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Counter-intuitively,  over-the-counter  medication  is  commonly  taken  by  pregnant  women.
In  this  context,  acetaminophen  (APAP,  e.g.  Paracetamol,  Tylenol)  is  generally  recommended
by physicians  to treat  fever  and  pain  during  pregnancy.  Thus,  APAP  ranks  at the  top of  the  list
of  medications  taken  prenatally.  Insights  on  an  increased  risk  for  pregnancy  complications
such  as  miscarriage,  stillbirth,  preterm  birth or fetal malformations  upon  APAP  exposure  are
rather  ambiguous.  However,  emerging  evidence  arising  from  human  trials  clearly  reveals
a  significant  correlation  between  APAP  use  during  pregnancy  and  an  increased  risk  for  the
development  of asthma  in  children  later  in  life.  Pathways  through  which  APAP  increases
this  risk  are  still  elusive.  APAP  can  be  liver  toxic  and  since  APAP  appears  to  freely  cross  the
placenta,  therapeutic  and  certainly  toxic  doses  could  not  only  affect  maternal,  but  also  fetal
hepatocytes.  It is noteworthy  that during  fetal  development,  the  liver  transiently  functions
as the  main  hematopoietic  organ.  We  here  review  the  effect  of APAP  on  metabolic  and
immunological  parameters  in  pregnant  women  and  on  fetal  development  and  immune
ontogeny  in  order  to  delineate  novel,  putative  and  to  date  underrated  pathways  through

which APAP  use  during  pregnancy  can  impair  maternal,  fetal and  long  term  children’s
health.  We  conclude  that  future  studies  are  urgently  needed  to  reconsider  the  safety  and
dosage of  APAP  during  pregnancy  and  – based  on  the  advances  made  in  the  field  of  repro-
duction  as well  as APAP  metabolism  –  we  propose  pathways,  which  should  be  addressed
in future  research  and  clinical  endeavors.
. Introduction

The most commonly used over-the-counter (OTC)
ain medication is acetaminophen (APAP; e.g. Tylenol,

aracetamol), along with aspirin and non-steroidal anti-
nflammatory drugs (NSAIDs). Surprisingly, these OTC

edications are also commonly taken by pregnant women
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(Black and Hill, 2003). Especially APAP ranks at the top
of medication taken by pregnant women, although num-
bers vary between studies from 20% to 75% (Werler et al.,
2005; Table 1). These variations may  be explained by study
sizes and participant clientele, but large studies (n > 10.000)
support that the frequency of pregnant women taking
APAP at least once during pregnancy is as high as 20–30%.
Clearly, this high frequency of APAP use during pregnancy
is explained by the fact that APAP is a highly effective anti-
pyretic and analgetic drug. Further, the use of APAP is often

recommended by doctors during all stages of pregnancy
in order to treat pain or fever. Therefore, APAP is gen-
erally perceived as a ‘safe’ medication during pregnancy.
Also, until 2008, the Food and Drug Administration (FDA)
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Table 1
Overview of published evidence on prenatal APAP challenge in various species.

Dosage Gestational age of
APAP challenge

Readout parameters/observationa Reference

Mg  (application route) Categoryb Maternal health Fetal outcome/offspring health

Mouse
130, 615 and

1210 mg/kg/day
(dietary)

Therapeutic
and toxic

Throughout gestation • Reduced survival • Low litter size Wright (1967)

100–400 mg/kg
(intraperitoneal)

Therapeutic
and toxic

Late gestation Observed for 300 and
400 mg/kg:
•  Increased hepatotoxicity
• Increased serum GPT
• Higher incidence of liver
necrosis
•  Increased mortality

ND Larrey et al. (1986)

357,  715 and
1430 mg/kg/day
(dietary)

Toxic Throughout gestation ND • Low litter size at 1430 mg
• Unaltered fetal weight
• No morphological changes
• Retarded postnatal growth
•  Increased percentage of abnormal sperm in
male offspring at 1430 mg

Reel et al. (1992)

800  and 1430 mg/kg
(intragastrically)

Toxic Pre-implantation • Decreased liver GSH
•  Unaltered ovarian GSH
• Increased mortality
(1430 mg/kg)

• Unaltered fetal GSH
• Increased fetal weight at 1430 mg

Laub et al. (2000)

Rat
125  and 250 mg/kg/day

(gavage)
Therapeutic
and subtoxic

Mid and late gestation ND Observed for 125 mg/kg:
• Reduced fetal length
• Increased fetal loss
• Unaltered fetal weight

Lubawy and Garrett (1977)

10,  100 and
1000 mg/kg (orally)

Therapeutic
and toxic

Late gestation ND • Decreased DA/PA ratio:
• 25% at 100 mg;  80% at 1000 mg

Momma  and Takeuchi
(1983)

14  mg/kg (orally) Therapeutic Late gestation ND • Decreased ductal diameter of the heart
• Increased right ventricular volume of the
heart

Momma  and Takao (1990)

3.5,  35 and
350 mg/kg/day
(orally by stomach
tube)

Therapeutic
and subtoxic

Mid gestation ND • Reduced fetal length at 350 mg
•  Morphological liver changes occasionally in
all groups

Burdan et al. (2001)

150,  250 and
350 mg/kg/day (by
gavage)

Therapeutic
and subtoxic

Late gestation (GD
13–21)

ND • Reduced AGD in male fetuses
• Reduced testosterone production in ex vivo
fetal rat testes (1 �M APAP)

Kristensen et al. (2011)

Human
Not  reported Therapeutic 1. trimester

(n  = 13/1.369)d,
(n = 226/50.282)d,
(n  = 493/6.837)d,
(n = 697/6.509)d and
(n = 7.499/16.110)d

ND • Unaltered odds ratio for congenital
abnormalities

Nelson and Forfar (1971),
Heinonen et al. (1977), Jick
(1981), Aselton et al.
(1985), and Feldkamp et al.
(2010)
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Not reported Therapeutic 1. trimester
(n = 58/7.530)d

All trimesterc

(n = 123/13.452)d

ND • Unaltered odds ratio for congenital
abnormalities

Thulstrup et al. (1999)

Not  reported Therapeutic 1./2. trimester – until 5.
month (n = 173/421)d

ND • Unaltered odds ratio for IQ and attentional
deficits in children

Streissguth et al. (1987)

Not  reported Therapeutic 1. trimester
(n = 23/2.684)d

ND • Increased odds ratio for neural tube defects Lynberg et al. (1994)

Not  reported Therapeutic 1. trimester
(n = 285/1077)d

ND • Unaltered odds ratio for neural tube defects Shaw et al. (1998)

Not  reported Therapeutic 1. trimester
(n = 1.126/2.218)d,
(n  = 506/1.004)d

ND • Increased odds ratio for gastroschisis Werler et al. (1992, 2002)

Not  reported Therapeutic 1. trimester
(n = 84/330)d

ND • Unaltered odds ratio for gastroschisis Torfs et al. (1996)

Not  reported Therapeutic 1. trimester
(n = 283/1.036)d

(n = 463/860)d

ND • Unaltered odds ratio for cardiac
malformations

Zierler and Rothman
(1985) and Cleves et al.
(2004)

Not  reported Therapeutic 1. trimester
(n = 177/689)d

2. trimester
(n = 219/689)d

3. trimester
(n = 173/689)d

Unaltered odds ratio for
stillbirth

ND Pastore et al. (1999)

Not  reported Therapeutic 20–32 weeks
(n = 4266/9.400)d and
(n = 3.824/8.511)d

ND • Increased odds ratio for asthma and
wheezing in children at the age of 30–42
months

Shaheen and Yamaura
(2002) and Shaheen et al.
(2005)

Not  reported Therapeutic All trimestersc

(n = 311/4.116)d
ND • Increased odds ratio for multiple-trigger

wheeze and ICS-treated wheeze at the age of
4.5 years

Goksor et al. (2011)

Not  reported Therapeutic 1. trimester
(n = 26.945/90.459)d

2. trimester
(n = 20.290/90.459)d

3. trimester
(n = 25.701/90.459)d

ND • Increased odds ratio for asthma and
wheezing in children at the age of 18 month
and 7 years

Rebordosa et al. (2008a)

Not  reported Therapeutic All trimesterc

(n = 913/1.719)d
ND • Increased odds ratio for wheezing in

preschool children
Garcia-Marcos et al. (2009)

Not  reported Therapeutic All trimesterc

(n = 103/301)d
ND • Increased odds ratio for asthma and

wheezing in children at the age of 5
Perzanowski et al. (2010)

Not  reported Therapeutic 1. and 3. trimester
(n = 1.032/1.505)d

ND • Unaltered odds ratio for asthma and
wheezing in children

Kang et al. (2009)

Not  reported Therapeutic 1. trimester
(n = 52/3.221)d

ND • Unaltered odds ratio for renal malformations Abe et al. (2003)

Not  reported Therapeutic 1. trimester
(n = 7.007/12.311)d

ND • Increased odds ratio for amniotic band
syndrome

Werler et al. (2003)

Not  reported Therapeutic All trimesterc

(n = 172/934)d
Unaltered odds ratio for
miscarriage

ND Li et al. (2003)

Not  reported Therapeutic All trimesterc

(n = 173/38.151)d
Reduced risk of preterm birth ND Czeizel et al. (2005)

Not  reported Therapeutic 3. trimester
(n = 28.484/98.140)d

Increased risk of preterm birth
in preeclampsia

ND Rebordosa et al. (2009)
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Table 1 (Continued)

Dosage Gestational age of
APAP challenge

Readout parameters/observationa Reference

Mg  (application route) Categoryb Maternal health Fetal outcome/offspring health

Not reported Therapeutic 1. trimester
(n  = 28.484/98.140)d

2. trimester
(n  = 20.501/98.140)d

3. trimester
(n  = 25.792/98.140)d

Unaltered odds ratio for
miscarriage, preterm birth and
stillbirth

• Unaltered odds ratio for low birth weight and
SGA

Rebordosa et al. (2008b)

Not  reported Therapeutic 1. trimester
(n  = 56/398)
2. trimester
(n  = 95/398)

ND • Increased odds ratio for congenital
cryptorchidism especially in the 2. trimester

Kristensen et al. (2011)

Overdose Toxic All trimester (n = 60)e Spontaneous miscarriages
(n = 8)
Stillbirth (n = 1)
Elective pregnancy
terminations (n = 9)

• Live born children without visible
malformation (n = 41)
• Live bon children with malformations (n = 1)

Riggs et al. (1989)

Overdose Toxic All trimester (n = 300)e Spontaneous miscarriages
(n = 16)
Stillbirth (n = 2)
Elective pregnancy
terminations (n = 54)

• Live born children (n = 219) without visible
malformation
• Live bon children with malformations (n = 11)

McElhatton et al. (1997)

Assumed: 1200 mg
plus 240 mg  codeine
per day

Therapeutic,
chronic abuse

Throughout gestation
acute event:
3.  trimester (n = 1)e

Abnormal liver function:
increased AST, ALT, LDH and
bilirubin
Slightly prolonged coagulation
times (PT and PTT increased)

• CT scan: infratentorial hemorrhage
• Increased serum ALT
• Elevated bleeding times (PT and PTT
increased)

Kurzel (1990)

8–9  g per day for 10–14
days

Toxic 2. trimester (n = 1)e Fulminant hepatic failure
resulting in liver
transplantation

• Intra-uterine fetal demise 2 weeks after liver
transplantation
•  MRI  of the fetal corpus: extensive
peri-cerebral and intraventricular hemorrhage
with periventricular leukomalacia

Thornton and Minns (2012)

The following abbreviations were used: ND, not determined; GPT, glutamic-pyruvic transaminase; GSH, glutathione; DA/PA, ductus arteriosus/pulmonary artery; AGD, anogenital distance; ICS, inhaled cortico-
steroid;  SGA, small for gestational age; AST, aspartate aminotransferase; ALT, alanine aminotransferase; LDH, lactate dehydrogenase; PT, prothrombin time; and PTT, partial thromboplastin time.

a Observations were made for all doses used, if not specified otherwise.
b The category ‘therapeutic dosage’ was  defined as <100 mg/kg in mice, 250 mg/kg in rats and <60 mg/kg in humans; ‘toxic dosage’ was defined as >200 mg/kg in mice, 400 mg/kg in rats and >150 mg/kg in

humans.
c No differentiation was  made by the authors respective trimester.
d Number of parentheses show: (number of study participants using APAP/total number of participants in respective cohort).
e Number of parentheses show: (total number of participants in respective cohort).
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n the United States had assigned APAP to ‘Pregnancy Cat-
gory B’ during all three trimesters (Black and Hill, 2003;
ww.fda.gov/Drugs), which supports the notion that APAP

an be considered as risk-free for mother and fetus. In con-
rast, i.e. aspirin was classified as ‘Pregnancy Category D’,
ased on observations of an increased risk, for e.g. neonatal

ntracranial hemorrhage (Rumack et al., 1981), increased
erinatal mortality, decreased birth weight and prolonged
estation and labor (Black and Hill, 2003). Interestingly, in
008, the FDA has begun to reconsider the classification
ategories related to the use of medication during preg-
ancy to inform more accurately and consistently about
isk and benefit. However, updated information on, e.g. the
ecommendations for the use of APAP during pregnancy
re rather difficult to obtain, neither medication leaflets,
or the FDA website currently provide clear statements.

Whilst an increased risk for adverse pregnancy out-
ome upon therapeutic use of APAP is not supported by

 number of clinical trials, these findings are ambiguous
nd some trials do unveil a link between pregnancy-
elated complications such as miscarriage, preterm birth,
ow birth weight, and fetal malformations (cf. Table 1).
owever, potential mechanisms through which the risk

or such pregnancy complications is communicated are still
nknown.

APAP can freely cross the placenta (Byer et al., 1982;
eigand et al., 1984). Hence, it is not only the pregnant
oman, but also the growing fetus that needs to be con-

idered when discussing possible side effects and dosages
imitations of APAP during pregnancy. The frequent and
xtensive use of APAP during pregnancy urgently requires

 timely re-evaluation, with a special focus of potential
ffects of APAP on the maternal immune and endocrine
daptation to pregnancy as well as an impact of APAP
n fetal development. This necessity to re-evaluate the
se of APAP during pregnancy and its potential impact on
etal immune ontogeny and organ development is strongly
upported by recent observations arising from epidemio-
ogical studies, revealing, e.g. an increased risk for asthma
evelopment in children born to mothers who took APAP
uring pregnancy (Eyers et al., 2011; Shaheen et al., 2002,
005; Garcia-Marcos et al., 2009, cf. Table 1). Until now the
echanism of this APAP dependent increased risk toward

sthma development in the offspring is unknown. It has
een speculated that APAP depletes the anti-oxidant glu-
athione (GSH) in the alveolar fluid where it seems to be
ncreased in asthma patients (Farquhar et al., 2010). How-
ver, extracellular GSH is unstable and not directly taken
p by neighboring cells as an anti-oxidant (Hahn et al.,
978) in order to prevent, e.g. inflammation. Moreover,
PAP is not primarily metabolized in the lung and, even
ore important, only high toxic but not therapeutic doses

f APAP deplete GSH in liver parenchymal cells (see below).
n addition, a shift toward a Th2 cytokine response as it
as been shown to be mediated by antigen-presenting cells
xpressing low levels of GSH, was supposed as mechanism
or asthma sensitization by APAP (Farquhar et al., 2010).

owever, again it seems unlikely that APAP is metabo-

ized toward its GSH-depleting metabolite (see below) in
ntigen-presenting cells. Therefore it is an inevitable goal
o elucidate the cellular and molecular mechanisms of
mmunology 97 (2013) 128– 139

APAP sensitization toward asthma in order to be able to
lower the risk of asthma development and probably other
immune disorders of children whose mothers took APAP
during pregnancy.

2. Drug transport across the placenta and its impact
on fetal development

During pregnancy the fetus is provided with nutri-
ents, hormones, and oxygen by the mother to ensure fetal
growth and development. Here, the placenta represents
the interface between mother and fetus and is responsi-
ble for the regulation of substance transfers (Fowden et al.,
2008; Lewis et al., 2012; Moffett and Loke, 2006). Hence,
besides controlling the transfer of nutrients and oxygen,
the placenta also acts as a barrier to protect the fetus
from challenges. In the placenta, the syncytiotrophoblast
and fetal capillary endothelium express a number of drug
transporters, which control fetal exposure to drug sub-
strates including APAP (Iqbal et al., 2012). Research aiming
to understand the role of placental drug transporters in
controlling drug exposure of the fetus in general is largely
underrepresented in coordinated research endeavors, but
urgently required. One rationale for this urgency is that
the average childbearing age of women in Western Soci-
eties steadily increases and an increased maternal age
is more often associated with chronic diseases that may
require treatment. Here, medication or other toxic agents
such as caffeine may  potentiate side effects if taken in
combination with APAP (Lum and Wells, 1986; Burdan,
2004). Further, pregnancies arising from in vitro fertil-
ization currently experience an unprecedented rise and
require hormonal supplementation especially during early
pregnancy. Thirdly, some drug may  be taken during preg-
nancy, i.e. APAP.

Studies in mice aiming to identify the effect of APAP
on drug transporter gene expression revealed a differen-
tial modulation, resulting, e.g. in a reduced expression of
organic anion-transporting polypeptides and an increased
expression of multidrug resistance-associated proteins
(MRPs) as well as multidrug resistance proteins (Aleksunes
et al., 2007). Drug transporters are also found in human pla-
centa, including MRPs (Vahakangas and Myllynen, 2009).
Using trophoblast cell lines, MRPs have been suggested to
contribute to the elimination of APAP sulfate across the
placenta (Mitra and Audus, 2010). However, the placen-
tal barrier still appears to be leaky for APAP, since APAP
and its metabolites could be detected in infant’s urine after
the mother had taken APAP a few hours before delivery
(Levy et al., 1975). This observation emphasizes the need
to look at fetal hepatotoxic and teratogenic effect of APAP
use during pregnancy.

Over the past decades, experimental rodent models
aiming at unveiling the effect of APAP on oocyte, embryonic
and fetal development are surprisingly sparse (Table 1).
With regard to human pregnancies, a number of stud-
ies were carried out, with a great variety of read out

parameters addressed in mother and (unborn) child
(Table 1). As some of these findings are conflicting, an in
depth evaluation of the risk for mother and child needs to
be re-assessed, best by harmonising study designs and read

http://www.fda.gov/Drugs
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out parameter. Generally, crude read out parameters were
chosen in these studies, e.g. maternal liver enzyme activity
or the incidence of pregnancy complications or fetal mal-
formations. Surprisingly, none of the studies focused on the
effect of APAP on the maternal and/or fetal immune system.
Noteworthy, the fetal liver is likely the key target of pre-
natal APAP exposure, as APAP is known to be hepatotoxic
and the fetal liver is the origin of hematopoietic stem cells
(HSC) in humans as well as mice during fetal development,
until the bone marrow takes over to provide HSC around
birth (Solano et al., 2011). An APAP impairment of the HSC
pool may  affect immune development in other fetal organs
to which HSC seed, e.g. the thymus.

3. Acetaminophen: toxicity, pharmacology and its
impact on the maternal liver

APAP toxicity is the most common cause of acute liver
failure in the US and Europe. Liver toxicity may  be due to not
only intentional suicides but also to unintended overdosing
(Lee, 2010). As approximately half of the cases are unin-
tentional or involve chronic ingestion (Kaplowitz, 2005),
the FDA recently considered reducing the maximum sin-
gle and daily dose (Lee, 2010). Moreover, one third of the
individuals seem to have increased susceptibility to APAP-
induced liver injury which has recently been suggested to
be encoded by a single-nucleotide polymorphism in the
cd44 gene in both, animals and humans (Harrill et al., 2009).

At low doses, APAP is deactivated by glucuronylation
and sulfatation into phase II metabolites that are excreted
in the kidneys (Fig. 1 summarizes the metabolism and liver
toxicitiy of APAP). A proportion of the drug undergoes
metabolic activation to the toxic metabolite N-acetyl-p-
benzoquinone imine (NAPQI) by CYP2E1, CYP1A2, and
CYP3A4 finally inactivated by hepatic glutathione (GSH)
and excreted as mercapturic acid conjugate in the kid-
ney. When APAP doses exceed the threshold to toxicity,
NAPQI formation depletes hepatic GSH (reviewed in Park
et al., 2005; Jaeschke et al., 2012). Therefore, early admin-
istration of N-acetylcysteine (NAC) serves as a rescue for
APAP hepatotoxicity as it represents a precursor amino
acid for GSH biosynthesis (Prescott et al., 1977). NAC
also crosses the placenta, since it was detectable in the
cord blood of three viable infants delivered from pregnant
women with APAP toxicity (Wilkes et al., 2005; Horowitz
et al., 1997). Therefore, NAC might also be hepatoprotective
to the fetus due to binding of toxic metabolites. How-
ever, when the capacity of GSH for NAPQI elimination is
exceeded, it reacts with protein sulfhydryl groups which
leads to the formation of protein adducts (Fig. 1), result-
ing in a loss of activity of several liver enzymes (Park et al.,
2005). Although GSH depletion has been shown to be the
obligatory step for covalent binding and toxicity (Jollow
et al., 1973), additional hepatotoxic mechanisms have been
reported. These include mitochondrial oxidative stress and
peroxynitrite formation, inhibition of mitochondrial respi-
ration, JNK activation, mitochondrial translocation of Bax,

release of cytochrome c, formation of the mitochondrial
permeability transition pore, and DNA fragmentation (Liu
and Kaplowitz, 2006; Jaeschke et al., 2012). Although the
latter mechanisms point to apoptotic cell death induced
mmunology 97 (2013) 128– 139 133

by APAP, caspase-3 was not activated following APAP
overdose, pan-caspase inhibitors failed to prevent APAP-
induced hepatotoxicity in mice (Lawson et al., 1999) and
the histology is rather necrosis than apoptosis (Jaeschke
et al., 2011).

Following initial death, necrotic hepatocytes release
DNA fragments, formyl peptides, high mobility group box-
1 (HMGB1), and heat-shock proteins, that can act as
damage-associated molecular patterns (DAMPs) known
to evoke an inflammatory response by stimulation of
Toll-like receptors (Fig. 1; Ju, 2012). For example, DNA
fragments, in particular mitochondrial DNA, activate TLR9,
which plays a critical role for inflammasome activation
during APAP hepatotoxicity (Imaeda et al., 2009). More-
over, low levels of endogenous LPS present in the hepatic
circulation have been implicated in APAP hepatotoxic-
ity as APAP-induced liver injury was  attenuated in mice
lacking LPS-binding protein (LBP) or treated with a LBP
inhibitory peptide (Su et al., 2005, 2010). However, the
role of this down-stream activation of the innate immune
response in the liver during APAP toxicity is controversially
discussed with respect to the induction of collateral tis-
sue damage versus repair mechanisms (Kaplowitz, 2005;
Liu and Kaplowitz, 2006; Jaeschke et al., 2012). Both,
DAMPs and LPS activate the Kupffer cells, which may
have dual functions by releasing both pro- as well as
anti-inflammatory cytokines and chemokines at different
stages during inflammation and resolution of inflamma-
tion. For example, in the model of concanavalin A-induced
liver injury which is initiated by T cell activation, deple-
tion of Kupffer cells results in protection from acute
liver damage by preventing the release of the cytotoxic
mediator TNF� (Schümann et al., 2000). However, Kupf-
fer cells significantly contribute to the production of the
immune-regulatory cytokine IL-10, which mediates toler-
ance induction in response to liver inflammation in this
model (Erhardt et al., 2007). Therefore, Kupffer cells are
well known key players to counter-regulate inflammatory
processes by initiating anti-inflammatory and immuno-
regulatory mechanisms including IL-6 and IL-10 release
(Fig. 1). The most reliable experiment regarding the role
of Kupffer cells during APAP hepatotoxicity was carried
out using depletion of these cells by clodronate liposomes,
which resulted in the aggravation of liver damage (Ju et al.,
2002). Hence it seems likely that again IL-10 regulated the
initial inflammatory response whereas IL-6 produced by
Kupffer cells mediated liver regeneration.

There is evidence in the literature that NK cells and NKT
cells produce IFN� upon APAP injection, which mediates
inflammation and liver damage. This was evidenced by cell
depletion experiments and the use of IFN�−/− and NKT
cell-deficient CD1d−/− mice (Liu et al., 2004; Ishida et al.,
2002). IFN� induces the expression of several chemokines,
which might induce the recruitment of other leukocytes
into the liver (Fig. 1). The high plasticity of these cells might
again result in a conversion of pro-inflammatory cells to
immune regulatory cells in the immune-privileged milieu

of the liver (Erhardt et al., 2011; Tiegs and Lohse, 2010;
Crispe, 2003). Accordingly, the chemokine receptors CCR2,
CXCR2 and CXCR3 seem to play a hepatoprotective role in
APAP-induced liver injury (Bone-Larson et al., 2000, 2001).
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Fig. 1. A schematic overview depicting metabolism and liver toxicity of acetaminophen accompanied by the activation of the immune response [steps
(1)–(4)] upon primary liver injury. (APAP, acetaminophen; NAPQI, N-acetyl-p-benzoquinone imine; GSH, glutathione; DAMPs, damage-associated molecular
patterns; PAMPs, pathogen-associated molecular patterns; HMGB1, high mobility group box-1; LPS, lipopolysaccaride; KC, Kupffer cell; NK, natural killer
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L-6,  interleukin-6; IL-10, interleukin-10; and IFN�, interferon-gamma.)

owever, it seems that NK and NKT cells are responsible for
he accumulation of neutrophils in livers of APAP-treated

ice (Liu et al., 2004; Ishida et al., 2002). Indeed, the role of
eutrophils for liver damage in APAP-induced liver injury
as been demonstrated by several groups (Ishida et al.,
002; Liu et al., 2004; Marques et al., 2012).

Although APAP is widely used in pregnant women,
nly very few reports analyzed its effects on metabolism,
epatotoxicity, and maternal health during pregnancy in
xperimental rodent models (Table 1: mouse and rat;
right, 1967; Larrey et al., 1986; Laub et al., 2000).

or example in experiments performed in rats (Table 1),
he effect of APAP on the maternal system was  largely
eglected. In an experimental mouse model and in cultured
wo-cell stage embryos, Laub et al. (2000) demonstrated
ecreased GSH levels in the maternal liver, but not in
varies and embryos upon challenge with hepatotoxic
oses of APAP. Larrey et al. showed that hepatotoxic-

ty of 300–400 mg/kg APAP administered intraperitoneally
as aggravated in pregnant mice measured by increased

erum transaminase activities as well as higher incidence
f liver necrosis and mortality. Moreover, liver GSH deple-
ion was accelerated and more prominent in pregnant mice
Larrey et al., 1986). This could be explained by the high
oncentrations of estradiol during pregnancy, which acti-

ate the constitutive androstane receptor (CAR; Koh et al.,
012), which is critically involved in APAP metabolism
Zhang et al., 2002) and enhances promoter activity of
YP450 isoenzymes. However, insights on mitochondrial
; NO, nitric oxide; TNF�, tumor necrosis factor-alpha; IL-1, interleukin-1;

dysfunction, release of DAMPs and the subsequent acti-
vation of the innate immune system during APAP use in
pregnancy are largely elusive.

4. Impact of acetaminophen on the
pregnancy-adapted immune system

Although – or possible due to the fact that – APAP
is on the market for approximately 50 years, its mecha-
nisms of action are still not well understood. In the early
70s, it was demonstrated that APAP is far more effective
against cyclooxygenase-1 (COX-1) enzyme in brain com-
pared to spleen (Flower and Vane, 1972), suggesting a
rather central than a peripheral effect of APAP. Several
years later, cyclooxygenase-2 was discovered; however,
it did not solve the APAP mystery with respect to its
poor anti-inflammatory capacities. Unlike the selective
COX-2 inhibitors, APAP is not successful in patients with
rheumatoid arthritis (Graham and Scott, 2005). In 2002,
another COX splice isoform was identified and named
cyclooxygenase-3 (COX-3; Chandrasekharan et al., 2002).
However, in rodents and humans, COX-3 seems to play a
minor role with respect to prostaglandin-mediated fever
and pain and therefore is unlikely to be clinically relevant
(Kis et al., 2005). Cyclooxygenase enzymes catalyze the

first step of metabolizing arachidonic acid to prostaglandin
H2 (PGH2). In contrast to non-steroidal anti-inflammatory
drugs (NSAIDs) and selective COX-2 inhibitors, APAP seems
to act on the peroxidase reaction. However, high levels of
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peroxides present in inflamed tissue might diminish the
effect on prostaglandin synthesis mediated by APAP (Hinz
and Brune, 2012). Therefore, the suggestion that APAP
has no peripheral anti-inflammatory capacities has pre-
vailed over the last years. Although the analgesic effect of
APAP might be central and is due to activation of descend-
ing serotonergic pathways (Anderson, 2008; Graham and
Scott, 2005), several publications hypothesized that APAP
also exerts inhibitory effects on peripheral COX enzymes.
Indeed, it was demonstrated that APAP selectively sup-
presses the peripheral prostaglandin E2 (PGE2) release and
increases the COX-2 gene expression in a clinical model of
acute inflammation (Lee et al., 2007). Interestingly, COX-2-
deficient mice are highly susceptible to APAP-induced liver
injury, since the prostaglandin responsiveness is altered in
these mice (Reilly et al., 2001). These results suggest that
COX-derived mediators such as prostaglandins might also
exert hepatoprotective effects (Quiroga and Prieto, 1993).
Indeed, this urgently requires an in depth re-evaluation of
the cyclooxygenase-dependent effects of APAP, especially
during pregnancy due to the immunosuppressive status in
this outstanding phase.

Pregnancy is associated with a protective immune
milieu (see below), which is established by progesterone
(reviewed in Pincus and Arck, 2012). Although APAP does
not induce CYP450 isoenzymes, it has been described that
therapeutic doses of APAP lower female sex hormone levels
in humans (Cramer et al., 1998). Moreover, APAP elicited
anti-estrogenic responses in mice including inhibition of
progesterone receptor up-regulation in the uterus and
in the liver (Patel and Rosengren, 2001). Hence, it could
be speculated that APAP impairs pregnancy-associated
immune tolerance by skewing the immune system toward
an increased activation of inflammation and a decrease of
regulatory T cells. This skewed immune response could also
affect the fetus leading to enhanced susceptibility toward
allergic reactions of the offspring (reviewed in Pincus and
Arck, 2012).

During pregnancy, the maternal immune system has to
deal with an immunological challenge: on the one hand,
paternal allo-antigens have to be tolerated by the mater-
nal immune system and rejection of the semi-allogenic
embryonic graft has to be prevented; on the other hand, the
capability to mount an immune response against infectious
and noxious agents has to be maintained during pregnancy
to ensure maternal and hence, fetal survival and protec-
tion. As immune adaptations to pregnancy are covered by
numerous recent reviews, we here wish to focus on mater-
nal adapted mechanisms during pregnancy that could be
affected by APAP.

Studies in non-pregnant mice have shown that APAP
suppresses the humoral and cellular immunity (Ueno et al.,
2000). Interestingly, this phenomenon seems to be inde-
pendent of liver injury in mice (Yamaura et al., 2002).
APAP-induced immuno-suppression is characterized by
decreased antibody production, reduced frequencies of
total thymocytes (especially in the immature CD4+CD8+
thymocyte pool), total splenocytes (especially in the B cell
pool), and hepatic lymph node cells measured 24 h upon
a hepatotoxic APAP injection. Interestingly, cell counts
quickly recovered in the spleen, but not in the thymus,
mmunology 97 (2013) 128– 139 135

even not within 5 days upon APAP challenge (Masson
et al., 2007). Moreover, APAP challenge induces an impaired
proliferation capacity of splenocytes upon mitogenic re-
stimulation (Masson et al., 2007; Yamaura et al., 2002).
Furthermore, it is suggested that APAP-induced hepatocyte
death might trigger the activation of resident macrophages
and lymphocytes, release of inflammatory mediators, and
recruitment of further inflammatory cells including neu-
trophils and mononuclear cells (Jaeschke, 2005; Liu and
Kaplowitz, 2006). Recently, it has also been demonstrated
that liver DCs undergo maturation by up-regulating MHC
II, co-stimulatory molecules, and Toll-like receptors upon
APAP challenge, whereas splenic DCs did not. Moreover,
DC depletion resulted in an aggravated hepatoxicity. The
authors concluded that APAP-primed liver DCs have the
capacity to prevent NK cell activation and induce neu-
trophil apoptosis (Connolly et al., 2011). During normal
pregnancy, DCs have a tolerogenic phenotype induced by
tolerogenic stimuli such as progesterone, Galectin-1, vita-
min  D, and – most interesting for the present problem and
research objective – PGE2. Subsequently, mediators and
cells of fetal immune tolerance are generated, i.e. IL-10 and
Tregs. However, since APAP usage suppresses PGE2 release,
DC maturation might be promoted as shown in the murine
study (Connolly et al., 2011), which possibly results in the
loss of fetal tolerance.

Given the importance of regulatory T cells in preg-
nancy maintenance, it may  be tempting to speculate
that APAP may  alter frequency or function of this piv-
otal cell subset. However, it is still elusive if APAP
directly influences regulatory T cells. To unveil such puta-
tive influence, the synergistic role of TGF-beta and PGE2
in Treg conversion/expansion and suppressive capacity
might be an interesting approach (Baratelli et al., 2005).
Besides an effect on regulatory T cells, APAP challenge
induces hepatocyte cell death followed by the activa-
tion of resident immune cells in the liver including NKT
cells (Jaeschke, 2005; Liu and Kaplowitz, 2006). Interest-
ingly, alpha-galactosylceramide-mediated stimulation of
CD1d-restricted NKT cells induces pregnancy loss in early
gestation by a perforin-dependent mechanism (Boyson
et al., 2006). Hence, APAP-mediated activation of NKT
cells might also have adverse side-effects on pregnancy
outcome. This might be of particular importance for
sensitization of the offspring toward asthma, as NKT
cells not only produce IFN�, which mediates Th1-related
immune responses and, via mast cell activation, air-
way hyper-responsiveness, neutrophilic and eosinophilic
inflammation and airway remodeling in a chronic asthma
model (Yu et al., 2011), but also IL-4, which is indeed critical
for asthma development. However, to our knowledge the
role of NKT cell derived IL-4 has never been investigated so
far in this context.

APAP use during the third trimester increased the
risk of preterm birth in women  who also suffered from
preeclampsia (Rebordosa et al., 2009). In this context, it has
been suggested that the increased risk of preeclampsia and

thromboembolic diseases was triggered by reduced prosta-
cyclin (prostaglandin I2, PGI2) production in endothelial
cells (O’brien et al., 1993; Rebordosa et al., 2009, 2010;
Zelop, 2008).
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Further, reduced prostaglandin synthesis in the human
ndometrium causes poor endometrial receptivity for
mbryonic implantation, since prostaglandin synthesis
eems to be impaired in women with repeated in vitro
ertilization (Achache et al., 2010). Therefore, it can be
ostulated that APAP not only impairs with pregnancy pro-
ression, but also hampers fecundity by suppressing PGE2
elease.

The immune adaptation toward pregnancy mainte-
ance, the impact of acetaminophen on the immune
ystem and a putative influence of APAP on the immuno-
uppressive status during pregnancy are summarized in
ig. 2. In order to elucidate the impact of APAP on the
mmune system during pregnancy, we established an
xperimental mouse model of APAP-induced liver injury in
regnant mice. Interestingly, our pilot data show that even
herapeutic dosages of APAP result in a dysregulation of
he immune system in the liver and uterus-draining lymph
odes of dams (Kessler et al., 2012). Hence, the disruption of

mmune-regulatory processes which affect both, a Th1 bias
s well as an altered Th2/immunosuppressive response,
n the maternal side during pregnancy might also affect
nd retard fetal development. Here, fetal immune ontogeny
ay  be particularly vulnerable, due to the hepatotoxicity

f APAP, as the liver is a pivotal immune organ dur-
ng fetal development. Hence, an APAP-induced challenge
o immune ontogeny may  carry over into postnatal life

nd increase the risk of chronic immune diseases such as
sthma in the offspring.

In summary, in depth analyses are needed to identify
ow prenatal use of APAP affects the mother and child.
y maintenance and the impact of acetaminophen on the immune system.
ppressive status during pregnancy. (APAP, acetaminophen; Th1, T helper
C, mature dendritic cell; NK, natural killer cell; NKT, natural killer T cell;

Considering the advances that have emerged over the past
two  decades, future interdisciplinary research studies are
urgently needed to test the mechanisms proposed herein
through which APAP may  alter the maternal and fetal sys-
tems, via the immune system.

Acknowledgements

Writing this review was  facilitated through a network
grant provided by the Excellence in Research Initiative
Hamburg to A.E., P.A. and G.T. T.K and K.T. received the
New Investigator Award for their contribution on the topic
of APAP during pregnancy at the annual meeting of the
European Society for Reproductive Immunology in 2012.

References

Abe, K., Honein, M.A., Moore, C.A., 2003. Maternal febrile illnesses, med-
ication use, and the risk of congenital renal anomalies. Birth Defects
Res.  A: Clin. Mol. Teratol. 67, 911–918.

Achache, H., Tsafrir, A., Prus, D., Reich, R., Revel, A., 2010. Defec-
tive endometrial prostaglandin synthesis identified in patients with
repeated implantation failure undergoing in vitro fertilization. Fertil.
Steril. 94, 1271–1278.

Aleksunes, L.M., Augustine, L.M., Cherrington, N.J., Manautou, J.E., 2007.
Influence of acetaminophen vehicle on regulation of transporter gene
expression during hepatotoxicity. J. Toxicol. Environ. Health A 70,
1870–1872.

Anderson, B.J., 2008. Paracetamol (acetaminophen): mechanisms of
action. Paediatr. Anaesth. 18, 915–921.
Aselton, P., Jick, H., Milunsky, A., Hunter, J.R., Stergachis, A., 1985. First-
trimester drug use and congenital disorders. Obstet. Gynecol. 65,
451–455.

Baratelli, F., Lin, Y., Zhu, L., Yang, S.C., Heuze-Vourc’h, N., Zeng, G., Reckamp,
K., Dohadwala, M.,  Sharma, S., Dubinett, S.M., 2005. Prostaglandin



uctive I
K. Thiele et al. / Journal of Reprod

E2 induces FOXP3 gene expression and T regulatory cell function in
human CD4+ T cells. J. Immunol. 175, 1483–1490.

Black, R.A., Hill, D.A., 2003. Over-the-counter medications in pregnancy.
Am.  Fam. Physician 67, 2517–2524.

Bone-Larson, C.L., Hogaboam, C.M., Evanhoff, H., Strieter, R.M., Kunkel,
S.L., 2001. IFN-gamma-inducible protein-10 (CXCL10) is hepatopro-
tective during acute liver injury through the induction of CXCR2 on
hepatocytes. J. Immunol. 167, 7077–7083.

Bone-Larson, C.L., Simpson, K.J., Colletti, L.M., Lukacs, N.W., Chen, S.C., Lira,
S.,  Kunkel, S.L., Hogaboam, C.M., 2000. The role of chemokines in the
immunopathology of the liver. Immunol. Rev. 177, 8–20.

Boyson, J.E., Nagarkatti, N., Nizam, L., Exley, M.A., Strominger, J.L., 2006.
Gestation stage-dependent mechanisms of invariant natural killer
T  cell-mediated pregnancy loss. Proc. Natl. Acad. Sci. U.S.A. 103,
4580–4585.

Burdan, F., 2004. Developmental effects of propyphenazone in analgesic
and antipyretic combination with caffeine or paracetamol. Hum. Exp.
Toxicol. 23, 235–244.

Burdan, F., Siezieniewska, Z., Kis, G., Blicharski, T., 2001. Embryofetotoxi-
city of acetaminophen (paracetamol) in experimental in vivo model.
Ann. Univ. Mariae Curie Sklodowska Med. 56, 89–94.

Byer, A.J., Traylor, T.R., Semmer, J.R., 1982. Acetaminophen overdose in the
third trimester of pregnancy. J. Am.  Med. Assoc. 247, 3114–3115.

Chandrasekharan, N.V., Dai, H., Roos, K.L., Evanson, N.K., Tomsik, J.,
Elton, T.S., Simmons, D.L., 2002. COX-3, a cyclooxygenase-1 variant
inhibited by acetaminophen and other analgesic/antipyretic drugs:
cloning, structure, and expression. Proc. Natl. Acad. Sci. U.S.A. 99,
13926–13931.

Cleves, M.A., Savell Jr., V.H., Raj, S., Zhao, W.,  Correa, A., Werler, M.M.,
Hobbs, C.A., 2004. Maternal use of acetaminophen and nonsteroidal
anti-inflammatory drugs (NSAIDs), and muscular ventricular septal
defects. Birth Defects Res. A: Clin. Mol. Teratol. 70, 107–113.

Connolly, M.K., Ayo, D., Malhotra, A., Hackman, M.,  Bedrosian, A.S.,
Ibrahim, J., Cieza-Rubio, N.E., Nguyen, A.H., Henning, J.R., Dorvil-
Castro, M.,  Pachter, H.L., Miller, G., 2011. Dendritic cell depletion
exacerbates acetaminophen hepatotoxicity. Hepatology 54, 959–968.

Cramer, D.W., Liberman, R.F., Hornstein, M.D., Mcshane, P., Powers, D.,
Li,  E.Y., Barbieri, R., 1998. Basal hormone levels in women  who  use
acetaminophen for menstrual pain. Fertil. Steril. 70, 371–373.

Crispe, I.N., 2003. Hepatic T cells and liver tolerance. Nat. Rev. Immunol.
3, 51–62.

Czeizel, A.E., Dudas, I., Puho, E., 2005. Short-term paracetamol therapy
during pregnancy and a lower rate of preterm birth. Paediatr. Perinat.
Epidemiol. 19, 106–111.

Erhardt, A., Biburger, M.,  Papadopoulos, T., Tiegs, G., 2007. IL-10, regulatory
T  cells, and Kupffer cells mediate tolerance in concanavalin A-induced
liver injury in mice. Hepatology 45, 475–485.

Erhardt, A., Wegscheid, C., Claass, B., Carambia, A., Herkel, J., Mittrucker,
H.W., Panzer, U., Tiegs, G., 2011. CXCR3 deficiency exacerbates liver
disease and abrogates tolerance in a mouse model of immune-
mediated hepatitis. J. Immunol. 186, 5284–5293.

Eyers, S., Weatherall, M.,  Jefferies, S., Beasley, R., 2011. Paracetamol in
pregnancy and the risk of wheezing in offspring: a systematic review
and meta-analysis. Clin. Exp. Allergy 41, 482–489.

Farquhar, H., Stewart, A., Mitchell, E., Crane, J., Eyers, S., Weatherall, M.,
Beasley, R., 2010. The role of paracetamol in the pathogenesis of
asthma. Clin. Exp. Allergy 40, 32–41.

Feldkamp, M.L., Meyer, R.E., Krikov, S., Botto, L.D., 2010. Acetaminophen
use  in pregnancy and risk of birth defects: findings from the National
Birth Defects Prevention Study. Obstet. Gynecol. 115, 109–115.

Flower, R.J., Vane, J.R., 1972. Inhibition of prostaglandin synthetase
in  brain explains the anti-pyretic activity of paracetamol (4-
acetamidophenol). Nature 240, 410–411.

Fowden, A.L., Forhead, A.J., Coan, P.M., Burton, G.J., 2008. The placenta and
intrauterine programming. J. Neuroendocrinol. 20, 439–450.

Garcia-Marcos, L., Sanchez-Solis, M.,  Perez-Fernandez, V., Pastor-Vivero,
M.D., Mondejar-Lopez, P., Valverde-Molina, J., 2009. Is the effect of
prenatal paracetamol exposure on wheezing in preschool children
modified by asthma in the mother? Int. Arch. Allergy Immunol. 149,
33–37.

Goksor, E., Thengilsdottir, H., Alm, B., Norvenius, G., Wennergren, G., 2011.
Prenatal paracetamol exposure and risk of wheeze at preschool age.
Acta Paediatr. 100, 1567–1571.

Graham, G.G., Scott, K.F., 2005. Mechanism of action of paracetamol. Am.

J.  Ther. 12, 46–55.

Hahn, R., Wendel, A., Flohé, L., 1978. The fate of extracellular glutathione
in  the rat. Biochim. Biophys. Acta 539, 324–337.

Harrill, A.H., Watkins, P.B., Su, S., Ross, P.K., Harbourt, D.E., Stylianou,
I.M., Boorman, G.A., Russo, M.W.,  Sackler, R.S., Harris, S.C., Smith,
mmunology 97 (2013) 128– 139 137

P.C., Tennant, R., Bogue, M., Paigen, K., Harris, C., Contractor, T.,
Wiltshire, T., Rusyn, I., Threadgill, D.W., 2009. Mouse population-
guided resequencing reveals that variants in CD44 contribute to
acetaminophen-induced liver injury in humans. Genome Res. 19,
1507–1515.

Heinonen, O.P., Slone, D., Monson, R.R., Hook, E.B., Shapiro, S., 1977.
Cardiovascular birth defects and antenatal exposure to female sex
hormones. N. Engl. J. Med. 296, 67–70.

Hinz, B., Brune, K., 2012. Paracetamol and cyclooxygenase inhibition: is
there a cause for concern? Ann. Rheum. Dis. 71, 20–25.

Horowitz, R.S., Dart, R.C., Jarvie, D.R., Bearer, C.F., Gupta, U., 1997.
Placental transfer of N-acetylcysteine following human maternal
acetaminophen toxicity. J. Toxicol. Clin. Toxicol. 35, 447–451.

Imaeda, A.B., Watanabe, A., Sohail, M.A., Mahmood, S., Mohamadnejad,
M.,  Sutterwala, F.S., Flavell, R.A., Mehal, W.Z., 2009. Acetaminophen-
induced hepatotoxicity in mice is dependent on Tlr9 and the Nalp3
inflammasome. J. Clin. Invest. 119, 305–314.

Iqbal, M.,  Audette, M.C., Petropoulos, S., Gibb, W.,  Matthews, S.G., 2012.
Placental drug transporters and their role in fetal protection. Placenta
33, 137–142.

Ishida, Y., Kondo, T., Ohshima, T., Fujiwara, H., Iwakura, Y., Mukaida, N.,
2002. A pivotal involvement of IFN-gamma in the pathogenesis of
acetaminophen-induced acute liver injury. FASEB J. 16, 1227–1236.

Jaeschke, H., 2005. Role of inflammation in the mechanism of
acetaminophen-induced hepatotoxicity. Expert Opin. Drug Metab.
Toxicol. 1, 389–397.

Jaeschke, H., Mcgill, M.R., Williams, C.D., Ramachandran, A., 2011. Cur-
rent issues with acetaminophen hepatotoxicity – a clinically relevant
model to test the efficacy of natural products. Life Sci. 88, 737–745.

Jaeschke, H., Williams, C.D., Ramachandran, A., Bajt, M.L., 2012.
Acetaminophen hepatotoxicity and repair: the role of sterile inflam-
mation and innate immunity. Liver Int. 32, 8–20.

Jick, H., 1981. Effects of aspirin and acetaminophen in gastrointestinal
hemorrhage. Results from the Boston Collaborative Drug Surveillance
Program. Arch. Intern. Med. 141, 316–321.

Jollow, D.J., Mitchell, J.R., Potter, W.Z., Davis, D.C., Gillette, J.R., Brodie, B.B.,
1973. Acetaminophen-induced hepatic necrosis. II. Role of covalent
binding in vivo. J. Pharmacol. Exp. Ther. 187, 195–202.

Ju, C., 2012. Damage-associated molecular patterns: their impact on the
liver and beyond during acetaminophen overdose. Hepatology 56 (5),
1599–1601.

Ju,  C., Reilly, T.P., Bourdi, M.,  Radonovich, M.F., Brady, J.N., George, J.W.,
Pohl, L.R., 2002. Protective role of Kupffer cells in acetaminophen-
induced hepatic injury in mice. Chem. Res. Toxicol. 15, 1504–1513.

Kang, E.M., Lundsberg, L.S., Illuzzi, J.L., Bracken, M.B., 2009. Prenatal expo-
sure to acetaminophen and asthma in children. Obstet. Gynecol. 114,
1295–1306.

Kaplowitz, N., 2005. Idiosyncratic drug hepatotoxicity. Nat. Rev. Drug Dis-
cov. 4, 489–499.

Kessler, T., Thiele, K., Solano, M.E., Arck, P., Tiegs, G., Erhardt, A.,
2012. Acetaminophen application during murine pregnancy triggers
metabolic and immunological changes in dams and impairs fetal
development. J. Reprod. Immunol. 94 (1), 20.

Kis, B., Snipes, J.A., Busija, D.W., 2005. Acetaminophen and the
cyclooxygenase-3 puzzle: sorting out facts, fictions, and uncertainties.
J.  Pharmacol. Exp. Ther. 315, 1–7.

Koh, K.H., Jurkovic, S., Yang, K., Choi, S.Y., Jung, J.W., Kim, K.P.,
Zhang, W.,  Jeong, H., 2012. Estradiol induces cytochrome P450
2B6 expression at high concentrations: implication in estrogen-
mediated gene regulation in pregnancy. Biochem. Pharmacol. 84,
93–103.

Kristensen, D.M., Hass, U., Lesne, L., Lottrup, G., Jacobsen, P.R., Desdoits-
Lethimonier, C., Boberg, J., Petersen, J.H., Toppari, J., Jensen, T.K.,
Brunak, S., Skakkebaek, N.E., Nellemann, C., Main, K.M., Jegou, B., Lef-
fers, H., 2011. Intrauterine exposure to mild analgesics is a risk factor
for  development of male reproductive disorders in human and rat.
Hum. Reprod. 26, 235–244.

Kurzel, R.B., 1990. Can acetaminophen excess result in maternal and fetal
toxicity? South. Med. J. 83, 953–955.

Larrey, D., Letteron, P., Foliot, A., Descatoire, V., Degott, C., Geneve, J.,
Tinel, M.,  Pessayre, D., 1986. Effects of pregnancy on the toxicity and
metabolism of acetaminophen in mice. J. Pharmacol. Exp. Ther. 237,
283–291.

Laub, D.N., Elmagbari, N.O., Elmagbari, N.M., Hausburg, M.A., Gardiner,

C.S., 2000. Effects of acetaminophen on preimplantation embryo glu-
tathione concentration and development in vivo and in vitro. Toxicol.
Sci. 56, 150–155.

Lawson, J.A., Fisher, M.A., Simmons, C.A., Farhood, A., Jaeschke, H., 1999.
Inhibition of Fas receptor (CD95)-induced hepatic caspase activation



1 uctive I

L

L

L

L

L

L

L

L

L

L

M

M

M

M

M

M

M

N

O

P

P

P

P

P

P

Q

R

38 K. Thiele et al. / Journal of Reprod

and  apoptosis by acetaminophen in mice. Toxicol. Appl. Pharmacol.
156, 179–186.

ee, W.M.,  2010. The case for limiting acetaminophen-related deaths:
smaller doses and unbundling the opioid–acetaminophen com-
pounds. Clin. Pharmacol. Ther. 88, 289–292.

ee, Y.S., Kim, H., Brahim, J.S., Rowan, J., Lee, G., Dionne, R.A., 2007.
Acetaminophen selectively suppresses peripheral prostaglandin E2
release and increases COX-2 gene expression in a clinical model of
acute inflammation. Pain 129, 279–286.

evy, G., Khanna, N.N., Soda, D.M., Tsuzuki, O., Stern, L., 1975. Pharma-
cokinetics of acetaminophen in the human neonate: formation of
acetaminophen glucuronide and sulfate in relation to plasma bilirubin
concentration and d-glucaric acid excretion. Pediatrics 55, 818–825.

ewis, R.M., Cleal, J.K., Hanson, M.A., 2012. Review: placenta, evolution
and  lifelong health. Placenta 33 (Suppl.), S28–S32.

i, D.K., Liu, L., Odouli, R., 2003. Exposure to non-steroidal anti-
inflammatory drugs during pregnancy and risk of miscarriage:
population based cohort study. Br. Med. J. 327, 368.

iu,  Z.X., Govindarajan, S., Kaplowitz, N., 2004. Innate immune system
plays a critical role in determining the progression and severity of
acetaminophen hepatotoxicity. Gastroenterology 127, 1760–1774.

iu, Z.X., Kaplowitz, N., 2006. Role of innate immunity in acetaminophen-
induced hepatotoxicity. Expert Opin. Drug Metab. Toxicol. 2, 493–503.

ubawy, W.C., Garrett, R.J., 1977. Effects of aspirin and acetaminophen on
fetal and placental growth in rats. J. Pharm. Sci. 66, 111–113.

um, J.T., Wells, P.G., 1986. Pharmacological studies on the potentiation of
phenytoin teratogenicity by acetaminophen. Teratology 33, 53–72.

ynberg, M.C., Khoury, M.J., Lu, X., Cocian, T., 1994. Maternal flu, fever,
and the risk of neural tube defects: a population-based case–control
study. Am.  J. Epidemiol. 140, 244–255.

arques, P.E., Amaral, S.S., Menezes, G.B., 2012. Cell death products and
neutrophil-mediated liver damage: beyond acetaminophen-induced
injury. Hepatology, http://dx.doi.org/10.1002/hep.25884 (Epub ahead
of print).

asson, M.J., Peterson, R.A., Chung, C.J., Graf, M.L., Carpenter, L.D.,
Ambroso, J.L., Krull, D.L., Sciarrotta, J., Pohl, L.R., 2007. Lymphocyte loss
and immunosuppression following acetaminophen-induced hepato-
toxicity in mice as a potential mechanism of tolerance. Chem. Res.
Toxicol. 20, 20–26.

cElhatton, P.R., Sullivan, F.M., Volans, G.N., 1997. Paracetamol overdose
in  pregnancy analysis of the outcomes of 300 cases referred to the
Teratology Information Service. Reprod. Toxicol. 11, 85–94.

itra, P., Audus, K.L., 2010. MRP  isoforms and BCRP mediate sulfate con-
jugate efflux out of BeWo cells. Int. J. Pharm. 384, 15–23.

offett, A., Loke, C., 2006. Immunology of placentation in eutherian mam-
mals. Nat. Rev. Immunol. 6, 584–594.

omma,  K., Takao, A., 1990. Transplacental cardiovascular effects of four
popular analgesics in rats. Am.  J. Obstet. Gynecol. 162, 1304–1310.

omma,  K., Takeuchi, H., 1983. Constriction of fetal ductus arteriosus by
non-steroidal anti-inflammatory drugs. Prostaglandins 26, 631–643.

elson, M.M., Forfar, J.O., 1971. Associations between drugs administered
during pregnancy and congenital abnormalities of the fetus. Br. Med.
J. 1, 523–527.

’brien, W.F., Krammer, J., O’leary, T.D., Mastrogiannis, D.S., 1993. The
effect of acetaminophen on prostacyclin production in pregnant
women. Am.  J. Obstet. Gynecol. 168, 1164–1169.

ark, B.K., Kitteringham, N.R., Maggs, J.L., Pirmohamed, M.,  Williams, D.P.,
2005. The role of metabolic activation in drug-induced hepatotoxicity.
Annu. Rev. Pharmacol. Toxicol. 45, 177–202.

astore, L.M., Hertz-Picciotto, I., Beaumont, J.J., 1999. Risk of stillbirth from
medications, illnesses and medical procedures. Paediatr. Perinat. Epi-
demiol. 13, 421–430.

atel, R., Rosengren, R.J., 2001. Acetaminophen elicits anti-estrogenic but
not estrogenic responses in the immature mouse. Toxicol. Lett. 122,
89–96.

erzanowski, M.S., Miller, R.L., Tang, D., Ali, D., Garfinkel, R.S., Chew, G.L.,
Goldstein, I.F., Perera, F.P., Barr, R.G., 2010. Prenatal acetaminophen
exposure and risk of wheeze at age 5 years in an urban low-income
cohort. Thorax 65, 118–123.

incus, M.,  Arck, P., 2012. Developmental programming of allergic dis-
eases. Chem. Immunol. Allergy 98, 70–84.

rescott, L.F., Park, J., Ballantyne, A., Adriaenssens, P., Proudfoot, A.T.,
1977. Treatment of paracetamol (acetaminophen) poisoning with N-
acetylcysteine. Lancet 2, 432–434.
uiroga, J., Prieto, J., 1993. Liver cytoprotection by prostaglandins. Phar-
macol. Ther. 58, 67–91.

ebordosa, C., Kogevinas, M.,  Bech, B.H., Sorensen, H.T., Olsen, J., 2009. Use
of  acetaminophen during pregnancy and risk of adverse pregnancy
outcomes. Int. J. Epidemiol. 38, 706–714.
mmunology 97 (2013) 128– 139

Rebordosa, C., Kogevinas, M.,  Horvath-Puho, E., Norgard, B., Morales,
M.,  Czeizel, A.E., Vilstrup, H., Sorensen, H.T., Olsen, J., 2008a.
Acetaminophen use during pregnancy: effects on risk for congenital
abnormalities. Am.  J. Obstet. Gynecol. 198 (178), e1–e7.

Rebordosa, C., Kogevinas, M., Sorensen, H.T., Olsen, J., 2008b. Pre-natal
exposure to paracetamol and risk of wheezing and asthma in children:
a birth cohort study. Int. J. Epidemiol. 37, 583–590.

Rebordosa, C., Zelop, C.M., Kogevinas, M.,  Sorensen, H.T., Olsen, J., 2010.
Use of acetaminophen during pregnancy and risk of preeclampsia,
hypertensive and vascular disorders: a birth cohort study. J. Matern.
Fetal Neonatal Med. 23, 371–378.

Reel, J.R., Lawton, A.D., Lamb, J.C.T., 1992. Reproductive toxicity evaluation
of  acetaminophen in Swiss CD-1 mice using a continuous breeding
protocol. Fundam. Appl. Toxicol. 18, 233–239.

Reilly, T.P., Brady, J.N., Marchick, M.R., Bourdi, M.,  George, J.W.,
Radonovich, M.F., Pise-Masison, C.A., Pohl, L.R., 2001. A protective role
for  cyclooxygenase-2 in drug-induced liver injury in mice. Chem. Res.
Toxicol. 14, 1620–1628.

Riggs, B.S., Bronstein, A.C., Kulig, K., Archer, P.G., Rumack, B.H., 1989.
Acute acetaminophen overdose during pregnancy. Obstet. Gynecol.
74,  247–253.

Rumack, C.M., Guggenheim, M.A., Rumack, B.H., Peterson, R.G., Johnson,
M.L., Braithwaite, W.R., 1981. Neonatal intracranial hemorrhage and
maternal use of aspirin. Obstet. Gynecol. 58, 52S–56S.

Schümann, J., Wolf, D., Pahl, A., Brune, K., Papadopoulos, T., Van
Rooijen, N., Tiegs, G., 2000. Importance of Kupffer cells for
T  cell-dependent liver injury in mice. Am.  J. Pathol. 157,
1671–1683.

Shaheen, S.M., Yamaura, K., 2002. Preparation of theophylline hydrogels of
atactic poly(vinyl alcohol)/NaCl/H2O system for drug delivery system.
J.  Control. Release 81, 367–377.

Shaheen, S.O., Newson, R.B., Henderson, A.J., Headley, J.E., Stratton, F.D.,
Jones, R.W., Strachan, D.P., 2005. Prenatal paracetamol exposure and
risk of asthma and elevated immunoglobulin E in childhood. Clin. Exp.
Allergy 35, 18–25.

Shaheen, S.O., Newson, R.B., Sherriff, A., Henderson, A.J., Heron,
J.E., Burney, P.G., Golding, J., 2002. Paracetamol use in
pregnancy and wheezing in early childhood. Thorax 57,
958–963.

Shaw, G.M., Todoroff, K., Velie, E.M., Lammer, E.J., 1998. Maternal illness,
including fever and medication use as risk factors for neural tube
defects. Teratology 57, 1–7.

Solano, M.E., Jago, C., Pincus, M.K., Arck, P.C., 2011. Highway to health; or
how prenatal factors determine disease risks in the later life of the
offspring. J. Reprod. Immunol. 90, 3–8.

Streissguth, A.P., Treder, R.P., Barr, H.M., Shepard, T.H., Bleyer, W.A.,
Sampson, P.D., Martin, D.C., 1987. Aspirin and acetaminophen use by
pregnant women  and subsequent child IQ and attention decrements.
Teratology 35, 211–219.

Su, G.L., Gong, K.Q., Fan, M.H., Kelley, W.M.,  Hsieh, J., Sun, J.M., Hemmila,
M.R., Arbabi, S., Remick, D.G., Wang, S.C., 2005. Lipopolysaccharide-
binding protein modulates acetaminophen-induced liver injury in
mice. Hepatology 41, 187–195.

Su, G.L., Hoesel, L.M., Bayliss, J., Hemmila, M.R., Wang, S.C., 2010.
Lipopolysaccharide binding protein inhibitory peptide protects
against acetaminophen-induced hepatotoxicity. Am. J. Physiol. Gas-
trointest. Liver Physiol. 299, G1319–G1325.

Thornton, S.L., Minns, A.B., 2012. Unintentional chronic acetaminophen
poisoning during pregnancy resulting in liver transplantation. J. Med.
Toxicol. 8, 176–178.

Thulstrup, A.M., Sorensen, H.T., Nielsen, G.L., Andersen, L., Barrett, D., Vil-
strup, H., Olsen, J., 1999. Fetal growth and adverse birth outcomes in
women receiving prescriptions for acetaminophen during pregnancy,
EuroMap Study Group. Am.  J. Perinatol. 16, 321–326.

Tiegs, G., Lohse, A.W., 2010. Immune tolerance: what is unique about the
liver. J. Autoimmun. 34, 1–6.

Torfs, C.P., Katz, E.A., Bateson, T.F., Lam, P.K., Curry, C.J., 1996. Maternal
medications and environmental exposures as risk factors for gas-
troschisis. Teratology 54, 84–92.

Ueno, K., Yamaura, K., Nakamura, T., Satoh, T., Yano, S., 2000.
Acetaminophen-induced immunosuppression associated with hep-
atotoxicity in mice. Res. Commun. Mol. Pathol. Pharmacol. 108,
237–251.

Vahakangas, K., Myllynen, P., 2009. Drug transporters in the human blood-

placental barrier. Br. J. Pharmacol. 158, 665–678.

Weigand, U.W., Chou, R.C., Maulik, D., Levy, G., 1984. Assessment of bio-
transformation during transfer of propoxyphene and acetaminophen
across the isolated perfused human placenta. Pediatr. Pharmacol.
(New York) 4, 145–153.

dx.doi.org/10.1002/hep.25884


uctive I

of acetaminophen-induced hepatotoxicity by the xenobiotic receptor
CAR. Science 298, 422–424.
K. Thiele et al. / Journal of Reprod

Werler, M.M., Louik, C., Mitchell, A.A., 2003. Epidemiologic analysis of
maternal factors and amniotic band defects. Birth Defects Res. A: Clin.
Mol. Teratol. 67, 68–72.

Werler, M.M., Mitchell, A.A., Hernandez-Diaz, S., Honein, M.A., 2005. Use
of  over-the-counter medications during pregnancy. Am.  J. Obstet.
Gynecol. 193, 771–777.

Werler, M.M.,  Mitchell, A.A., Shapiro, S., 1992. First trimester maternal
medication use in relation to gastroschisis. Teratology 45, 361–367.

Werler, M.M., Sheehan, J.E., Mitchell, A.A., 2002. Maternal medication use
and risks of gastroschisis and small intestinal atresia. Am.  J. Epidemiol.
155, 26–31.

Wilkes, J.M., Clark, L.E., Herrera, J.L., 2005. Acetaminophen overdose in

pregnancy. South. Med. J. 98, 1118–1122.

Wright, H.N., 1967. Chronic toxicity studies of analgesic and antipyretic
drugs and congeners. Toxicol. Appl. Pharmacol. 11, 280–292.

Yamaura, K., Ogawa, K., Yonekawa, T., Nakamura, T., Yano, S., Ueno,
K., 2002. Inhibition of the antibody production by acetaminophen
mmunology 97 (2013) 128– 139 139

independent of liver injury in mice. Biol. Pharm. Bull. 25,
201–205.

Yu,  M.,  Eckart, M.R., Morgan, A.A., Mukai, K., Butte, A.J., Tsai,
M.,  Galli, S.J., 2011. Identification of an IFN-�/mast cell axis
in a mouse model of chronic asthma. J. Clin. Invest. 121,
3133–3143.

Zelop, C.M., 2008. Is it time to re-evaluate our use of acetaminophen in cer-
tain sub-groups of pregnant women? J. Matern. Fetal Neonatal Med.
21,  761–762.

Zhang, J., Huang, W.,  Chua, S.S., Wei, P., Moore, D.D., 2002. Modulation
Zierler, S., Rothman, K.J., 1985. Congenital heart disease in relation to
maternal use of Bendectin and other drugs in early pregnancy. N. Engl.
J.  Med. 313, 347–352.


	Acetaminophen and pregnancy: short- and long-term consequences for mother and child
	1 Introduction
	2 Drug transport across the placenta and its impact on fetal development
	3 Acetaminophen: toxicity, pharmacology and its impact on the maternal liver
	4 Impact of acetaminophen on the pregnancy-adapted immune system
	Acknowledgements
	References


