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Acetaminophen increases pulmonary and systemic
vasomotor tone in the newborn rat
Liran Tamir Hostovsky1, Jingyi Pan2, Patrick J. McNamara1 and Jaques Belik2,3

BACKGROUND: Acetaminophen is widely prescribed to both neonates and young children for a variety of reasons. In adults,
therapeutic usage of acetaminophen induces systemic arterial pressure changes and exposure to high doses promotes tissue
toxicity. The pulmonary vascular effects of acetaminophen at any age are unknown. Hypothesizing that, early in life, it promotes
vasomotor tone changes via oxidative stress, we tested the in vitro acetaminophen effects on intrapulmonary and carotid arteries
from newborn and adult rats.
METHOD:We measured the acetaminophen dose–response in isometrically mounted arteries and pharmacologically evaluated the
factors accounting for its vasomotor effects.
RESULTS: Acetaminophen induced concentration- and age-dependent vasomotor tone changes. Whereas a progressive increase in
vasomotor tone was observed in the newborn, the adult arteries showed mostly vasorelaxation. Inhibition of endogenous nitric
oxide generation with L-NAME and the use of the peroxynitrite decomposition catalyst FeTPPS (Fe(III)5,10,15,20-tetrakis(4-
sulfonatophenyl)porphyrinato chloride) mostly abolished the drug-induced increase in newborn pulmonary vasomotor tone
CONCLUSIONS: In newborn rats, acetaminophen increases pulmonary vasomotor tone via peroxynitrite generation. Given its
therapeutic usage, further clinical studies are warranted to assess the acetaminophen effects on the newborn pulmonary and
systemic vascular resistance.
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INTRODUCTION
Acetaminophen has analgesic, antipyretic, and anti-inflammatory
properties, which makes it the most frequently used medication,
across all ages.1 Recently, the effect of acetaminophen on
promoting closure of the ductus arteriosus was recognized
extending its therapeutic use to neonates with persistent vessel
patency, leading to increased transductal flow and its hemody-
namic disturbances.2

Although considered a relatively safe drug, severe hepatic and
renal toxicity is observed following acute exposure to an excessive
acetaminophen dose.3 Even when administered within the
recommended therapeutic dosage, its use is associated with
changes in systemic arterial pressure in adult subjects.4–7 There
are limited data on the acetaminophen-induced systemic blood
pressure changes in children, but the effects appear to be similar,
when compared with adults.8–11

Interestingly, only the acetaminophen-related vascular effect on
the systemic circulation has been evaluated at any age. Whether
this drug can equally alter pulmonary vascular tone is currently
unknown, but there is no reason to expect such effect to be
unique to the systemic vasculature.
The pulmonary vascular resistance is relatively high in neonates,

when compared with the postnatal period and further exacer-
bated in the presence of lung disease.12 It is plausible that, early in
life, acetaminophen may have either harmful or beneficial clinical
effects. A further increase in right ventricular afterload would be
harmful by further reducing lung blood flow and facilitating right-

to-left shunting via the foramen ovale, or the ductus arteriosus.
Yet, acetaminophen-induced pulmonary vasoconstriction may
decrease the magnitude of the transductal shunt, thus facilitating
its closure.
Therefore, the purpose of the present study was to evaluate,

in vitro, the acetaminophen-induced age- and circulation-
dependent vasomotor changes. We hypothesized that, early in
life, acetaminophen promotes vasomotor tone changes in
systemic as well as pulmonary vessels.

MATERIALS AND METHODS
Animals
Sprague–Dawley and Wistar rats were studied. All procedures
were conducted according to the criteria established by the
Canadian Council on Animal Care and were approved by the
Animal Care Committee of The Hospital for Sick Children Research
Institute.

Organ bath studies and Fulton index determination
Rats were studied at 2–7 (newborn, N= 110) and 60–90 (adult,
N= 14) days of age. The animals were sacrificed with an
overdose of pentobarbital sodium (50 mg/kg, intraperitoneally
(i.p.)). The lungs and carotid arteries were quickly removed and
maintained on an ice bed for further dissection. The animals’ sex
was recorded to enable characterization of any sex-dependent
effect.
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The near-resistance (3rd–4th generations) intrapulmonary arteries
were dissected free and mounted on a wire myograph (Danish Myo
Technology A/S, Aarhus, Denmark). A similar setup was used for the
carotid arteries. The muscle bath was filled with Krebs–Henseleit
buffer solution (NaCl, 115mM; NaHCO3, 25mM; NaHPO4, 1.38mM;
KCl, 2.51mM; MgSO4·7H2O, 2.46mM; CaCl2, 1.91mM; and dextrose,
5.56mM), bubbled with air/6% CO2 and maintained at 37 °C. After 1
h of equilibration, the optimal vessel resting tension was determined
by repeated stimulation with 128mM KCl until maximum active
tension was reached. All subsequent force measurements were
obtained at optimal resting tension.
Acetaminophen dose–response (10−9–10−4 M) effect on the

arteries’ vasomotor tone was obtained. Preliminary experiments
showed that neither pulmonary nor carotid arteries developed
significant tone in response to acetaminophen alone. For this
reason, the vessels were pre-stimulated with the thromboxane A2

mimetic U46619 (newborn: 10−6 M; adult 10−8 M), prior to
acetaminophen exposure. The rationale for this was based on
our previously recognized need to raise their basal tone when
studying the peroxynitrite-induced pulmonary vascular effects.13

The acetaminophen dose–response was expressed as a percen-
tage of the U46619-induced force. Contractile responses were
normalized to the tissue cross-sectional area as follows: (width ×
diameter) × 2 and expressed as mN/mm2.
Unless otherwise noted, all utilized chemicals and drugs were

purchased from Sigma (Oakville, ON, Canada).

Statistical methods
Data were first evaluated to determine Gaussian distribution by
Skewness, Kurtosis, and Omnibus testing to confirm normal
distribution. The data were analyzed by repeated-measures two-
way analysis of variance with multiple comparisons obtained by
the Tukey–Kramer test. Statistical significance was determined at
P < 0.05. Only two (right and left) pulmonary, or carotid vessels per
animal were studied. The sample size refers to the number of
vessels studied. At least four vessels were used at each postnatal
age (newborn versus adult) and vascular bed (pulmonary versus
systemic) were used for the different experiments. All statistical
analyses were performed with the Number Cruncher Statistical
System software (NCSS, Kaysville, UT, USA). Data are presented as
means ± SEM.

RESULTS
Acetaminophen induces vasomotor tone in newborn pulmonary
and systemic arteries
In response to acetaminophen, Sprague–Dawley newborn rats’
pulmonary arteries showed increased motor tone in a dose-
dependent manner (Fig. 1). At the highest tested concentration
(10−4 M), the acetaminophen-induced response was three-fold
greater in female tissue, when compared with male-derived
vessels (Fig. 1). Experiments conducted in same age Wistar rats’
pulmonary arteries showed similar results, when compared with
Sprague–Dawley data, indicating that the acetaminophen-
induced vasomotor tone was not strain-specific (Fig. 1). To
evaluate whether the acetaminophen-induced pulmonary vaso-
contraction was dependent on U46619 pre-stimulation, we
obtained a dose–response curve following prostaglandin E2α
(PGF2α) (10−5 M) exposure. Acetaminophen induced a similar
magnitude of sex-dependent increase in pulmonary vasomotor
tone (data not shown).
We next evaluated the acetaminophen dose–response in

newborn carotid arteries. As shown in Fig. 2a, comparable
acetaminophen-induced dose–response pattern was seen in the
carotid arteries and the magnitude of vasomotor changes was
equally sex-dependent. All subsequent experiments were con-
ducted in arteries from female animals of both strains to eliminate
sex as a confounding factor.

Age-dependent differences in acetaminophen-induced vasomotor
tone
An age comparison of the acetaminophen dose–response in
pulmonary and carotid arteries showed that the magnitude of
force increase was highest early in life, for both vessels (Fig. 3).
When compared with the dose-dependent higher vasomotor tone
observed in newborn pulmonary and carotid arteries, adult vessels
exhibited vasocontraction at lower doses, followed by vasorelaxa-
tion at the highest tested concentration (Fig. 3).
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Fig. 1 Acetaminophen dose–response in female and male
Sprague–Dawley (SD) and Wistar newborn rats’ near-resistance
pulmonary arteries. Data (mean ± SE) expressed as a percentage of
the force obtained following pre-stimulation with the thromboxane
A2 analog U46619 (10−6 M). Vessel sample size: SD (female: N= 17
and male: N= 16) and Wistar (female: N= 8 and male: N= 16). **P <
0.001 as compared with arteries from female animals of either strain
by repeated-measures two-way analysis of variance (ANOVA) and
Tukey–Kramer multiple comparison testing.
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Fig. 2 Acetaminophen dose–response in female and male new-
born rats’ (both strains) near-resistance pulmonary (PA) and
carotid arteries (CA). Data (mean ± SE) are expressed as a
percentage of the force obtained following pre-stimulation with
the thromboxane A2 analog U46619 (10−6 M). Vessel sample size:
pulmonary: (female: N= 31 and male: N= 23) and carotid arteries
(female: N= 11 and male: N= 7). **P < 0.001 as compared with
female animals’ pulmonary, or carotid arteries by repeated-measures
two-way analysis of variance (ANOVA) and Tukey–Kramer multiple
comparison testing.
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Signal transduction pathway responsible for the acetaminophen-
induced vasomotor tone
We evaluated the signal transduction pathway, which accounts for
acetaminophen-induced pulmonary vasocontraction in newborn
arteries. First, as tissue toxicity is dependent on reduced
glutathione availability,3 we tested the effect of a reactive oxygen
species scavenger on the pulmonary vasomotor tone changes
induced by acetaminophen. The presence of excess glutathione in
the muscle bath (10−2 M) prevented acetaminophen-induced
increased tone and promoted pulmonary vasorelaxation in
newborn tissue (Fig. 4a).
We then utilized the superoxide scavenger, Tempol (10−3 M),

and its intracellular mitochondrial counterpart, Mito-Tempo
(10−5 M), to evaluate their effects on acetaminophen-induced
changes in pulmonary vasomotor tone. Both superoxide scaven-
gers significantly reduced acetaminophen-induced pulmonary
arterial vasocontraction from newborn animals (Fig. 4b).
We proceeded to investigate whether the acetaminophen-

induced pulmonary vasomotor tone effect was peroxynitrite-
mediated in newborn rats. The rationale for these experiments
relates to our published data demonstrating that, similar to the
present acetaminophen response pattern, peroxynitrite induced
age-dependent changes in pulmonary vasomotor tone.13 As shown
in Fig. 4c, FeTPPS (Fe(III)5,10,15,20-tetrakis(4-sulfonatophenyl)por-
phyrinato chloride; 10−4 M), a peroxynitrite decomposition catalyst,
suppressed most acetaminophen-induced vasocontraction.
Since peroxynitrite generation depends on nitric oxide avail-

ability, we evaluated the effect of L-NAME, a non-specific nitric
oxide synthase inhibitor, on acetaminophen responsiveness. In the
presence of L-NAME (10−4 M), the acetaminophen-induced
increase in pulmonary vasomotor tone of newborn tissue was
suppressed (Fig. 4d). Together, these data suggest that acetami-
nophen increases pulmonary vasomotor tone via peroxynitrite
generation.
Finally, we evaluated the effect of sex on the magnitude of

acetaminophen-induced vasomotor changes. We previously
reported that the pattern of U46619 dose–response changes,
following hyperoxia exposure in newborn rats, was sex-
dependent.14 Considering that acetaminophen-induced increased
tone in the newborn pulmonary arteries required pre-stimulation
with U46619, we investigated whether the sex-dependent

differences were related to this agonist instead. We, therefore,
evaluated the sex-dependent differences in the newborn
pulmonary vasomotor response to U46619, under the same
conditions as used for acetaminophen studies. As shown in Fig. 5a,
pulmonary arteries from female pups showed a left shift in the
force dose–response curve that was suppressed in the presence of
FeTPPS (10−4 M; Fig. 5b).

DISCUSSION
In the current study, we documented, in vitro, that acetamino-
phen induces age- and concentration-dependent pulmonary
and systemic vasomotor changes. Whereas acetaminophen
induced an increase in the newborn rat pulmonary and carotid
arteries, vasomotor tone and vasorelaxation was mostly
observed in comparable vessels in adult animals. Experiments
to characterize the mechanism of acetaminophen-induced
increase in pulmonary vasomotor tone in newborn rats showed
that peroxynitrite generation was the likely response mediator.
Figure 6 illustrates the proposed signal transduction pathway
accounting for the acetaminophen-induced vascular changes in
newborn arteries.
Acetaminophen, when administered in therapeutic doses to

mammalians, is cleared via glucuronidation, sulfation, and renal
excretion.15 In very preterm infants, acetaminophen glucuronida-
tion is low and increases with gestational age.9 When compared
with adult data, a significant increase in exposure to sulfate,
cysteine and mercaptopurine metabolites was documented in
preterm infants following intravenous acetaminophen
administration.10

In humans, <5% of acetaminophen participates, via the
cytochrome P450 2E1 isoenzyme metabolism, in the formation
of a highly toxic compound called N-acetyl-p-benzoquinoneimine
(NAPQI).16 NAPQI is an electrophilic reactive metabolite. When
enough glutathione is available, NAPQI combines with this
molecule and is inactivated. Tissue concentrations of NPAPQI
exceeding the glutathione scavenging potential result in the
formation of covalent adducts with nucleophilic thiol protein
groups, which promotes cellular damage.17 Such toxicity is
commonly observed following acetaminophen overdosing in
adults and involves the liver, kidneys, and auditory cells.18–20
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Fig. 3 Age-dependent differences in pulmonary and carotid arteries acetaminophen-induced dose-response. Acetaminophen
dose–response in newborn (2–7 days) and adult (>60 days of age) female rats (both strains) near-resistance pulmonary (a) and carotid
arteries (b). Data are (mean ± SE) expressed as a percentage of the force obtained following pre-stimulation with the thromboxane A2 analog
U46619 (10−6 M for newborn and 10−8 M for adult arteries). Vessel sample size: pulmonary (newborn: N= 31 and adult: N= 17) and carotid
arteries (newborn: N= 12 and adult: N= 6). **P < 0.001 as compared with newborn pulmonary and carotid arteries by repeated-measures two-
way analysis of variance (ANOVA) and Tukey–Kramer multiple comparison testing.

Acetaminophen increases pulmonary and systemic vasomotor tone in the. . .
L Tamir Hostovsky et al.

1173

Pediatric Research (2020) 87:1171 – 1176



Acetaminophen-related tissue toxicity can also occur in neonates,
and in a recently reported case, it was associated with liver tissue
injury.21

Acetaminophen-induced vascular tissue injury has not been
previously reported. Yet, the multiple reports linking acetamino-
phen therapeutic use with systemic blood pressure changes
suggest that this drug may have a direct effect on vascular
tissue.4,7,22 One systematic review of the effect of acetaminophen
on blood pressure in adult subjects reported mixed results.5

Acetaminophen was associated with a decrease in systemic blood
pressure 30 min when administered as an intravenous infusion,7

whereas a significant increase in pressure was documented in
adult subjects following chronic use.22 In a cohort of healthy adult
volunteers, a single dose of intravenous acetaminophen resulted
in a transient decrease in the subjects’ systemic blood pressure,
which further supports its vasodilator effects on the systemic
vascular bed.23

There are limited data available on the potential hemodynamic
effects of acetaminophen in children and neonates. A decrease of
3 mmHg in mean systemic blood pressure was reported in
neonates receiving acetaminophen, 10–20mg/kg intravenously,
for analgesia.11

A large study in children with congenital heart disease showed
that acetaminophen was associated with more frequent hypoten-
sion episodes.8 Clinically relevant systemic hypotension was
documented in 5% and a decrease in mean arterial pressure,
from basal level, in 20% of the reported subjects.8 Interestingly,
skin temperature measurements of treated patients in the referred
study8 suggest that the acetaminophen-induced hypotension was
secondary to systemic vasodilatation. Finally, a recent metaana-
lysis concluded that intravenous acetaminophen is associated
with clinically relevant hypotension in both critically ill children
and adult subjects, and these risks should be considered when
treating this population.24

Acetaminophen has recently been recognized as capable of
reducing the ductus arteriosus blood flow and thus of therapeutic
benefit in the treatment of its patency early in life.2 It is important
to characterize the biological effects as the practice of acetami-
nophen use to close a patent ductus arteriosus in premature
infants has grown substantially over the past 5–10 years.25,26

The mechanism accounting for this acetaminophen effect on
the ductus arteriosus is unclear, but speculated to be related to its
vasoconstrictive effect.27 In the present study, we documented
that acetaminophen has a direct, age-dependent, effect on the
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Fig. 4 Acetaminophen dose–response in newborn female rats (both strains) near-resistance pulmonary arteries in the absence (control,
N= 31) and presence of the following molecules. a Reduced glutathione (GSH; 10−2 M; N= 4); b superoxide scavengers Tempol (10−3 M;
N= 5) and Mito-Tempo (10−5 M; N= 5), c peroxynitrite decomposition catalyst FeTPPS (10−4 M; N= 4); and d nitric oxide synthase inhibitor
L-NAME (10−4 M; N= 9). Data (mean ± SE) expressed as a percentage of the force obtained following pre-stimulation with the thromboxane A2
analog U46619 (10−6 M). **P < 0.001 as compared with control data by repeated-measures two-way analysis of variance (ANOVA) and
Tukey–Kramer multiple comparison testing.
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rat vasomotor tone. A concentration-dependent increase in
pulmonary and systemic vasomotor tone was observed in
newborn-derived tissue, whereas vasorelaxation at higher drug
concentrations was documented in the adult vessels. Interestingly,
the in vitro carotid vasorelaxation shown in adult rats is consistent
with acetaminophen-induced transient hypotension documented
in healthy adult volunteers.23

Vascular peroxynitrite formation following acetaminophen
administration to rodents was previously demonstrated.28 The
present data suggest that NAPQI-dependent peroxynitrite gen-
eration is responsible for acetaminophen-induced changes in
pulmonary vasomotor tone. The evidence in support of this
speculation is as follows. Peroxynitrite formation depends on
superoxide and nitric oxide availability. In the present study, we
showed that superoxide dismutase inhibition with Tempol
extracellularly, and intramitochondrial with Mito-Tempo signifi-
cantly suppressed the acetaminophen-induced pulmonary vaso-
motor tone increase. In addition, we showed that L-NAME, a non-
specific nitric oxide synthase inhibitor, completely suppressed
acetaminophen-induced changes in newborn pulmonary vaso-
motor tone. Other investigators have shown that superoxide
scavengers16 and nitric oxide synthase inhibition29 reduces
acetaminophen hepatoxicity, suggesting that peroxynitrite
actively participates in this process. Most importantly, in
the presence of the peroxynitrite decomposition catalyst FeTPPS,
we observed complete suppression of this response. Together,

these data indicate that the acetaminophen-induced pulmonary
vasomotor tone changes are mediated via peroxynitrite.
The acetaminophen-induced pulmonary vasomotor age- and sex-

dependent response pattern merits discussion. In response to
acetaminophen exposure, an increase in force was documented in
newborn arteries, while adult vessels showed a relatively minor
increase in force at lower concentration and vasorelaxation at the
higher levels. Such a response pattern is comparable with our
previously reported findings in rat pulmonary arteries exposed to
peroxynitrite; specifically, we demonstrated increased vasomotor
tone in newborn vessels, but decreased tone in adult counterparts.13

In addition, we documented an increase in 8-isoprostane produc-
tion, following exposure to peroxynitrite in newborn, but not in
adult pulmonary arterial tissue.13 The latter is important as we have
previously shown that 8-isoprostane is a pulmonary vasoconstrictor
in newborn rats.30 In rat pulmonary arteries, we demonstrated that
8-isoprostane induces endothelin expression, via the RhoA/ROCK
pathway. Both agents promote an increase in pulmonary vasomotor
tone, via distinct pathways. Endothelin has a direct pulmonary
vasoconstrictor effect, whereas stimulation of the RhoA/ROCK
pathway interferes with vasomotor relaxation.31 Finally, other
investigators have reported acetaminophen dose in vivo results in
reduced endothelium-dependent response and endothelium-
independent relaxation response in adult rat aorta tissue in vitro.32

The observed sex-dependent discordance in the magnitude of
acetaminophen-induced vasocontraction in newborn vessels is
intriguing. Lee et al.33 reported that the prevalence of an adverse
hypotensive effect, in adult subjects receiving acetaminophen,
was sex-dependent and increased in men. To the best of our
knowledge, there are no other published data suggesting a sex
difference in the acetaminophen-induced hemodynamic changes.
To further characterize this effect, we investigated whether the

observed sex differences were directly related to acetaminophen, or
the thromboxane A2 analog U46619 utilized to pre-contract the
pulmonary arteries before exposure to acetaminophen. Previous
studies have shown that U46619 and PGF2α promote pulmonary
arterial tissue superoxide generation via upregulation of NADPH
(nicotinamide adenine dinucleotide phosphate) oxidase expression/
activity.34 In this study, we demonstrated greater vasomotor tone in
arteries derived from female pups, after U46619 stimulation, when
compared with males. Thus, it is likely that the sex difference in the
magnitude of the acetaminophen-induced vasocontraction was
related to the U46619-induced superoxide generation and sex
differences in oxidative stress-dependent vasomotor changes.
The present study has inherent limitations. First, acetaminophen-

induced vasomotor changes demonstrated in vitro are not
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reflective of the in vivo environment where diverse confounding or
competing factors may be at play. Yet, care was taken to restrict the
tested muscle-bath acetaminophen concentrations to clinically
relevant therapeutic levels. The target plasma concentration of
acetaminophen for children and adults ranges between 10 and 100
µmol/L (10−5–10−4 M).35,36 These acetaminophen plasma levels
correspond to the highest in vitro concentrations evaluated in the
present study, thus lending further support to the clinical
significance of our findings.
Whether the pulmonary vascular resistance increases following

acetaminophen administration to neonates is unknown and
requires further evaluation. To the best of our knowledge, only
one study reported data potentially related to this issue. Oncel
et al.37 described a single case of pulmonary hypertension in a
preterm infant receiving ibuprofen, while none was noted
following oral acetaminophen administration for ductal closure.
In conclusion, acetaminophen exposure, in vitro, promotes

pulmonary and systemic vasomotor changes in rodents, likely via
NAPQI formation and the resulting peroxynitrite generation. Given
the current experimental findings, obtaining echocardiographic
assessment of pulmonary vascular changes and systemic blood
pressure monitoring in infants receiving acetaminophen are
warranted. The present work was supported by funds from an
operating grant from the Canadian Institutes of Health Research
(J.B.; MOP 133664).
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