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MeTta6onut N-auertun-napabeH30XMHOHUMMH
KaK ¢aKTop BO3MOXXHOW HEMPOTOKCUYHOCTH
napaueraMona

t0.A. Bnacoa, K.A. 3aropoaHukoBa

CeBepo-3anaHbli rocyaapcTBeHHbIA MeguumMHCKuiA yHusepcuteT uM. W.W. Meunukosa, CaHkT-[letepbypr, Poccus

06ocHoeaHue. B coBpeMeHHOI Hay4HOIA IUTepaType LIMPOKO 0OCY)KAAKT BOMOXKHOE HEraTUBHOE BIIMSIHWE NapaLeTaMo-
1a Ha LieHTpanbHYK0 HEPBHYIO CUCTEMY, B YACTHOCTH, CBA3b €ro npueMa Bo BpeMsi HepeMeHHOCTU C PUCKOM BO3HWUKHOBEHUS
PacCTPOCTB ayTUCTUHECKOrO cneKTpa y pebeHka. OgHaKo ecTb MHOTO BOMPOCOB K METOLAM OLEHKU HapyLUEHWA MOBeAEHNS
1 0bpaboTKe pesynbTaToB UCCNENOBaHMIA M0 3ToM TeMe. [103TOMy 3KCMepUMeHTanbHbIe AaHHbIE, MONyYeHHbIE HA HEMPOHasTb-
HbIX KJIeTKax, MOryT CTaTb JOCTATO4HbIM OCHOBAHWUEM, YTODbI NOATBEPAUTL UM ONPOBEPrHYTH NPELMONOXEHUS O HEMPOTOK-
CMYHOCTW NapaLeTaMona v ero MeTabosnToB.

Llen uccnedosaHus — u3y4nThb BNMSHWE NapaleTamona W ero Metabonuta N-aueTun-napabensoxuHoHnMmHa (NAPQI)
Ha HelpoHbI KOPbl MO3ra N/10[0B KpbiC.

Mamepuaner u Memodel. ViccnepoBakve BIUSHUA NapaLeTaMona U ero MeTabonuTa Ha }u3HecnocobHoOCTb KNeToK npo-
BeIeHO MEeTO[I0M, 0CHOBaHHbLIM Ha BOCCTaHOBNEHUM bpomuaa 3-(4,5-aumetuntuason-2-un)-2,5-tetpasonmus (MTT).

Pesynemamel. Tpyu npenHKybaLuum HepOHOB KOpbI MO3ra KpbIC C NapaLeTamMosioM B KOHLIEHTpauun 1 Mr/Mn B TeueHue
24 4 v nocnepyrowleit MHKybaumeit ¢ 0,3 MM nepekucbio BOAOPOAA YCTAHOBNEHO BIUAIHME 3TUX BELLECTB HA CHUMXEHUE XU3-
HeCnocobHOCTW HEMPOHOB, B TOM YKUCIE NMPU MHKYBaLmMK ¢ HUMM 06ouMu. ToT ke 3ddeKT 0BHapyKeH Npu COBMECTHOM Npe-
MHKybBaLMu C NapaLeTaMosioM UM ero MeTabonmToM U1 NepeKMchbio BoLOpoAa.

Bbigodsl. Kak napauetamon, TaK 1 ero MeTabonut NAPQI cHUKaIoT 3KM3HEeCNocobHOCTb HEMPOHOB KOPbI MOA0B KpbiC.

KnioueBble cnoBa: HelpoHbl; uHKa PC12; napauetamon; NAPQL.
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N-acetyl-p-benzoquinonimine metabolite as a factor
of possible neurotoxicity of paracetamol

Yuliya A. Vlasova, Ksenia A. Zagorodnikova

North-Western State Medical University named after I.I. Mechnikov, Saint Petershurg, Russia

BACKGROUND: Currently, the possible negative effects of paracetamol on the central nervous system are widely dis-
cussed in the modern scientific literature. The relationship between the intake of paracetamol during pregnancy by women
and the risk of autism spectrum disorders in their children is being studied. However, such conclusions are often met with
serious criticism as there are many questions about the methods of assessing behavioral disorders and processing research
results. Therefore, experimental data obtained on neuronal cells may be a sufficient ground to confirm or refute assumptions
about the neurotoxicity of paracetamol and its metabolites.

AIM: To study the effect of paracetamol and its metabolite N-acetyl-p-benzoquinonimine (NAPQI) on the neurons of the
cerebral cortex of fetal rats.

MATERIALS AND METHODS: The study of the effect of paracetamol and its metabolite NAPQI on cell viability has been
carried out by a method based on the reduction of 3-(4,5-dimethylthiazole-2-yl)-2,5-tetrazolium bromide (MTT).

RESULTS: 1t has been shown that during preincubation of neurons in the cerebral cortex of the rats with paracetamol at
a concentration of 1 mg/ml for 24 hours and subsequent incubation with 0.3 mM hydrogen peroxide, both hydrogen peroxide
and paracetamol itself reduce the viability of neurons. Joint incubation with paracetamol and hydrogen peroxide also re-
duces the viability of neurons. The same effect of paracetamol and its metabolite is observed with the joint preincubation of
paracetamol or NAPQI and hydrogen peroxide.

CONCLUSIONS: Paracetamol as well its metabolite NAPQI reduce the viability of neurons in the fetal cortex of rats.

Keywords: neurons; PC12 line; paracetamol; NAPQI.
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OPUTVHATTBHOE VICCTTELOBAHVE

BACKGROUND

Paracetamol (acetaminophen) is the most common anti-
pyretic and analgesic drug that, to a lesser extent than most
nonsteroidal anti-inflammatory drugs, is characterized by side
effects in the form of damage to the gastrointestinal tract,
increased systemic vascular resistance with kidney damage,
and fluid retention due to impaired synthesis of prostaglan-
dins. Due to its popularity and perceived high level of safety,
paracetamol is used during pregnancy. In the United States, it
is used by 25%-40% of pregnant women, and 3%-20% of them
take it during all three trimesters [1]. However, paracetamol
is hepatotoxic when overdosed and is estimated to be
the most common cause of liver failure in the United States
and Europe. In 44% of healthy volunteers, a single dose of
paracetamol caused an increase in hepatic transaminases [2].

The toxicity of paracetamol is based on its metabolism
(Fig. 1), the minor pathway of which leads to the formation
of N-acetyl-parabenzoquinoneimine (NAPQI).

With normal paracetamol intake, this metabolite is harm-
less, as it is rapidly conjugated by glutathione S-transferase
and excreted in the bile. Its covalent association with sulfhydryl
groups of proteins rarely occurs with the formation of stable
protein adducts that are normally removed by autophagy [3].
NAPQI is accumulated when high doses of paracetamol are
taken, and the saturation limit is subsequently achieved. In
this case, mitochondrial proteins are converted into irrevers-
ibly formed nonfunctional conjugates, glutathione deficiency
occurs, an oxidative stress reaction develops, and apoptosis
is triggered [4]. Predisposing factors to the toxic effects of
paracetamol are exhaustion, prolonged diet (depletion of glu-
tathione reserves), alcohol consumption (induction of metabo-
lism in the CYP2E1 system), and a decrease in the content of
bile acids that restore hepatocytes [5].

The toxicity mechanisms, described in detail, associated
with paracetamol metabolism, together with its popularity in
pregnant women, are of concern. NAPQI formation depends
on enzymes whose activity increases during pregnancy [6],
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namely, cytochromes of CYP2A6, CYP3A4, and CYP2Dé
families. At the same time, it cannot be ruled out that
NAPQI toxicity poses a threat to the developing fetal nervous
system that is vulnerable to external factors. Studies have
shown an association between the use of paracetamol by
the mother during pregnancy and behavioral disorders in
older children [7]. The toxicity of paracetamol and NAPQI for
nervous system cells was analyzed in an experiment.

This study aimed to analyze the effects of the paracetamol
metabolite NAPQI on rat cerebral cortex neurons under oxi-
dative stress induced by hydrogen peroxide (H,0,).

MATERIALS AND METHODS

H,0, paracetamol, cytosine-B-D-arabinofuranoside,
poly-D-lysine (Sigma, USA), Dulbecco’s modified Eagle’s
medium (DMEM) with L-glutamine, fetal bovine serum,
trypsin, penicillin, and streptomycin (BioloT, Russia) were
used for the study.

Neurons were isolated from the cerebral cortex of rat
embryos on days 17 and 18 of development [8]. Trypsin was
used to isolate cells, and cytosine-B-D-arabinofuranoside
was used to prevent glial cell proliferation. Neurons were
grown in complete DMEM containing 10% F-12 medium,
10% fetal bovine serum, 2 mM L-glutamine, and 20 mM
HEPES. Neuronal cells were inoculated into a complete
growth medium in 96-well plates coated with poly-D-lysine
at 4 x 10° per well. The next day, cells were treated with 1 uM
cytosine-B-D-arabinofuranoside, which was replaced with
complete growth medium after 24 h. Experiments started on
days 5 and 6 of cell cultivation in vitro.

Cell viability was determined by a method based on
the reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-tetrazolium
bromide (MTT) [9]. Cells were inoculated in a 96-well plate at
5 x 10* per well. After 24 h, the complete growth medium was
changed to DMEM with L-glutamine. Cells were incubated
with paracetamol (1 mg/ml) or NAPQI (0.1 mg/ml) for 24 h.
H,0, (0.3 mM) was added 2.5 h before the termination of
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Fig. 1. Metabolism of paracetamol. NAPQI — N-acetyl-p-benzoquinonimine; UDG — uridine-diphosphate (UDG)-glucuronosyl transferase
Puc. 1. Metabonusm napauetamona. NAPQI — N-auetun-napabensoxuHonumu; UDG — YIO-rniokyporuntpaHcdepasa
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incubation. The MTT reagent (0.5 mg/ml) was added 2 h before
the termination of incubation. After 2 h, cells were lysed
with 20% sodium dodecyl sulfate in 50% dimethylformamide
in 0.05 N HCL The content of the stained reaction product
(MTT-formazan) was measured by determining the optical
density at 570 nm on a microplate reader. The results were
expressed as a percentage of the control values, namely
conditional 100% MTT-formazan in PC12 cells not exposed to
paracetamol, NAPQI, and H,0,.

Changes in the mitochondrial membrane potential (MMP)
were verified by flow cytometry using the cationic stain JC-1.
Cells were incubated with paracetamol (1 mg/ml) or NAPQI
(0.1 mg/ml) for 24 h. One hour before the end of incubation,
H,0, (0.3 mM) was added. The JC-1 stain was added to
the final concentration 0.5 h before the end of the incubation.
Measurements were performed on an FC-500 flow cytometer
(Beckman Coulter) at FL1 of 525 + 40 nm, FL2 of 575 + 30 nm,
and A,, of 488 nm. The color change from red to green was
evaluated and quantified. The results were expressed as
a percentage of the control values associated with PC12 cells
not exposed to the substances studied.

RESULTS AND DISCUSSION

Figure 2 presents the results of one of three typical
experiments. Preincubation with H,0, (0.3 mM), paracetamol
(1 mg/ml), and NAPQI (0.1 mg/ml) reduced the percentage
of surviving cells to 51.5%, 85.2%, and 85.6%, respectively.
Coincubation with H,0, and paracetamol or NAPQI revealed
an even more significant decrease in the viability of neurons
(up to 52.8%) than in control cells.

This preincubation also reduced the MMP to 90.0%,
90.7%, and 90.5%, respectively (Fig. 3). Coincubation with
H,0, and paracetamol or NAPQI revealed an even greater
decrease in the MMP to 88.9% and 80.6%, respectively, than
in control cells.
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The effects of paracetamol on fetal brain development re-
main a matter of debate. The Danish National Birth Registry re-
vealed an association between paracetamol intake by pregnant
women and autism spectrum disorders in their children [10].
Similar results were found in other cohorts, namely, the Nor-
wegian MoBa cohort [11] and the Nurses’ Health Study cohort,
one of the largest registries that study women’s health [12].
A meta-analysis of published studies confirmed the relation-
ship between paracetamol use in pregnant women and the risk
of attention-deficit hyperactivity disorder in children [13].

Measurement of paracetamol concentrations and its
metabolite when identifying associations is difficult due to
the heterogeneity of the study results. The drug dose con-
sidered safe for use during pregnancy remains unclear [14].

There is not much information from animal experiments.
C. Rigobello et al. found that pups of pregnant rats given
paracetamol showed signs of social maladjustment, cognitive
impairment, and impairment of metabolism of monoamines
in the hypothalamus, cerebellum, and spinal cord at age
2 months [15].

Experiments have shown that paracetamol can signifi-
cantly increase the expression of JNK, HIF1A, and CASP3,
which are the markers of cell apoptosis in human glioblas-
toma A172 spheroids [16]. At 1 and 2 mM, paracetamol in-
creases neuronal line PC12 cell death [17, 18].

There is also evidence that paracetamol causes cognitive
impairment and changes in the amount of neurotrophic factors
in different parts of the brain (an increase in the frontal cortex
and a decrease in the temporal lobe) in mice [19].

CONCLUSION

Previously, paracetamol was shown to have a toxic ef-
fect on the neuronal line PC12 [9, 17, 18]. The findings that
paracetamol and its metabolite NAPQI reduce the viability
and MMP of neurons in the cerebral cortex of rat fetuses

0.3mM
hydrogen peroxide +

0.3mM
hydrogen peroxide +
+ 1 mg/ml APAP +0.1 mg/ml NAPQI
0,3MM 0,3mMM
nepeKuch BOAOPOAA + MepeKuch BoAoposa +
+ 1 mr/mn APAP +0,1 mr/mn NAPQI

0.1 mg/ml NAPQI
0,1 mr/mn NAPQI

Fig. 2. The effect of paracetamol and NAPQI on the survival of neurons in the cerebral cortex of the fetal rats. APAP — paracetamol;

NAPQI — N-acetyl-p-benzoquinonimine

Puc. 2. BnnsHue napauetamona u N-auetun-napabeH30XMHOHUMMHA Ha BbIXKMBaAHME HEMPOHOB KOpbI Mo3ra niogoB Kpbic. APAP — na-

pauetamon; NAPQI — N-auetun-napabeH30XMHOHUMUH
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0.1 mg/ml NAPQI
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hydrogen peroxide + hydrogen peroxide +
+1mg/mlAPAP  +0.1 mg/ml NAPQI
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Fig. 3. The effect of paracetamol and NAPQI on the change in the mitochondrial membrane potential of neurons in the cerebral cortex of
the fetal rats. APAP — paracetamol; NAPQI — N-acetyl-p-benzoquinonimine

Puc. 3. BamsHue napauetamona u N-auetun-napabeH30XMHOHUMWMHA Ha M3MEHEHWE MUTOXOHAPWANbHOr0 MeMbpaHHOro noTteHuMana
B HEMpOHax Kopbl Mo3ra nnoaos Kpbic. APAP — napauetamon; NAPQI — N-aueTtun-napabeH30XMHOHUMUH

may indicate a possible toxic effect of this drug on nervous
tissue. This research contributed to the biological mechanism
that may explain the neurotoxic effects of paracetamol, par-
ticularly on the developing fetal brain. It is necessary to study
the aspects of NAPQI formation associated with changes in
CYP2Dé and CYP3A4 activity during pregnancy. It is believed
that the most difficult task is to determine the critical dose
and period of paracetamol use during pregnancy, which is
essential for the implementation of its neurotoxicity.
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