

Fig 4. Nuclear intensity dose response curves after 4h treatment with Diclofenac, Verapamil, Caffeine, Acetaminophen, Chlorpromazine, and
Omeprazole. 5000 human primary hepatocytes pooled from either 12 male donors (M), or 12 pre-menopausal female donors (3F) or 12 post-menopausal
female donors (4F) were seeded in 96 well plates and exposed to 8 serial concentrations (using a dilution factor of 1:2) of Diclofenac (from 13.6 to 1750 uM),
Acetaminophen (from 0.3 to 35 uM), Verapamil (from 7.8 to 1000 uM), Chlorpromazine (from 1.9 to 250 uM), Caffeine (from 39 to 5000 uM), or Omeprazole
(from 1.9 to 250 uM) for 30 min, 1h, 2h, 3h, 4h, and 5h. Hepatocytes nuclei were stained with Hoechst 33342 and increase in nuclear intensity was measured
at different time points using the Cellomics ArrayScan VTI platform and the Target Activation Bioapplication v.4. GraphPad Prism-derived dose response
curves obtained treating primary hepatocytes for 4h with Diclofenac, Verapamil, Acetaminophen, Chlorpromazine, and Omeprazole are reported. Statistically
significant sex differences (P value<0.05) comparing the EC50 values from the three groups of hepatocytes (M vs 3F vs 4F) were observed only with primary
hepatocytes treated for 4h with Diclofenac (P value = 0.0090) or with Verapamil (P value = 0.0144). Diclofenac and Verapamil resulted more toxic in 4F
hepatocytes. No statistically significant nuclear intensity modifications were obtained comparing M, 3F, and 4F hepatocytes treated with Acetaminophen (P
value = 0.7471), Chlorpromazine (P value = 0.6578), and Omeprazole (P value = 0.7574). Caffeine did not give any increase in nuclear intensity. Assays
were run in triplicates. Results are expressed as mean ±SEM.

doi:10.1371/journal.pone.0122786.g004

Sex Differences in Liver Toxicity?

PLOS ONE | DOI:10.1371/journal.pone.0122786 April 7, 2015 13 / 23



EC50 = 181.1 uM vs M EC50 = 223.9 uM; P value = 0.0005) (Table 3). For Omeprazole-treated
hepatocytes, no statistically significant differences between the three tested groups of cells were
observed in terms of mitochondrial toxicity (Table 3). Mitochondrial membrane potential was
not changed in primary hepatocytes treated with Caffeine (S1 Fig., b-d-f).

Endoplasmic reticulum status
The endoplasmic reticulum is involved in several important functions such as the folding of se-
cretory and membrane proteins. Various conditions including toxic effects such as exposure to
free radicals, can cause pathological accumulation of unfolded proteins in the ER, a condition
referred to as ER stress. ER-stress induces dilatation of ER-membranes and other alterations
in ER-appearance [57] [58]. We measured ER morphological changes by staining primary

Fig 5. Cytotoxicity dose response curves. 5000 human primary hepatocytes pooled from either 12 male donors (M), or 12 pre-menopausal female donors
(3F), or 12 post-menopausal female donors (4F) were seeded in 96 well plates and exposed to 8 serial concentrations of Diclofenac (from 13.6 to 1750 uM),
Chlorpromazine (from 1.9 to 250 uM), Acetaminophen (from 0.3 to 35 uM), and Verapamil (from 7.8 to 1000 uM). ROS formation (DHE dye), endoplasmic
reticulum status (ER tracker red dye), mitochondrial damage (TMRE dye), and plasmamembrane permeability (TOTO3 dye) were measured at different time
points (30 min, 2h, 3h, 4h, 5h) using the Cellomics ArrayScan VTI platform and the Target Activation Bioapplication v.4. Representative dose-response
curves are shown for drugs having a P value<0.05 (M vs 3F vs 4F) in Table 3 (Diclofenac, Chlorpromazine, Acetaminophen, and Verapamil). Three
replicates were tested and represented using GraphPad Prism. Results are expressed as mean ±SEM.

doi:10.1371/journal.pone.0122786.g005
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human hepatocytes with ER tracker red dye and quantifying the increase in ER-signal using
fluorescence microscopy imaging of live cells. Dose response curves for ER intensity showed
that male hepatocytes exposed for 2h to either Diclofenac (M EC50 = 59.24 uM vs 4F
EC50 = 339.3 uM vs 3F EC50 = 597.9 uM; P value<0.0001) or Chlorpromazine (M EC50 = 5.9
uM vs 4F EC50 = 16.93 uM vs 3F EC50 = 8.07 uM; P value = 0.0217), or treated for 5h with
Acetaminophen (M EC50 = 0.72 uM vs 4F EC50 = 387.9 uM vs 3F EC50 = 63.27 uM; P
value<0.0001) are significantly more sensitive to ER modification than pre- and post-meno-
pausal female cells (Table 3 and Fig. 5). No statistically significant differences in terms of ER
modifications were found in cells treated with Verapamil, Omeprazole, and Caffeine (Table 3
and S1 Fig., n-p-r).

Plasma Membrane permeability
Cell membrane integrity is a well-known and common indicator of cell viability. Loss of mem-
brane integrity was measured by quantifying the cellular influx of TOTO3 dye. In terms of
plasma membrane permeability, statistically significant differences between the three groups
were observed for Chlorpromazine, Acetaminophen, and Verapamil treated hepatocytes
(Fig. 5). Cells treatment with Chlorpromazine for 3h induces plasma membrane damage at
statistically lower concentration (4F EC50 = 141 uM vs 3F EC50 = 164.3 uM vs M EC50 =
186.3 uM; P value = 0.0124) in post-menopausal female hepatocytes confirming the data ob-
tained by mitochondrial damage (Table 3). After 4h, Acetaminophen-treated male hepatocytes
membrane disruption was induced at lower concentration (M EC50 = 0.54 uM vs 4F EC50 =
1.34 uM vs 3F EC50 = 1.39 uM; P value = 0.0002) compared to pre-and post-menopausal fe-
male cells. In accordance with the toxicity data obtained by staining hepatocytes with TMRE
(5h), plasma membrane damage in female cells treated with Verapamil for 2h was induced at a
lower concentration than in male samples (M EC50 = 1252 uM vs 4F EC50 = 936.9 uM vs 3F
EC50 = 667.1 uM; P value = 0.0292). No statistically significant sex-differences measured as
plasma membrane permeability were observed at any time point for Diclofenac, Omeprazole,
and Caffeine (Table 3 and S1 Fig., b-d-f).

Accumulation of intracellular calcium
Loss of calcium homeostasis with increased intracellular calcium level results from failure of
energy dependent Ca++—Mg++ ATPase pump and it is also related to increased membrane per-
meability and cell mediated death. Calcium accumulation was measured in treated primary he-
patocytes using Fluo-4 dye and EC50 values were obtained for Diclofenac, Chlorpromazine,
Acetaminophen, and Omeprazole without finding any statistically significant differences be-
tween the three groups of cells tested (Table 3). Calcium was not accumulated in primary hepa-
tocytes treated with Verapamil (Table 3) and Caffeine (S1 Fig., t-v-x).

Discussion
Clinical and epidemiological data showing sex-related differences in drug-induced liver injury
are well documented and, in general, a higher susceptibility in females is reported in the litera-
ture [22] [59] [21] [60] [61] [26] [62] [20] [63] [64] [42]. Basic research as well as risk assess-
ment and clinical trials (in which women are still less enrolled and sex-specific analysis is
usually not included in the results evaluation) are mainly done with males, be it from human
volunteers, animals, or cell culture [7] [8] [65] [12].

This study aimed to investigate whether cellular reactions to drugs with well-known hepato-
toxic effects differ between male and female human hepatocytes. Multiple parameters

Sex Differences in Liver Toxicity?

PLOS ONE | DOI:10.1371/journal.pone.0122786 April 7, 2015 15 / 23



measured by high content imaging were used to determine sex differences in toxicity at a
molecular level.

To overcome human individual genetic variability, we decided to use primary human hepa-
tocytes pooled from 12 donors as a cellular model. Male and female pooled hepatocytes, which
are solely available in suspension, were tested in cell-based assays. Female hepatocytes were fur-
ther sub-classified into pre- and post-menopausal groups to account for women’s hormonal
age-related changes. The age dependence of adverse effects is also reflected in clinical statistics
[61] [34] [42] [26].

The three groups of human hepatocytes were exposed for a maximum of 6 hours (because
of the limited life-span of hepatocytes in suspension) to five hepatotoxic drugs: Diclofenac,
Chlorpromazine, Acetaminophen, Verapamil, and Omeprazole. These drugs have different
mechanisms of toxicity and well documented sex-related differences in their adverse effects
[34] [35] [22]. They are metabolised in the liver and, apart from Verapamil which has an idio-
syncratic mechanism, their hepatotoxic effect is partly attributed to adduct formation. Hepatic
injury driven by these drugs is characterised by: oxidative stress, mitochondrial dysfunction,
cholestasis, phospholipidosis, and hepatitis. Moreover a non-hepatotoxic substance, Caffeine,
was tested as negative control.

Previous studies of cytochrome P450 substrates for sex-dependent differences in pharmaco-
kinetic parameters have shown inconsistent results. In our experiments, we did not check for
drug metabolites to account for any differences in metabolism, although this would be an inter-
esting addition in future studies to understand how the metabolism of these drugs contributes
to differences in hepatotoxic effects.

ATP measurement showed statistically significant differences between male and females
only when hepatocytes were treated for 30 min with Chlorpromazine, for 5h with Acetamino-
phen, and for 30 min with Verapamil. Sex differences in cell viability were not observed for the
rest of the drugs and exposure times. In order to look into the mechanisms of drug toxicity,
ROS formation, mitochondrial damage, endoplasmic reticulum modification, plasma mem-
brane permeability, and calcium accumulation were measured at different time points. Dose re-
sponse curves were obtained for most of the selected exposure times and, for certain
parameters and specific drugs, statistically significant differences were observed between the
three groups of hepatocytes tested.

Mitochondrial damage was measured in vitro as variation of the mitochondrial membrane
potential. Our data showed that post-menopausal female hepatocytes exposed to either Diclo-
fenac, or Acetaminophen, or Chlorpromazine, or Verapamil are more sensitive to mitochon-
drial damage than pre-menopausal female and male cells. These data are consistent with
clinical findings showing that women are experiencing more adverse drug reactions than men
and that this risk is increasing with age [26]. In women, the incidence rates of hepatic adverse
drug reactions increase after menopause and this is especially valid for nonsteroidal anti-in-
flammatory drugs such as Diclofenac [34] [42] [35].

Moreover, progressive deterioration of mitochondrial function in postmenopausal woman
has been described in various contexts [66] [67] and this could explain why most of the tested
drugs showed greater toxicity in 4F cells.

In vivo, sex-related differences in hepatic mitochondrial function have been studied in rats
and mice without showing a consistent sex-specific pattern, but rather depending on species
and tissue [68] [69]. Liver mitochondria from female rats have been shown to have higher lev-
els of reduced glutathione, higher protein content, higher cardiolipin levels, greater respiratory
and phosphorylative capacities, more-energised mitochondria and to generate half the amount
of peroxides than those from males [70] [68]. In mice however, no differences between males
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and females have been found when analysing key parameters for mitochondrial bioenergetics,
oxidative stress, and apoptosis [71].

Endoplasmic reticulum status was evaluated by staining the ER and measuring its morpho-
logical changes using image quantification. For this parameter, our data showed that male he-
patocytes exposed to either Diclofenac, or Acetaminophen, or Chlorpromazine are more
sensitive to ER modifications compared to female hepatocytes. Sex differences in ER status
were previously reported in some in vivo studies. For instance, it has been shown that kidneys
of male mice are much more susceptible to ER stress-induced acute kidney injury than those of
females [72] and that under pressure-overload condition male mice are more vulnerable to ER
stress than female mice [73]. This effect has not been described in human hepatocytes before.

At first sight, our ER status data seem conflicting with the mitochondrial toxicity results, for
which female cells showed higher sensitivity. A reasonable explanation could lie in the fact that
ER morphology does not necessarily correlate with ER stress, it is a coping mechanism that
does not always indicate stress. Induction of phospholipid biosynthetic enzymes generate new
membranes, thereby increasing the volume of the ER, simultaneously diluting unfolded pro-
teins, and preparing the compartment to receive an influx of newly synthesised folding factors
[74]. Thus, increasing ER size through membrane synthesis is an integral yet distinct part of
the cellular programme to overcome ER stress [75].

Disturbances in the normal functions of the ER lead to an evolutionarily well conserved cell
stress response, the unfolded protein response (UPR), which is aimed initially at compensating
for damage but can eventually trigger cell death if ER dysfunction is severe or prolonged ER
stress involves triggering of both the “alarm” and the “adaptive” phase responses. The adaptive
(protective) phase leads to the up-regulation of ER chaperone proteins which assist in the re-
folding of proteins, relieve ER stress, and re-establish normal ER function. The initial intent of
the UPR is to adapt to the changing environment, and re-establish normal ER function [76].
Faced with persistent ER stress, adaptation starts to fail and apoptosis occurs [77]. Our data
pose new questions which should be studied further to understand the differences in response
to insult between sexes.

Peyrou and Cribb [78] have demonstrated that induction of ER stress proteins following a
prior ER stress (‘‘ER stress preconditioning”) resulted in decreased toxicity of several model
toxins and ER stress preconditioning therefore offers cytoprotection against clinically relevant
nephrotoxins in renal cell lines from multiple species. Therefore we could speculate that the in-
crease in ER intensity, observed as more pronounced in male cells, is a sign for increased pro-
tein folding, corresponded to "positive" ER preconditioning rather than to "negative" ER stress
effects. Gene expression studies could provide a further insight into sex differences but were
not within the scope of this study.

In correlation with the hypothesis that female hepatocytes are more sensitive to hepatotoxi-
cant damage, we observed that in terms of nuclear condensation, Verapamil and Diclofenac
are more toxic in the post-menopausal female group. Moreover for substances such as Verapa-
mil and Chlorpromazine we showed that the plasma membrane permeability—an indicator for
cell death—is more compromised in female hepatocytes than male cells. Acetaminophen treat-
ment also showed that reactive oxygen species accumulation is occurring in female hepatocytes
at lower concentration than in male cells. For cells treated with Diclofenac and Verapamil for
30 min, we instead observed that male hepatocytes have a statistically significant increase in
ROS, though longer exposure to the same drugs induced mitochondrial damage mainly in fe-
male hepatocytes. Therefore, we hypothesise that male hepatocytes might be able to overcome
the toxic insult induced by Diclofenac and Verapamil by increasing the intracellular level of
ROS [79] [80].
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For calcium accumulation no statistically significant differences between the three groups at
the testing concentrations and exposure times was observed. This is probably due to the short
observation period of our experiments.

To our knowledge this was the first attempt to compare in vitro reactions to toxicants be-
tween human male and female (pre- and post-menopausal) primary hepatocytes. Research in
this field so far has been performed either in vivo with animal studies or in vitro with primary
cells from animals or human immortalised cell-lines [8] [65] [7] [81] [82] [24] [27] [83] [84].

This study is the first step to elucidate cell-based sex differences in response to toxicants and
the molecular pathways affected. Further experiments are needed to confirm our results and
extend evidence for these observations. Some practical difficulties also have to be tackled such
as the short life-span of primary hepatocytes in suspension. The time frame chosen is suitable
for acute, high dose effects in vitro, but longer exposure times will be needed to detect more sig-
nificant or long-term pathological differences between sexes. Six hours is a too short for the
emergence of hepatotoxic endpoints such as steatosis. Furthermore, the differences that have
been observed at early time points could become more significant after longer exposure times
or in repeated dose experiments. In future experiments a broader choice of drugs might give a
more comprehensive picture of differing cellular processes between male and female-derived
cells. Similarly, it might be interesting to elucidate the inter-individual differences within each
group by studying the responses of hepatocytes derived from single donors.

Conclusions
In conclusion, this work presents an attempt to detect sex-based differences in cellular reac-
tions to toxicants by using a human-relevant model in vitro, namely primary human hepato-
cytes pooled from different donor groups. Considering the fundamental difference in the
genome of male and female cells it could be assumed that the cells themselves might show dif-
ferent sex-specific behaviour when exposed to toxic compounds, although detailed specific dif-
ferences have not been demonstrated yet.

Our experiments showed significant differences in mitochondrial injury, nuclear condensa-
tion, ER status, and plasma membrane permeability between sexes presenting female cells as
being more sensitive, at certain exposure times, for some of the tested drugs.

Moreover, our work demonstrated that high content screening and analysis is feasible with
pooled primary human hepatocytes in suspension and such research might not only yield
deeper insight into the effects of the karyotype of our basic structural and functional unit of
life, but also contribute to more accurate screening methods for risk assessment that consider
the varying susceptibility of male and female populations. We conclude that more focused re-
search and data are still needed to increase evidence for male/female differences and similari-
ties in response to toxicants, and that whenever possible, in vitro and in vivo studies should
analyse data by sex to give a sex-specific report of scientific results.

Supporting Information
S1 Fig. Fluorescence images of Caffeine treated human primary hepatocytes. 5000 untreated
and Caffeine treated primary hepatocytes derived from M, 3F, and 4F donors were stained for
30 min using Hoechst 33342 and either TMRE and TOTO3 (a-f), or DHE (g-l), or ER tracker
red (m-r), or Fluo-4 (s-x) dyes and imaged using the Cellomics ArrayScan VTI. A 10x objective
was used to collect 10 images per well with the filter set XF93. Primary hepatocytes treated for
3h with 625 uM Caffeine or untreated and stained with Hoechst 33342 (blue), TMRE (red),
and TOTO3 (green) are reported in a-f. Primary hepatocytes treated with 1250 uM Caffeine
for 30 min or untreated and stained with Hoechst 33342 (blue) and DHE (red) are reported in
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g-l. Primary hepatocytes treated for 4h with 625 uM Caffeine or untreated and stained with
Hoechst 33342 (blue) and ER tracker (red) are reported in m-r. Primary hepatocytes treated
for 5h with 625 uM Caffeine or untreated and stained with Hoechst 33342 (blue) and Fluo-4
(green) are reported in s-x.
(TIF)

Acknowledgments
The authors would like to thank Sharon Munn for editing assistance and manuscript revisions,
as well as Alessandro Sorichetta and Peter Macko for their very precious help with the
figures preparation.

Author Contributions
Conceived and designed the experiments: MM BL MW. Performed the experiments: MM TP
GH. Analyzed the data: MM BL. Contributed reagents/materials/analysis tools: MM BL TP.
Wrote the paper: MM BL.

References
1. Federman DD. The biology of human sex differences. N Engl J Med. 2006; 354: 1507–1514. PMID:

16598047

2. Gochfeld M. Framework for gender differences in human and animal toxicology. Environ Res. 2007;
104: 4–21. PMID: 16616135

3. Food and Drug Administration, Guideline: General Considerations for the Clinical Evaluation of Drugs.
HSW (FDA). 1977;77–3041. Available: http://www.fda.gov/downloads/Drugs/
GuidanceComplianceRegulatoryInformation/Guidances/ucm071687.pdf.

4. Zucker I, Beery AK. Males still dominate animal studies. Nature. 2010; 465: 690. doi: 10.1038/465690a
PMID: 20535186

5. Straub RH. The complex role of estrogens in inflammation. Endocr Rev. 2007; 28: 521–574. PMID:
17640948

6. Lahita RG. Principles of Gender-Specific Medicine. Elsevier. Available: http://www.sciencedirect.com/
science/article/pii/B9780123742711000526; 2010.

7. Beery AK, Zucker I. Sex bias in neuroscience and biomedical research. Neurosci Biobehav Rev. 2011;
35: 565–572. doi: 10.1016/j.neubiorev.2010.07.002 PMID: 20620164

8. Check Hayden E. Sex bias blights drug studies. Nature. 2010; 464: 332–333. doi: 10.1038/464332a
PMID: 20237531

9. Uhl K, Parekh A, Kweder S. Females in clinical studies: where are we going? Clin Pharmacol Ther.
2007; 81: 600–602. PMID: 17314925

10. Gray J. Why can’t a woman be more like a man? Clin Pharmacol Ther. 2007; 82: 15–17. PMID:
17571069

11. Miller VM. In pursuit of scientific excellence: sex matters. Am J Physiol Lung Cell Mol Physiol. 2012;
302: L801–802. doi: 10.1152/ajplung.00095.2012 PMID: 22427527

12. Taylor KE, Vallejo-Giraldo C, Schaible NS, Zakeri R, Miller VM. Reporting of sex as a variable in cardio-
vascular studies using cultured cells. Biol Sex Differ. 2011; 2: 11 1–7. doi: 10.1186/2042-6410-2-11
PMID: 22060014

13. Hammes SR. Editorial: Sex matters in preclinical research. Mol Endocrinol. 2014; 28: 1209–1210. doi:
10.1210/me.2014-1209 PMID: 25068891

14. Clayton JA, Collins FS. Policy: NIH to balance sex in cell and animal studies. Nature. 2014; 509: 282–
283. PMID: 24834516

15. Schiebinger L, Klinge I, Sánchez de Madariaga I, Schraudner M, Stefanick M. Gendered Innovations in
Science, Health & Medicine, Engineering and Environment. Available: http://ec.europa.eu/research/
science-society/gendered-innovations/index_en.cfm. 2011–2013.

16. WHO |What do wemean by “sex” and “gender”?. Available: http://www.who.int/gender/whatisgender/
en/. Accessed 2014 Oct 24.

Sex Differences in Liver Toxicity?

PLOS ONE | DOI:10.1371/journal.pone.0122786 April 7, 2015 19 / 23

http://www.ncbi.nlm.nih.gov/pubmed/16598047
http://www.ncbi.nlm.nih.gov/pubmed/16616135
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/ucm071687.pdf
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/ucm071687.pdf
http://dx.doi.org/10.1038/465690a
http://www.ncbi.nlm.nih.gov/pubmed/20535186
http://www.ncbi.nlm.nih.gov/pubmed/17640948
http://www.sciencedirect.com/science/article/pii/B9780123742711000526
http://www.sciencedirect.com/science/article/pii/B9780123742711000526
http://dx.doi.org/10.1016/j.neubiorev.2010.07.002
http://www.ncbi.nlm.nih.gov/pubmed/20620164
http://dx.doi.org/10.1038/464332a
http://www.ncbi.nlm.nih.gov/pubmed/20237531
http://www.ncbi.nlm.nih.gov/pubmed/17314925
http://www.ncbi.nlm.nih.gov/pubmed/17571069
http://dx.doi.org/10.1152/ajplung.00095.2012
http://www.ncbi.nlm.nih.gov/pubmed/22427527
http://dx.doi.org/10.1186/2042-6410-2-11
http://www.ncbi.nlm.nih.gov/pubmed/22060014
http://dx.doi.org/10.1210/me.2014-1209
http://www.ncbi.nlm.nih.gov/pubmed/25068891
http://www.ncbi.nlm.nih.gov/pubmed/24834516
http://ec.europa.eu/research/science-society/gendered-innovations/index_en.cfm
http://ec.europa.eu/research/science-society/gendered-innovations/index_en.cfm
http://www.who.int/gender/whatisgender/en/
http://www.who.int/gender/whatisgender/en/


17. Torgrimson BN, Minson CT. Sex and gender: what is the difference? J Appl Physiol. 2005; 99: 785–
787. PMID: 16103514

18. Gandhi M, Aweeka F, Greenblatt RM, Blaschke TF. Sex differences in pharmacokinetics and pharma-
codynamics. Annu Rev Pharmacol Toxicol. 2004; 44: 499–523. PMID: 14744256

19. GAO-01-286R January 2001 US General Accounting Office report 2001 on drugs withdrawn from the
market. Available: http://www.gao.gov/new.items/d01286r.pdf. Accessed 2014 Oct 24.

20. Schwartz JB. The current state of knowledge on age, sex, and their interactions on clinical pharmacolo-
gy. Clin Pharmacol Ther. 2007; 82: 87–96. PMID: 17495875

21. Miller MA. Gender-based differences in the toxicity of pharmaceuticals-the Food and Drug Administra-
tion’s perspective. Int J Toxicol. 2001; 20: 149–152. PMID: 11488556

22. Ostapowicz G, Fontana RJ, Schiødt F V, Larson A, Davern TJ, Han SH, et al. Results of a prospective
study of acute liver failure at 17 tertiary care centers in the United States. Ann Intern Med. 2002; 137:
947–954. PMID: 12484709

23. Anderson G. Sex and racial differences in pharmacological response: where is the evidence? Pharma-
cogenetics, pharmacokinetics, and pharmacodynamics. J Womens Health (Larchmt). 2005; 14: 19–29.
PMID: 15692274

24. Waxman DJ, Holloway MG. Sex differences in the expression of hepatic drug metabolizing enzymes.
Mol Pharmacol. 2009; 76: 215–228. doi: 10.1124/mol.109.056705 PMID: 19483103

25. Soldin OP, Chung SH, Mattison DR. Sex differences in drug disposition. J Biomed Biotechnol.
2011;187103: 1–14.

26. Zopf Y, Rabe C, Neubert A, Gassmann KG, Rascher W, Hahn EG, et al. Women encounter ADRs
more often than do men. Eur J Clin Pharmacol. 2008; 64: 999–1004. doi: 10.1007/s00228-008-0494-6
PMID: 18604529

27. Parkinson A, Mudra DR, Johnson C, Dwyer A, Carroll KM. The effects of gender, age, ethnicity, and
liver cirrhosis on cytochrome P450 enzyme activity in human liver microsomes and inducibility in cul-
tured human hepatocytes. Toxicol Appl Pharmacol. 2004; 199: 193–209. PMID: 15364537

28. Csete M. Gender issues in transplantation. Anesth Analg. 2008; 107: 232–238. doi: 10.1213/ane.
0b013e318163feaf PMID: 18635494

29. Rustgi VK, Marino G, Halpern MT, Johnson LB, UmanaWO, Tolleris C. Role of gender and race mis-
match and graft failure in patients undergoing liver transplantation. Liver Transpl. 2002; 8: 514–518.
PMID: 12037781

30. Marino IR, Doyle HR, Aldrighetti L, Doria C, McMichael J, Gayowski T, et al. Effect of donor age and
sex on the outcome of liver transplantation. Hepatology. 1995; 22: 1754–1762. PMID: 7489985

31. Kahn D, Gavaler JS, Makowka L, van Thiel DH. Gender of donor influences outcome after orthotopic
liver transplantation in adults. Dig Dis Sci. 1993; 38: 1485–1488. PMID: 8344105

32. Pillay P, Van Thiel DH, Gavaler JS, Starzl TE. Donor gender does not affect liver transplantation out-
come in children. Dig Dis Sci. 1990; 35: 686–689. PMID: 2344800

33. Straface E, Gambardella L, Brandani M, Malorni W. Sex differences at cellular level: “cells have a sex”.
Handb Exp Pharmacol. 2012; 49–65.

34. Banks AT, Zimmerman HJ, Ishak KG, Harter JG. Diclofenac-associated hepatotoxicity: analysis of 180
cases reported to the Food and Drug Administration as adverse reactions. Hepatology. 1995; 22: 820–
827. PMID: 7657288

35. O’Connor N, Dargan PI, Jones AL. Hepatocellular damage from non-steroidal anti-inflammatory drugs.
QJM. 2003; 96: 787–791. PMID: 14566034

36. TangW. The Metabolism of Diclofenac—Enzymology and Toxicology Perspectives. Curr Drug Metab.
2003; 4: 319–329. PMID: 12871048

37. Masubuchi Y, Nakayama S, Horie T. Role of mitochondrial permeability transition in diclofenac-induced
hepatocyte injury in rats. Hepatology. 2002; 35: 544–551. PMID: 11870366

38. Vickers AEM. Tissue slices for the evaluation of metabolism-based toxicity with the example of diclofe-
nac. Chem Biol Interact. 2009; 179: 9–16. doi: 10.1016/j.cbi.2008.10.010 PMID: 19000659

39. Boelsterli U. Diclofenac-induced liver injury: a paradigm of idiosyncratic drug toxicity. Toxicol Appl Phar-
macol. 2003; 192: 307–322. PMID: 14575648

40. Diclofenac. LiverTox. Available: http://livertox.nlm.nih.gov/Diclofenac.htm. Accessed 2014 Oct 24.

41. Diclofenac Adverse Events and Side Effects Reported to the FDA (AERS). Available: http://www.
drugcite.com/?q=DICLOFENAC. Accessed 2014 Oct 24.

Sex Differences in Liver Toxicity?

PLOS ONE | DOI:10.1371/journal.pone.0122786 April 7, 2015 20 / 23

http://www.ncbi.nlm.nih.gov/pubmed/16103514
http://www.ncbi.nlm.nih.gov/pubmed/14744256
http://www.gao.gov/new.items/d01286r.pdf
http://www.ncbi.nlm.nih.gov/pubmed/17495875
http://www.ncbi.nlm.nih.gov/pubmed/11488556
http://www.ncbi.nlm.nih.gov/pubmed/12484709
http://www.ncbi.nlm.nih.gov/pubmed/15692274
http://dx.doi.org/10.1124/mol.109.056705
http://www.ncbi.nlm.nih.gov/pubmed/19483103
http://dx.doi.org/10.1007/s00228-008-0494-6
http://www.ncbi.nlm.nih.gov/pubmed/18604529
http://www.ncbi.nlm.nih.gov/pubmed/15364537
http://dx.doi.org/10.1213/ane.0b013e318163feaf
http://dx.doi.org/10.1213/ane.0b013e318163feaf
http://www.ncbi.nlm.nih.gov/pubmed/18635494
http://www.ncbi.nlm.nih.gov/pubmed/12037781
http://www.ncbi.nlm.nih.gov/pubmed/7489985
http://www.ncbi.nlm.nih.gov/pubmed/8344105
http://www.ncbi.nlm.nih.gov/pubmed/2344800
http://www.ncbi.nlm.nih.gov/pubmed/7657288
http://www.ncbi.nlm.nih.gov/pubmed/14566034
http://www.ncbi.nlm.nih.gov/pubmed/12871048
http://www.ncbi.nlm.nih.gov/pubmed/11870366
http://dx.doi.org/10.1016/j.cbi.2008.10.010
http://www.ncbi.nlm.nih.gov/pubmed/19000659
http://www.ncbi.nlm.nih.gov/pubmed/14575648
http://livertox.nlm.nih.gov/Diclofenac.htm
http://www.drugcite.com/?q=DICLOFENAC
http://www.drugcite.com/?q=DICLOFENAC


42. Lacroix I, Lapeyre-Mestre M, Bagheri H, Pathak A, Montastruc JL. Nonsteroidal anti-inflammatory drug-
induced liver injury: a case-control study in primary care. FundamClin Pharmacol. 2004; 18: 201–206.
PMID: 15066135

43. Hinson JA, Roberts DW, James LP. Mechanisms of acetaminophen-induced liver necrosis. Handb Exp
Pharmacol. 2010;369–405.

44. Jaeschke H. The role of oxidant stress and reactive nitrogen species in acetaminophen hepatotoxicity.
Toxicol Lett. 2003; 144: 279–288. PMID: 12927346

45. Acetaminophen. LiverTox. Available: http://livertox.nlm.nih.gov/Acetaminophen.htm. Accessed 2014
Oct 24.

46. Acetaminophen Adverse Events and Side Effects Reported to the FDA (AERS). Available: http://www.
drugcite.com/?q=acetaminophen&a=&s=#showRxProfile. Accessed 2014 Oct 24.

47. Chlorpromazine. LiverTox. Available: http://livertox.nlm.nih.gov/Chlorpromazine.htm. Accessed 2014
Oct 24.

48. Anderson N, Borlak J. Drug-induced phospholipidosis. FEBS Lett. 2006; 580: 5533–5540. PMID:
16979167

49. Chlorpromazine Adverse Events and Side Effects Reported to the FDA (AERS). Available: http://www.
drugcite.com/?q=acetaminophen&a=&s=#showRxProfile. Accessed 2014 Oct 24.

50. Verapamil. LiverTox. Available: http://livertox.nlm.nih.gov/Verapamil.htm. Accessed 2014 Oct 24.

51. Pauli-Magnus C, von Richter O, Burk O, Ziegler A, Mettang T, EichelbaumM, et al. Characterization of
the Major Metabolites of Verapamil as Substrates and Inhibitors of P-glycoprotein. J Pharmacol Exp
Ther. 2000; 293: 376–382. PMID: 10773005

52. Verapamil Adverse Events and Side Effects Reported to the FDA (AERS). Available: http://www.
drugcite.com/?q=verapamil&a=&s=. Accessed 2014 Oct 24.

53. Kanazawa H, Okada A, Matsushima Y, Yokota H, Okubo S, Mashige F, et al. Determination of omepra-
zole and its metabolites in human plasma by liquid chromatography-mass spectrometry. J Chromatogr
A. 2002; 949: 1–9. PMID: 11999727

54. Omeprazole. LiverTox. Available: http://livertox.nlm.nih.gov/Omeprazole.htm. Accessed 2014 Oct 24.

55. Omeprazole Adverse Events and Side Effects Reported to the FDA (AERS). Available: http://www.
drugcite.com/?q=omeprazole&a=&s=. Accessed 2014 Oct 24.

56. Green DR, Kroemer G. The pathophysiology of mitochondrial cell death. Science. 2004; 305: 626–629.
PMID: 15286356

57. Kadara H, Lacroix L, Lotan D, Lotan R. Induction of endoplasmic reticulum stress by the pro-apoptotic
retinoid N-(4-hydroxyphenyl)retinamide via a reactive oxygen species-dependent mechanism in
human head and neck cancer cells. Cancer Biol Ther. 2007; 6: 705–711. PMID: 17404501

58. Faria G, Cardoso CRB, Larson RE, Silva JS, Rossi MA. Chlorhexidine-induced apoptosis or necrosis in
L929 fibroblasts: A role for endoplasmic reticulum stress. Toxicol Appl Pharmacol. 2009; 234: 256–265.
doi: 10.1016/j.taap.2008.10.012 PMID: 19027770

59. Nicolson TJ, Mellor HR, Roberts RRA. Gender differences in drug toxicity. Trends Pharmacol Sci.
2010; 31: 108–114. doi: 10.1016/j.tips.2009.12.001 PMID: 20117848

60. Flynn TJ, Ferguson MS. An in vitro system for studying potential biological mechanisms of human sex
differences in susceptibility to acute liver injury. Toxicol Lett. 2010; 198: 232–236. doi: 10.1016/j.toxlet.
2010.07.003 PMID: 20621171

61. Lucena MI, Andrade RJ, Kaplowitz N, García-Cortes M, Fernández MC, Romero-Gomez M, et al. Phe-
notypic characterization of idiosyncratic drug-induced liver injury: the influence of age and sex. Hepatol-
ogy. 2009; 49: 2001–2009. doi: 10.1002/hep.22895 PMID: 19475693

62. Franconi F, Brunelleschi S, Steardo L, Cuomo V. Gender differences in drug responses. Pharmacol
Res. 2007; 55: 81–95. PMID: 17129734

63. Martin RM, Biswas PN, Freemantle SN, Pearce GL, Mann RD. Age and sex distribution of suspected
adverse drug reactions to newly marketed drugs in general practice in England: analysis of 48 cohort
studies. Br J Clin Pharmacol. 1998; 46: 505–511. PMID: 9833605

64. Fattinger K, Roos M, Vergères P, Holenstein C, Kind B, Masche U, et al. Epidemiology of drug expo-
sure and adverse drug reactions in two swiss departments of internal medicine. Br J Clin Pharmacol.
2000; 49: 158–167. PMID: 10671911

65. Wald C, Wu C. Biomedical research. Of mice and women: the bias in animal models. Science. 2010;
327: 1571–1572. doi: 10.1126/science.327.5973.1571 PMID: 20339045

66. Oliveira PJ, Carvalho RA, Portincasa P, Bonfrate L, Sardao VA. Fatty Acid Oxidation and Cardiovascu-
lar Risk during Menopause: A Mitochondrial Connection? J Lipids. 2012; 2012: 1–12.

Sex Differences in Liver Toxicity?

PLOS ONE | DOI:10.1371/journal.pone.0122786 April 7, 2015 21 / 23

http://www.ncbi.nlm.nih.gov/pubmed/15066135
http://www.ncbi.nlm.nih.gov/pubmed/12927346
http://livertox.nlm.nih.gov/Acetaminophen.htm
http://www.drugcite.com/?q=acetaminophen&amp;a=&amp;s=#showRxProfile
http://www.drugcite.com/?q=acetaminophen&amp;a=&amp;s=#showRxProfile
http://livertox.nlm.nih.gov/Chlorpromazine.htm
http://www.ncbi.nlm.nih.gov/pubmed/16979167
http://www.drugcite.com/?q=acetaminophen&amp;a=&amp;s=#showRxProfile
http://www.drugcite.com/?q=acetaminophen&amp;a=&amp;s=#showRxProfile
http://livertox.nlm.nih.gov/Verapamil.htm
http://www.ncbi.nlm.nih.gov/pubmed/10773005
http://www.drugcite.com/?q=verapamil&amp;a=&amp;s=
http://www.drugcite.com/?q=verapamil&amp;a=&amp;s=
http://www.ncbi.nlm.nih.gov/pubmed/11999727
http://livertox.nlm.nih.gov/Omeprazole.htm
http://www.drugcite.com/?q=omeprazole&amp;a=&amp;s=
http://www.drugcite.com/?q=omeprazole&amp;a=&amp;s=
http://www.ncbi.nlm.nih.gov/pubmed/15286356
http://www.ncbi.nlm.nih.gov/pubmed/17404501
http://dx.doi.org/10.1016/j.taap.2008.10.012
http://www.ncbi.nlm.nih.gov/pubmed/19027770
http://dx.doi.org/10.1016/j.tips.2009.12.001
http://www.ncbi.nlm.nih.gov/pubmed/20117848
http://dx.doi.org/10.1016/j.toxlet.2010.07.003
http://dx.doi.org/10.1016/j.toxlet.2010.07.003
http://www.ncbi.nlm.nih.gov/pubmed/20621171
http://dx.doi.org/10.1002/hep.22895
http://www.ncbi.nlm.nih.gov/pubmed/19475693
http://www.ncbi.nlm.nih.gov/pubmed/17129734
http://www.ncbi.nlm.nih.gov/pubmed/9833605
http://www.ncbi.nlm.nih.gov/pubmed/10671911
http://dx.doi.org/10.1126/science.327.5973.1571
http://www.ncbi.nlm.nih.gov/pubmed/20339045


67. Henderson VW, Brinton RD. Menopause and mitochondria: windows into estrogen effects on Alzhei-
mer’s disease risk and therapy. Prog Brain Res. 2010; 182: 77–96. doi: 10.1016/S0079-6123(10)
82003-5 PMID: 20541661

68. Justo R, Boada J, Frontera M, Oliver J, Bermúdez J, Gianotti M. Gender dimorphism in rat liver mito-
chondrial oxidative metabolism and biogenesis. Am J Physiol Cell Physiol. 2005; 289: C372–378.
PMID: 15800054

69. Lash LH, Qian W, Putt DA, Hueni SE, Elfarra AA, Krause RJ, et al. Renal and hepatic toxicity of trichlo-
roethylene and its glutathione-derived metabolites in rats and mice: sex-, species-, and tissue-depen-
dent differences. J Pharmacol Exp Ther. 2001; 297: 155–164. PMID: 11259540

70. Borrás C, Sastre J, García-Sala D, Lloret A, Pallardó FV, Vina J. Mitochondria from females exhibit
higher antioxidant gene expression and lower oxidative damage than males. Free Radic Biol Med.
2003; 34: 546–552. PMID: 12614843

71. Sanz A, Hiona A, Kujoth GC, Seo AY, Hofer T, Kouwenhoven E, et al. Evaluation of sex differences on
mitochondrial bioenergetics and apoptosis in mice. Exp Gerontol. 2007; 42: 173–182. PMID: 17118599

72. Hodeify R, Megyesi J, Tarcsafalvi A, Mustafa HI, Hti Lar Seng NS, Price PM. Gender differences control
the susceptibility to ER stress-induced acute kidney injury. Am J Physiol Renal Physiol. 2013; 304:
F875–882. doi: 10.1152/ajprenal.00590.2012 PMID: 23364800

73. Sari FR, Watanabe K, Widyantoro B, Thandavarayan RA, Harima M, KodamaM, et al. Sex differences
play a role in cardiac endoplasmic reticulum stress (ERS) and ERS-initiated apoptosis induced by pres-
sure overload and thapsigargin. Cardiovasc Pathol. 2011; 20: 281–290. doi: 10.1016/j.carpath.2010.
07.006 PMID: 20850991

74. Travers KJ, Patil CK, Wodicka L, Lockhart DJ, Weissman JS, Walter P. Functional and genomic analy-
ses reveal an essential coordination between the unfolded protein response and ER-associated degra-
dation. Cell. 2000; 101: 249–258. PMID: 10847680

75. Schuck S, Prinz WA, Thorn KS, Voss C, Walter P. Membrane expansion alleviates endoplasmic reticu-
lum stress independently of the unfolded protein response. J Cell Biol. 2009; 187: 525–536. doi: 10.
1083/jcb.200907074 PMID: 19948500

76. Xu C, Bailly-Maitre B, Reed JC. Endoplasmic reticulum stress: cell life and death decisions. J Clin In-
vest. 2005; 115: 2656–2664. PMID: 16200199

77. Malhi H, Kaufman RJ. Endoplasmic reticulum stress in liver disease. J Hepatol. 2011; 54: 795–809.
doi: 10.1016/j.jhep.2010.11.005 PMID: 21145844

78. Peyrou M, Cribb AE. Effect of endoplasmic reticulum stress preconditioning on cytotoxicity of clinically
relevant nephrotoxins in renal cell lines. Toxicol In Vitro. 2007; 21: 878–886. PMID: 17416481

79. Manda G, Nechifor MT, Neagu T-M. Reactive Oxygen Species, Cancer and Anti-Cancer Therapies.
Curr Chem Biol. 2009; 3: 22–46.

80. Ristow M, Zarse K. How increased oxidative stress promotes longevity and metabolic health: The con-
cept of mitochondrial hormesis (mitohormesis). Exp Gerontol. 2010; 45: 410–418. doi: 10.1016/j.exger.
2010.03.014 PMID: 20350594

81. Tadic SD, ElmMS, Li H-S, Van Londen GJ, Subbotin VM,Whitcomb DC, et al. Sex differences in hepat-
ic gene expression in a rat model of ethanol-induced liver injury. J Appl Physiol. 2002; 93: 1057–1068.
PMID: 12183503

82. Liu L, Jiang Z, Liu J, Huang X, Wang T, Liu J, et al. Sex differences in subacute toxicity and hepatic mi-
crosomal metabolism of triptolide in rats. Toxicology. 2010; 271: 57–63. doi: 10.1016/j.tox.2010.03.004
PMID: 20223271

83. Dever JT, Elfarra AA. Gender differences in methionine accumulation and metabolism in freshly isolat-
ed mouse hepatocytes: potential roles in toxicity. Toxicol Appl Pharmacol. 2009; 236: 358–365. doi: 10.
1016/j.taap.2009.02.009 PMID: 19236888

84. Aydin S, Atukeren P, Cakatay U, Uzun H, Altuğ T. Gender-dependent oxidative variations in liver of
aged rats. Biogerontology. 2010; 11: 335–346. doi: 10.1007/s10522-009-9257-8 PMID: 19946747

85. Gochfeld M, Vahter M, Casati B, ThiruchelvamM, Falk-Filippson A, Kavlock R, et al. Implications of
gender differences for human health risk assessment and toxicology. Environ Res. 2007; 104: 70–84.
PMID: 17098226

86. Fletcher CV, Acosta EP, Strykowski JM. Gender differences in human pharmacokinetics and pharma-
codynamics. J Adolesc Heal. 1994; 15: 619–629. PMID: 7696281

87. Meibohm B, Beierle I, Derendorf H. How important are gender differences in pharmacokinetics? Clin
Pharmacokinet. 2002; 41: 329–342. PMID: 12036391

88. Yang L, Li Y, Hong H, Chang CW, Guo LW, Lyn-Cook B, et al. Sex Differences in the expression of
drug-metabolizing and transporter genes in human liver. J Drug Metab Toxicol. 2012; 3:119.

Sex Differences in Liver Toxicity?

PLOS ONE | DOI:10.1371/journal.pone.0122786 April 7, 2015 22 / 23

http://dx.doi.org/10.1016/S0079-6123(10)82003-5
http://dx.doi.org/10.1016/S0079-6123(10)82003-5
http://www.ncbi.nlm.nih.gov/pubmed/20541661
http://www.ncbi.nlm.nih.gov/pubmed/15800054
http://www.ncbi.nlm.nih.gov/pubmed/11259540
http://www.ncbi.nlm.nih.gov/pubmed/12614843
http://www.ncbi.nlm.nih.gov/pubmed/17118599
http://dx.doi.org/10.1152/ajprenal.00590.2012
http://www.ncbi.nlm.nih.gov/pubmed/23364800
http://dx.doi.org/10.1016/j.carpath.2010.07.006
http://dx.doi.org/10.1016/j.carpath.2010.07.006
http://www.ncbi.nlm.nih.gov/pubmed/20850991
http://www.ncbi.nlm.nih.gov/pubmed/10847680
http://dx.doi.org/10.1083/jcb.200907074
http://dx.doi.org/10.1083/jcb.200907074
http://www.ncbi.nlm.nih.gov/pubmed/19948500
http://www.ncbi.nlm.nih.gov/pubmed/16200199
http://dx.doi.org/10.1016/j.jhep.2010.11.005
http://www.ncbi.nlm.nih.gov/pubmed/21145844
http://www.ncbi.nlm.nih.gov/pubmed/17416481
http://dx.doi.org/10.1016/j.exger.2010.03.014
http://dx.doi.org/10.1016/j.exger.2010.03.014
http://www.ncbi.nlm.nih.gov/pubmed/20350594
http://www.ncbi.nlm.nih.gov/pubmed/12183503
http://dx.doi.org/10.1016/j.tox.2010.03.004
http://www.ncbi.nlm.nih.gov/pubmed/20223271
http://dx.doi.org/10.1016/j.taap.2009.02.009
http://dx.doi.org/10.1016/j.taap.2009.02.009
http://www.ncbi.nlm.nih.gov/pubmed/19236888
http://dx.doi.org/10.1007/s10522-009-9257-8
http://www.ncbi.nlm.nih.gov/pubmed/19946747
http://www.ncbi.nlm.nih.gov/pubmed/17098226
http://www.ncbi.nlm.nih.gov/pubmed/7696281
http://www.ncbi.nlm.nih.gov/pubmed/12036391


89. DeMirecki-Garrido M, Guerra B, Mateos-Díaz C, Jiménez-Monzón R, Díaz-Chico N, Díaz-Chico JC,
et al. The influence of estrogens on the biological and therapeutic actions of growth hormone in the
liver. Pharmaceuticals. 2012; 5: 758–778. doi: 10.3390/ph5070758 PMID: 24281711

Sex Differences in Liver Toxicity?

PLOS ONE | DOI:10.1371/journal.pone.0122786 April 7, 2015 23 / 23

http://dx.doi.org/10.3390/ph5070758
http://www.ncbi.nlm.nih.gov/pubmed/24281711


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


