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Chronic paracetamol treatment induces neuroinflammation
and microglia activation in rat hippocampus

Laddawan Lalert, Preecha Ruangvejvorachai, Supang Maneesri-le Grand*

Department of Pathology, Faculty of Medicine, Chulalongkorn University, Bangkok, Thailand

Background: Several studies have demonstrated multidirectional effects of paracetamol (acetaminophen; APAP)
treatment on the central nervous system. Recently, an alteration of learning and memory have been reported
following long-term APAP exposure; however, the mechanism underlying these detrimental effects of APAP
treatment is not fully clarified.

Objectives: To investigate the effect of chronic APAP treatment on the microglia activation and neuroinflammation
in the hippocampus.

Methods: Male Wistar rats (weighting 250 - 300 g) in the APAP-treated group was once a day gavaged with
200 mg/kg bodyweight APAP for 30 days, while distilled water at the same volume was orally delivered to
the rats in the control group. Expression of pro-inflammatory cytokines was evaluated using Western blotting
analysis, while the ionized calcium-binding adaptor molecule 1 (Iba-1) and nuclear factor erythroid-2-related
factor 2 (Nrf2) protein expressions were determined by using immunohistochemistry and immunofluorescence,
respectively.

Results: As compared with the control rats, the expression of tumor necrosis factor-alpha (TNF-alpha) and
interleukin-1beta (IL-1beta) were significantly higher in the APAP-treated rats then in the control rats. A significant
increase in Iba-1 protein was demonstrated in rats with 30-day APAP exposure. In addition, an increment of Nrf2
protein expression was also observed in the APAP-treated group.

Conclusion: The present results suggest that chronic APAP treatment can induce microglia activation and
upregulation of proinflammatory cytokines in the hippocampus. An increment of the Nrf2 expression may involve

neuroinflammatory response following prolonged treatment with APAP.
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Paracetamol (Acetaminophen; APAP),
is commonly used for treatment of fever and pain
throughout the world. Due to its properties of high
availability, inexpensiveness, and minimal side-effects,
there is a high possibility that the people who have
chronic pain will select this drug as the first choice
and use it for a long period.

APAP is still accepted as a safe drug, however,
several recent reports demonstrated non-beneficial
effects of APAP treatment in particular with long-
term usage on several systems. A previous study in
animal model revealed that sub-toxic concentration
of APAP treatment could induce a reduction of
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intracellular glutathione (GSH) in pulmonary
macrophages and type Il pneumocytes suggesting
that APAP treatment might be a risk factor for asthma
morbidity.)’. The association between the APAP
treatment and a higher risk of chronic obstructive
pulmonary disease (COPD) has been confirmed
by Nassini R, et al. in 2010. Their results
showed that single and repeated treatment of APAP
[15 - 60 mg/kg body weight (bw)] produced an
elevated neutrophil population, myeloperoxidase
activity, as well as cytokine and chemokine levels in
the mice airway.” Furthermore, unwanted effect
of this drug treatment has also been proposed in
the cardiovascular system. Clinical studies in
subjects who frequently took APAP at a dosage of
500 mg/day demonstrated almost 2-fold higher in the
relative risk of incident hypertension than that observed
in non-users.®-> Later in 2010, Sudano I, et al. have
showed that treatment with APAP at a therapeutic
dose (1 g/day) with standard cardiovascular therapy
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for 2 weeks in patients with coronary heart disease
could induce an increase in both systolic and diastolic
blood pressures.® Regarding the effect of APAP
treatment on the central nervous system (CNS), the
results obtained from the sibling-controlled study
in Norwegian have previously demonstrated that
the children exposed chronically to prenatal APAP
(> 28 days) had poorer gross motor development and
increase in the risk of attention deficit hyperactivity
disorder and communication problems."® A growing
number of evidences suggest that generation of
n-acetyl-p-benzoquinone imine (NAPQI) which is the
active metabolite of APAP after being converted by
cytochrome P450 family 2 subfamily E member 1
(CYP2E1) enzyme is a key factor involved with those
unwanted effects of APAP.(!: 269

It is known that CYP2E1 expresses in several
parts of the brain including hippocampus'?” which is
the brain area responsible for learning and memory
formation.!"” For these reasons, the effect of APAP
treatment on an alteration of learning and memory
has been interested by several research groups.
A number of studies has previously revealed that
APAP treatment could manipulate the capacity of
learning and memory.!?-¥ However, the mechanism
underlying these deteriorating effects is not yet fully
understood.

In 2006, Fakunle PB, ef al. have demonstrated
that chronic treatment (6 weeks) with APAP (100
mg/kg bw) alone or in combination with alcohol intake
could induce neuronal damage in the hippocampus.!
Furthermore, several studies have demonstrated
the association between APAP treatment and
neuroinflammation in hippocampus. The results from
our previous study have revealed that 30-day
intraperitoneal injection with APAP (200 mg/kg bw)
could induce an overexpression of proinflammatory
cytokines (tumor necrosis factor alpha [TNF-alpha]
and interleukin-1 alpha [IL-1alpha]) in hippocampus
(169; however, the mechanism underlying the
neurotoxic effect of long-term APAP treatment is not
yet clarified.

It is well known that microglia activation
is implicated in neuroinflammation and many
neurodegenerative disorders including depression,
Alzheimer’s disease (AD) and Parkinson’s disease
(PD).0"-'® In the resting state, microglia are in the
ramified form with long processes which use for
monitoring the brain environment."*-2” In response
to various pathological stimuli, the microglia can
transform to an ameboid shape and can produce large
amounts of various cytotoxic mediators including
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reactive oxygen species (ROS), chemokines, and
pro-inflammatory cytokines leading to promote the
neuronal inflammation and damage.®'-*?

Additionally, it has been recently reported that the
nuclear factor erythroid 2 related factor 2 (Nrf2) is
one of the gene regulators involve in the inflammatory
process in the central nervous system (CNS).?® An
activation of Nrf2 signaling pathway could prevent
neuronal toxicity induced by inflammation.®® Several
research groups have suggested that overexpression
of Nrf2 might be one potential therapeutic strategy
for many neuropathological conditions including
AD and PD. ®+2

Previously, we have reported that the rats with
30-day oral APAP treatment demonstrated an
elevation of oxidative stress and synaptic impairment
in the hippocampus.?®® This study aimed to
investigate whether the inflammation and microglia
activation involve in these deteriorations observed
in hippocampus. In the present study, the effect of
long-term APAP treatment at the dose of 200 mg/kg
bw on the expression of pro-inflammatory cytokines
(TNF-alpha and IL-1beta) as well as the expression
of ionized calcium binding adaptor molecule 1 (Iba-1)
protein which is a specific biomarker for activated
microglia ?*2” were monitored. Since the Nrf2 gene
expression is participated in the neuroinflammatory
process, the expression of the Nrf2 protein was as
well determined by the immunofluorescence assay.

Materials and methods
Animals

Male Wistar rats (weighing 250 — 300 g) were
obtained from the National Laboratory Animal Center,
Mahidol University, Thailand. The animals were
housed five per cage in a temperature- and humidity-
controlled room with a 12-h dark/light cycle. Food
and drinking water were available ad libitum. All
the protocols used in this study were approved by
the Ethics Committee for Animal Experiment of
the Faculty of Medicine, Chulalongkorn University
(ACUC-CU 23/2558).

To investigate the effects of long-term APAP
treatment on neuroinflammation in the hippocampus,
the rats were divided into two groups (ten animals
each): control and APAP-treated (APAP200) groups.
The rats in the APAP-treated group were daily
gavaged once with 200 mg/kg bw APAP for 30 days,
while the control rats were orally fed distilled
water for the same period. The oral gavage was daily
performed at a time between 9.00 - 10.00 a.m.
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Tissue collection

All animals in both control and APAP200 groups
were humanely killed 24 h after the last treatment.
To perform the biochemical analysis, five rats in each
group were intraperitoneally injected (i.p.) with an
excessive dose of sodium pentobarbital (60 mg/kg bw)
and transcardially perfused with 250 ml of 0.1 M
phosphate buffered saline (PBS) pH 7.4 before
decapitation. The hippocampus was rapidly dissected
on ice and immediately frozen in liquid nitrogen
before storing at — 80°C until protein extraction. For
preparation of tissue homogenates, the frozen
hippocampi were homogenized in RIPA buffer (Cell
Signaling Technology®, MA, USA) containing
proteinase inhibitors (Cell Signaling Technology®,
MA, USA) and were then centrifuged at 12,000 g
at 4°C for 15 min.®® The supernatant was collected,
and the protein concentration was measured by
using a Pierce™ BCA assay kit (Thermo Scientific,
IL, USA).

For the immunohistochemistry, the brain was
removed out of the skull and immerged in the 4%
paraformaldehyde at 4°C for 48 h before being further
processed for embedding in the paraffin.

Western blot analysis

Equal amounts of protein (40 ng) were electrically
separated in 15% SDS polyacrylamide gels and were
then transferred onto a nitrocellulose membrane with
a 0.2-um pore size (GE Healthcare Life Sciences,
Buckinghamshire, UK). The blotted membranes were
incubated at room temperature for 1 h with 5% w/v
of skimmed milk (Sigma, St. Louis, MO, USA) in tris-
buffered saline pH 7.4 containing 0.1% Tween-20
(TBS-T) for TNF-alpha and beta-actin detections or
5% bovine serum albumin (BSA) diluted in TBS-T
for IL-1beta detection. The membranes were then
incubated overnight at 4°C with rabbit anti-TNF-alpha
antibody (1:1,000 dilution; Santa Cruz, California,
USA), mouse anti-IL-1beta antibody (1:2,000 dilution;
Cell Signaling Technology®, MA, USA) or mouse
anti-beta-actin antibody (1:3,000 dilution; Sigma, St.
Louis, MO, USA). After three times washing with
TBS-T, the membranes were incubated with anti-
rabbit antibody conjugated with horseradish
peroxidase (HRP) (1:10,000 dilution; Sigma, St. Louis,
MO, USA) for detecting TNF-alpha expression or
anti-mouse antibody conjugated with HRP (1:10,000
dilution; Sigma, St. Louis, MO, USA) for detecting
IL-1beta and beta-actin expressions. After that the
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membranes were washed for three time in TBS-T.
Immunoreactive bands were then visualized by
using an enhanced chemiluminescence system
(Amersham™ ECL™ Prime Western Blotting
Detection Reagent, GE Healthcare Life Sciences,
Buckinghamshire, UK). The densities of the
immunoreactive bands were determined using ImageJ
software (National Institute of Health, Bethesda, MD,
USA). The results are reported as the ratio of the
densities of TNF-alpha and IL-1beta to -actin.

Immunohistochemistry

The paraformaldehyde-fixed hippocampi (five per
group) were paraffinized was coronally sectioned at
the thickness of 5 im. All sections were deparaftinized
and incubated with an antigen retrieval solution
(citrate buffer pH 6.0, Dako, Glostrup, Denmark), 3%
hydrogen peroxide, and 3% normal horse serum (PAN
Biotech GmbH, Aidenbach, Germany) in PBS.
The sections were incubated with primary rabbit anti-
Iba-1 antibody (1:400 dilution; Abcam, Cambridge,
UK) at 37°C for 30 min. The Iba-1 immunoreactivity
was detected using an ultraView Universal DAB
Detection Kit (Ventana Medical Systems, Inc.,
Arizona, USA). The entire process was conducted
with an automatic slide staining machine (Benchmark
XT, Ventana Medical Systems, Inc., USA). Allslides
were counterstained with hematoxylin, dehydrated
in ethanol series, mounted, and cover-slipped with a
mounting media. All sections were scanned using
a slide scanner (Aperio ScanScope, Aperio, Vista,
California, USA). In order to quantitative analyze,
the Iba-1 immunoreactivity in the hippocampus
(approximately -3.14 to 3.30 from bregma) was
evaluated by using the positive pixel counting
algorithms (v9.1, Aperio, Vista, California, USA) and
the immunoreactivity was reported as positive pixel
per square millimeters (pixel intensity/mm?).

Immunofluorescence assay

To determine the expression and localization of
the Nrf2 protein in the hippocampus, the paraffin-
embedded tissue sections were prepared as described
previously. All the sections were deparaffinized and
rehydrated and then further incubated with an antigen
retrieval solution (citrate buffer pH 6.0, Dako,
Glostrup, Denmark) and 3% normal horse serum
(PAN Biotech GmbH, Aidenbach, Germany) in PBS.
The sections were treated overnight at 4°C with
primary rabbit anti-Nrf2 antibody (1:200 dilution;
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Abcam, Cambridge, UK). After rinsing in PBS, the
sections were further incubated with Alexa Fluor®
488 anti-rabbit IgG secondary antibody for 2 h. Then,
the sections were incubated with 4; 6-diamidino-2-
phenylindole (DAPI) for nuclear counterstaining.
Finally, the sections were cover slipped with a cover
glass and further examined under a fluorescence
microscope (Olympus, Tokyo, Japan).

Statistical analysis

The data are represented as the mean =+ standard
error of the mean (SEM). The statistical analyses
were performed by using unpaired Student’s ¢ — test.
A P -value less than 0.05 was considered to indicate
statistical significance.

Results

To exclude the involvement of hepatotoxicity in
any alterations observed in the hippocampus following
long-term APAP treatment, the hepatic morphology
and three main enzymes associated with the liver
function (aspartate aminotransferase [AST], alanine
aminotransferase [ALT] and alkaline phosphatase
[ALP]) were monitored in this study. The results
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Figure 1. Effect of chronic APAP treatment on the
expression of TNF-alpha protein. The expression
of TNF-alpha protein in the hippocampus
obtained from the control and 200 mg/kg bw
APAP-treated (APAP200) rats were determined
by using Western blot analysis. The histogram
bars are represented as mean £ SEM. **P < (.01
compared to the control group.
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demonstrated that neither the morphology of the liver
nor the level of those three enzymes obtained from
rats treated with 200 mg/kg bw APAP for 30 days
were different from the control rats (data not shown).
With these results, we can ensure that the involvement
of hepatotoxicity is not included to all the alteration
observed in the present study.

Effect of chronic APAP treatment on the
expression of TNF-alpha and IL-1beta proteins

Using the western blot analysis, the results
demonstrated that treatment with 200 mg/kg
bw APAP for 30 days could increase the expression
of proinflammatory cytokines in the rat hippocampus.
The results revealed that the expression of
hippocampal TNF-alpha protein was significantly
higher in the rats with chronic APAP treatment than
that observed in the control group (P < 0.01, Figure
1). In parallel with the finding of an increment of
TNF-a expression, the results also demonstrated a
significant increase in the hippocampal IL-1beta
protein in the rats received with 30-day APAP
treatment as compared with that in the control group
(P<0.05, Figure 2).
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Figure 2. Effect of chronic APAP treatment on the

expression of IL-1beta protein. The expression
of IL-1beta protein in the hippocampus obtained
from the control and 200 mg/kg bw APAP-treated
(APAP200) rats were determined by using
Western blot analysis. The histogram bars are
represented as mean £ SEM. *P < (.05 compared
to the control group.
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Effect of chronic APAP treatment on the
expression of hippocampal Iba-1 protein

The results from the Iba-1 immunohistochemistry
demonstrated that the Iba-1 immunoreactivity was
higher in the hippocampus of rats treated with 30-day
APAP as compared to the rats in the control group
(Figure 3A). The significant increase in the intensity
of Iba-1 immunoreaction was demonstrated in the
chronic APAP-treated rats (P < 0.05, Figure 3B).

Chronic paracetamol treatment induces neuroinflammation and
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Effect of chronic APAP treatment on the
expression of Nrf2

In the present study, the results obtained from the
immunofluorescence assay demonstrated that the
expression of total Nrf2 protein (cytoplasmic and
nuclear proteins) was higher in the rats that received
200 mg/kg bw APAP for 30 days. An increment of
the total Nrf2 protein was observed in the region of
CA1, CA3 and dentate gyrus of the hippocampus
obtained from the rat treated with 30-day APAP as
compared with those observed in the control group
(Figure 4).
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Figure 3. Effect of chronic APAP treatment on the expression of Iba-1 protein. (A) The images of immunohistochemical
staining for Iba-1 protein in the hippocampus obtained from the control and 200 mg/kg bw APAP-treated
(APAP200) rats were determined by using immunohistochemistry. The Iba-1 immunopositive cells are indicated
by the arrows. Scale bars, 300 um. (B) The quantitative data of Iba-1 immunoreactivity is represented as
mean = SEM. *P <0.05 compared to the control group.
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Figure 4. Effect of chronic APAP on the expression of Nrf2 protein. The expression of the Nrf2 protein in
the hippocampus obtained from the control and 200 mg/kg bw APAP-treated (APAP200) rats were determined
by using immunofluorescence assay. The photographs of Nrf2 immunoreaction in the region of CA1, CA3 and
dentate gyrus of the hippocampus are shown. Scale bars, 50 um.

Discussion

The present study have revealed that long-term
treatment with APAP could induce an upregulation
of pro-inflammatory cytokines (TNF-alpha and
IL-1beta) as well as the microglia activation in
hippocampus. This alteration was observed in parallel
with the increment of an expression of Nrf2 protein
in the same brain area.

The dose of APAP employed in the present study
was 200 mg/kg bw. This dose, after converting by
the human equivalent dose guideline distributed by US
Food and Drug Organization (32.25 mg/kg), could be
considered as a dose within a therapeutic dose range
in a human. @528 29 We demonstrated that neither
the liver enzymes nor hepatic morphology were
affected by 200 mg/kg bw APAP treatment for
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30 days. Therefore, it can be ensured that the
hepatotoxicity is not involved in all the alterations
observed in the present study.

In this study, an increment of hippocampal
TNF-alpha and IL-1beta protein expression were
demonstrated in rats orally treated with APAP for
30 days. The association between APAP treatment
and inflammation has been previously reported
in several cell cultured studies. In 2012, Posadas
et al. reported that neuroblastoma cells which being
exposed to the APAP could show an upregulation of
IL-1beta protein expression.®” Studies in astrocytes
and microglial cells culture have as well demonstrated
that long-term APAP treatment could induce an
increment of pro-inflammatory cytokines productions
in those cells. ¢*32

In 2013, Chantong C, et al. demonstrated for the
first time that intraperitoneal injection with APAP
(200 mg/kg) for 30 days could induce an increase
of TNF-alpha and IL-1alpha immunoreactivity in the
hippocampus of the rat.'® Our current results are
consistent with this previous report. Based on these
results, it indicate that long-term oral consumption of
APAP which is the major route of treatment for APAP,
can induce a neuroinflammation in the hippocampus.

Moreover, the microglia activation following long-
term APAP treatment is clearly observed in this study.
The significant increase in Iba-1 expression was
demonstrated in the rat hippocampus obtained from
the APAP treated group. It is well recognized that
microglia activation has a vital role in inflammatory
response in the CNS. Moreover, activated microglia
is also reported to induce the detrimental effect on
neurobehaviors including learning and memory
impairment.®* 3 Hyperreactivity of microglia
can be stimulated by various conditions such as
autoimmune injuries, toxic insults as well as oxidative
stress induction. &3-3%

Our research group has recently reported that
30-day gavage treatment with APAP could induce
elevation of protein carbonyl oxidation and reduction
of GSH levels in the hippocampus. Besides an
increment of oxidative stress, the results demonstrated
the synaptic degeneration in the animal treated with
APAP for a long period. An increase of NAPQI, the
toxic metabolite of APAP, due to the long-term
exposure with APAP has been proposed to be the
cause of those alterations.®®

It is known that microglia cells are the brain
residual microphage which are sensitive for various
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brain insults and act as a first line of defense.® 40
Several studies have demonstrated that an increase
of oxidative stress in the brain can easily activate
microglia.®”- % After activation, microglia can
release several cytotoxic molecules including ROS,
chemokines and pro-inflammatory cytokines.?! 2%
Therefore, we assumed that the increment of
pro-inflammatory cytokine expression observed in
the present study might be associated with oxidative
stress induced microglia activation following long-term
treatment with APAP.

Apart from the neuroinflammation, the present
study demonstrated an overexpression of the Nrf2
protein in the rats with oral 30-day APAP treatment.
Nrf2 is accepted as a transcription factor which
can potentially regulate the defense mechanism of
oxidative stress- and inflammation-mediated neuronal
toxicity. The activation of Nrf2/antioxidant response
element (ARE) signaling can disrupt the NF-kB
pathway resulting in inhibition of pro-inflammatory
cytokine generation.® In addition, stimulated Nrf2
signaling can lead to enzymatic degradation of
pro-inflammatory free heme and generation of
anti-inflammatory compounds due to the promotion
of heme oxigenase-1 activity.?® However, the
expression of Nrf2 is complicated in various disease
progressions. For example, a decrease in the Nrf2
level was demonstrated in AD patients despite
the presence of oxidative stress ®, whereas an
increase in the expression of the ARE-related
genes was observed in patients with mild cognitive
impairment.“"*? In the present study, an upregulation
of Nrf2 was well demonstrated in long-term APAP
treatment. With these results, it can be assumed that
an increased Nrf2 expression can indicate the neural
compensatory response against neuroinflammation
through prolonged APAP exposure.

Conclusion

The data obtained from this study indicate
that oral long-term APAP treatment even with the
dose within a therapeutic dose range can induce
neuroinflammation in the hippocampus. The microglia
activation might be, at least, one mechanism involving
in detrimental effect of this drug. It is known that
the hippocampus is a key brain region responsible for
learning and memory process. Therefore, an alteration
of learning and memory behaviors could probably be
expected in the case of long-term APAP treatment.



232

L. Lalert, et al.

Acknowledgements

This work was supported by the National

Research Council of Thailand (NRCT, GB-
B 60 074 30 18) and the Thailand Research Fund
(PHD/0109/2557).

Conflict of interest

The authors, hereby, declare no conflict of interest.

References

L.

10.

Dimova S, Hoet PH, Nemery B. Paracetamol
(acetaminophen) cytotoxicity in rat type II
pneumocytes and alveolar macrophages in vitro.
Biochem Pharmacol 2000;59:1467-75.

Nassini R, Materazzi S, Andre E, Sartiani L, Aldini G,
Trevisani M, et al. Acetaminophen, via its reactive
metabolite N-acetyl-p-benzo-quinoneimine and
transient receptor potential ankyrin-1 stimulation,
causes neurogenic inflammation in the airways and
other tissues in rodents. Faseb J 2010;24:4904-16.
Curhan GC, Bullock AJ, Hankinson SE, Willett WC,
Speizer FE, Stampfer MJ. Frequency of use of
acetaminophen, nonsteroidal anti-inflammatory drugs,
and aspirin in US women. Pharmacoepidemiol Drug
Saf2002;11:687-93.

Dedier J, Stampfer MJ, Hankinson SE, Willett WC,
Speizer FE, Curhan GC. Nonnarcotic analgesic use
and the risk of hypertension in US women.
Hypertension 2002;40:604-8.

Forman JP, Rimm EB, Curhan GC. Frequency of
analgesic use and risk of hypertension among men.
Arch Intern Med 2007;167:394-9.

Sudano I, Flammer AJ, Periat D, Enseleit F, Hermann
M, Wolfrum M, et al. Acetaminophen increases blood
pressure in patients with coronary artery disease.
Circulation 2010;122:1789-96.

Brandlistuen RE, Ystrom E, Nulman I, Koren G,
Nordeng H. Prenatal paracetamol exposure and child
neurodevelopment: a sibling-controlled cohort study.
IntJ Epidemiol 2013;42:1702-13.

Vlenterie R, Wood ME, Brandlistuen RE, Roeleveld N,
van Gelder MM, Nordeng H. Neurodevelopmental
problems at 18 months among children exposed to
paracetamol in utero: a propensity score matched
cohort study. Int ] Epidemiol 2016;45:1998-2008.
Posadas I, Santos P, Blanco A, Munoz-Fernandez M,
Cena V. Acetaminophen induces apoptosis in rat
cortical neurons. PLoS One 2010;5:¢15360.

Myksis S, Tyndale RF. The unique regulationof brain
cytochrome P450 2 (CYP2) family enzymes by drugs

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Chula Med J

and genetic. Drug Metab Rev 2004;36:313-33.

Euston DR, Gruber AJ, McNaughton BL. The role of
medial prefrontal cortex in memory and decision making.
Neuron 2012;76:1057-70.

Blecharz-Klin K, Piechal A, Pyrzanowska J,
Joniec-Maciejak I, Kiliszek P, Widy-Tyszkiewicz E.
Paracetamol—the outcome on neurotransmission
and spatial learning in rats. Behav Brain Res 2013;
253:157-64.

Ishida T, Sato T, Irifune M, Tanaka K, Nakamura N,
Nishikawa T. Effect of acetaminophen, a
cyclooxygenase inhibitor, on Morris water maze task
performance in mice. J Psychopharmacol 2007;21:
757-67.

Viberg H, Eriksson P, Gordh T, Fredriksson A.
Paracetamol (acetaminophen) administration during
neonatal brain development affects cognitive function
and alters its analgesic and anxiolytic response in
adult male mice. Toxicol Sci2014;138:139-47.

Fakunle PB, Ajibade AJ, Oyewo EB, Alamu OA,
Daramola AK. Neurohistological Degeneration of
the hippocampal formation following chronic
simultaneous administration of ethanol and
acetaminophen in adult wistar rats (Rattus
norvegicus). J Pharmacol Toxiol 2011;6:701-9.
Chantong C, Yisarakun W, Thongtan T, Maneesri-le
Grand S. Increases of pro-inflammatory cytokine
expression in hippocampus following chronic
paracetamol treatment in rats. Asian Arch Pathol 2013;
9:137-46.

Brites D, Fernandes A. Neuroinflammation and
depression: microglia activation, extracellular
microvesicles and microRNA dysregulation. Front
Cell Neurosci 2015;9:476.

Perry VH, Nicoll JAR, Holmes C. Microglia in
neurodegenerative disease. Nat Rev Neurol 2010;6:
193-201.

Chen Z, Trapp BD. Microglia and neuroprotection. J
Neurochem 2016;136 Suppl 1:10-7.

Vinet J, Weering HR, Heinrich A, Kalin RE, Wegner A,
Brouwer N, et al. Neuroprotective function for
ramified microglia in hippocampal excitotoxicity.
J Neuroinflammation 2012;9:27.

Dheen ST, Kaur C, Ling EA. Microglial activation
and its implications in the brain diseases. Curr Med
Chem2007;14:1189-97.

Kraft AD, Harry GJ. Features of microglia and
neuroinflammation relevant to environmental exposure
and neurotoxicity. Int J Environ Res Public Health
2011;8:2980-3018.



Vol. 65 No. 3
July - September 2021

23.

24.

25.

26.

27.

28.

29.

30.

31

Ahmed SM, Luo L, Namani A, Wang XJ, Tang X.
Nrf2 signaling pathway: Pivotal roles in inflammation.
Biochim Biophys Acta Mol Basis Dis 2017;1863:
585-97.

Joshi G, Johnson JA. The Nrf2-ARE pathway: a
valuable therapeutic target for the treatment of
neurodegenerative diseases. Recent Pat CNS Drug
Discov 2012;7:218-29.

Ramsey CP, Glass CA, Montgomery MB, Lindl KA,
Ritson GP, Chia LA, et al. Expression of Nrf2 in
neurodegenerative diseases. J Neuropathol Exp
Neurol 2007;66:75-85.

Lalert L, Ji-Au W, Srikam S, Chotipinit T,
Sanguanrungsirikul S, Srikiatkhachorn A, et al.
Alterations in synaptic plasticity and oxidative stress
following long-term paracetamol treatment in rat brain.
Neurotox Res 2020;37:455-68.

Imai Y, Ibata I, Ito D, Ohsawa K, Kohsaka S. A novel
gene ibal in the major histocompatibility complex
class Il region encoding an EF hand protein expressed
ina monocytic lineage. Biochem Biophys Res Commun
1996;224:855-62.

Yisarakun W, Supornsilpchai W, Chantong C,
Srikiatkhachorn A, Maneesri-le Grand S. Chronic
paracetamol treatment increases alterations in cerebral
vessels in cortical spreading depression model.
Microvasc Res 2014;94:36-46.

Food and Drug Administration. Guidance for
Industry: Estimating the maximum safe starting dose
in initial clinical trials for therapeutics in adult healthy
volunteers [Internet].2005 [cited 2020 Mar 18]
Available from: https://www.fda.gov/ucm/groups/
fdagov-public/@fdagov-drugs-gen/documents/
document/ucm078932.pdf.

Posadas I, Santos P, Cena V. Acetaminophen induces
human neuroblastoma cell death through NFKB
activation. PLoS One 2012;7:¢50160.

Wongprom B, Maneesri-le Grand S, Thongtan T.
Long-term paracetamol treatment induces
interleukin-1p expression in human microglial cells.
Chula Med ] 2015;59:253-63.

33.

34.

35.

36.

37.

38.

39.

41.

42.

Chronic paracetamol treatment induces neuroinflammation and 233
microglia activation in rat hippocampus

Tantarungsee N, Yisarakun W, Thongtan T, Lalert L,
Srikam S, Reuangwechvorachai P, et al. Upregulation
of pro-inflammatory cytokine expression following
chronic paracetamol treatment in astrocyte. Neurotox
Res2018;34:137-46.

Lelios I, Greter M. Trained microglia trigger memory
loss. Immunity 2018;48:849-51.

Wadhwa M, Prabhakar A, Ray K, Roy K, Kumari P,
Jha PK, et al. Inhibiting the microglia activation
improves the spatial memory and adult neurogenesis
in rat hippocampus during 48 h of sleep deprivation.
J Neuroinflammation 2017;14:222.

Kim SU, de Vellis J. Microglia in health and disease. J
Neurosci Res 2005;81:302-13.

Lue LF, Kuo YM, Beach T, Walker DG. Microglia
activation and anti-inflammatory regulation in
Alzheimer’s disease. Mol Neurobiol 2010;41:115-28.
Rivas-Arancibia S, Guevara-Guzman R, Lopez-Vidal Y,
Rodriguez-Martinez E, Zanardo-Gomes M,
Angoa-Perez M, et al. Oxidative stress caused by ozone
exposure induces loss of brain repair in the
hippocampus of adult rats. Toxicol Sci 2010;113:
187-97.

Solleiro-Villavicencio H, Rivas-Arancibia S. Effect of
chronic oxidative stress on neuroinflammatory
response mediated by CD4(+)T cells in
neurodegenerative diseases. Front Cell Neurosci
2018;12:114.

Hemmer B, Archelos JJ, Hartung HP. New concepts
in the immunopathogenesis of multiple sclerosis. Nat
Rev Neurosci 2002;3:291-301.

Ransohoff RM, Perry VH. Microglial physiology:
unique stimuli, specialized responses. Annu Rev
Immunol 2009;27:119-45.

Schipper HM, Bennett DA, Liberman A, Bienias JL,
Schneider JA, Kelly J, et al. Glial heme oxygenase-1
expression in Alzheimer disease and mild cognitive
impairment. Neurobiol Aging 2006;27:252-61.

Tanji K, Maruyama A, Odagiri S, Mori F, Itoh K,
Kakita A, et al. Keapl is localized in neuronal
and glial cytoplasmic inclusions in various
neurodegenerative diseases. J Neuropathol Exp
Neurol 2013;72:18-28.



