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Abstract

The present investigation evaluated the effect of inhibiting the P2Y12 gene on anaesthetic-induced neuronal injury in
a rat model. Neuronal injury was induced by exposing the animals for 6 h to 30% oxygen containing 0.75% isoflurane
and 1.2 mg/kg prasugrel (a P2Y12 inhibitor) p.o. for 14 days. Cognitive function was determined by the Morris water
maze, and the neurological severity score was determined. Enzyme-linked immunosorbent assay was used to estimate
the level of oxidative stress and mediators of inflammation in brain tissues of isoflurane-induced neuronal injury rats.
Apoptosis of neuronal cells was estimated by terminal deoxynucleotidy! transferase dUTP nick end labelling (TUNEL)
and western blot assays. Real time-polymerase chain reaction was performed to estimate the expression levels of sever-
al proteins. The data revealed that inhibiting the P2Y12 gene ameliorated changes in the modified neurological severity
score and cognitive function in neuronal injury rats. Moreover the levels of proinflammatory mediators, oxidative stress,
and cyclic AMPB and the number of TUNEL-positive cells, decreased significantly (p < 0.01) in the prasugrel-treated group
compared to the negative control group. In addition, apoptosis of neuronal cells decreased in the prasugrel-treated
group, as it ameliorated expression of the PI3K, Bcl-2, Bad, and Akt proteins in the isoflurane-induced neuronal injury
rats. Expression of brain-derived neurotrophic factor (BDNF) and tropomyosin receptor kinase B (TrkB) proteins was
enhanced, whereas the Toll-like receptor-4 (TLR-4) and nuclear factor kB (NF-xB) proteins decreased in the brain tissues
of the prasugrel-treated group compared to the negative control group of rats. These results suggest that inhibiting the
P2YR12 gene protects against neuronal injury in isoflurane-induced neuronal injury rats. Inhibiting the P2YR12 gene
ameliorated neuronal apoptosis by regulating the BDNF/TLR-4/TNF-a. pathway.
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Introduction

Anaesthetics are used for inducing analgesia
during medical procedures and surgeries [5]. Millions
of children are exposed to anaesthesia each year for
medical procedures [20]. Isoflurane is a commonly
used anaesthetic to induce anaesthesia. Exposure
to isoflurane can lead to injury to several organs

and neuronal degeneration [14]. Neuronal degen-
eration due to isoflurane causes impaired memory
and learning in rodents [24]. In most in vivo stud-
ies on this subject, animals were exposed to 0.75%
isoflurane, which does not affect respiration, hae-
modynamics, brain perfusion or blood glucose level
[15,23]. Thus, the present study investigated the
mechanism underlying the neurotoxicity induced by
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0.75% isoflurane. Paediatric patients aged < 4 years
who were exposed to isoflurane showed loss of cog-
nitive function and impaired memory [7]. Exposure
to isoflurane stimulates the inflammatory process in
the brain. Inflammation is induced by upregulation
of inflammatory mediators, such as nuclear factor kB
(NF-xB), tumour necrosis factor a. (TNF-a) and Toll-
like receptor-4 (TLR-4) [13]. Moreover, the immune
system is activated by TLR-4 during neuronal injury,
and brain-derived neurotrophic factor (BDNF) is acti-
vated in neuronal tissue by enhanced expression of
PI3K [4]. BDNF activates the p75 receptor, tropomy-
osin receptor kinase B (TrkB) and receptors on the
cell surface, which demonstrates its neuroprotective
effect [12]. The Akt protein activates growth factors
that control apoptosis in neuronal cells. Anaesthet-
ics are toxic to neuronal cells due to their action in
the extracellular regulated kinase 1/2 (ERK1/2) and
c-Jun N-terminal kinase (JNK) signalling pathways
[18]. The Akt protein is involved in JNK signalling-
induced apoptosis of neuronal cells.

Management of memory impairment and neu-
ronal injury remains a challenge; thus, a new thera-
peutic approach is required. P2Y12 is a G protein-cou-
pled receptor located on glial cells and platelets [8].
Some studies have revealed that the P2Y12 protein
has a role in neuronal injury and repair [2]. Inhibit-
ing P2Y12 is beneficial in neurological conditions,
such as multiple sclerosis and Alzheimer’s and Par-
kinson’s disease, which are characterised by substan-
tial pro-inflammatory responses, including microglial
activation and release of ATP [11]. The inflammatory
response and migration of cells are regulated by the
P2Y12 protein, which can activate interleukin (IL) [27].
Moreover, one study reported that a P2Y12 antagonist
attenuated ischemic stroke-induced neuronal injury
by regulating endothelial nitric oxide synthase and
the activity of the ERK1/2 pathway [17]. Herein, the
role of P2Y12 expression was evaluated in an isoflu-
rane-induced neuronal injury rat model.

Material and methods
Animals

Sprague-Dawley rat pups (age, 7 days) were
purchased from Dashuo Laboratory Animal Repro-
duction Centre (Chengdu, China). The pups were
maintained on a 12 h light : 12 h dark cycle under
standard conditions (humidity: 60 +5%, tempera-
ture: 24 +3°C) as per the guidelines of Association
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for the Assessment and Accreditation of Laboratory
Animal Care International (AAALAC) for experimen-
tation and animal use. All study protocols were
approved by The Institutional Animal Care and Use
Committee of Weifang People’s Hospital, Shandong,
China (IACUC/WPH/2017/12).

Experiment

The animals were separated into three groups:
a normal group, a negative control group that
received only isoflurane, and a prasugrel-treated
group that received 1.2 mg/kg p.o. prasugrel for
14 days. All animals were exposed to 30% oxygen
containing 0.75% isoflurane for 6 h on P7 [16]. At
the end of the treatment protocol, the rats were
killed, and the brain was isolated from each animal
for assessment of neuronal apoptosis and protein
expression.

Determination of behavioural changes

The Morris water maze (MWM) was used to
determine behavioural changes as per a previously
reported study [21]. The water maze had a height
and diameter of 40 and 100 cm, respectively, and
the platform depth was 15.5 cm. Four quadrants
were created in the apparatus with thread and one
quadrant of the platform was placed such that it
could not be visualised. Swimming behaviour was
monitored continuously for 6 days. Escape latency
was determined as an indicator of spatial mem-
ory and the effect of a P2Y12 antagonist in isoflu-
rane-induced rats was also determined.

Estimate of neurological function

The modified neurological severity score (mNSS)
was used to determine balance, touch, vision, abnor-
mal behaviour, muscle mass, sensation and motion,
as previously reported [19]. The mNSS was calculat-
ed on a 0-18 scale, where 0 indicated normal brain
function and 18 indicated a severe deficit. Neurolog-
ical function was determined on days 1, 3, 7 and 14.

Assessment of cyclic AMP

The levels of cyclic AMP were determined by an
enzyme-linked immunosorbent assay (ELISA) kit in
the brain tissues of the isoflurane and prasugrel-treat-
ed groups, as per the manufacturer’s instructions. The
cAMP level was expressed as pmol/mg.
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Terminal deoxynucleotidyl transferase
dUTP nick end labelling (TUNEL) assay

The TUNEL assay was performed to evaluate
neuronal apoptosis according to the manufacturer’s
instructions (Promega Inc., Madison, WI, USA). All
rats were killed by cervical dislocation; the brains
were then isolated and the hippocampus was dis-
sected. The hippocampal tissues were dehydrated
and seeded in paraffin. A microtome was used to
section the tissues (6 mm thickness) with a spacing
of about 200 pm. The number of apoptotic cells was
estimated using NIS-Elements BR processing and
analysis software (Nikon, Tokyo, Japan).

Biochemical parameters

ELISA kits were used to determine the concen-
trations of inflammatory mediators, such as NF-xB,
IL-1B and TNF-a in the brain tissues of isoflurane-in-
duced neuronal injury rats. Moreover, oxidative
stress markers, such as malondialdehyde (MDA)
and super oxide dismutase (SOD), were measured in
brain tissues using ELISA kits.

Real-time-polymerase chain reaction
(RT-PCR) analysis

The RNA was isolated from hippocampal tissues
using TRIzol reagent. The RevertAid First Strand
cDNA Synthesis Kit (Fermentas, Ontario, Canada)
was used to reverse-transcribe RNA. The primers
mentioned below were mixed with RT2 SYBR Green
Master Mix (Superarray, Frederick, MD, USA) to
determine the gene expression using Quantitative
SYBR Green PCR assays.

Western blot assay

Brain tissues from the site of injury were separated
out and the tissue was lysed in lysis buffer. The super-
natant was separated by centrifuging the lysate for
5 min at 10,000 rpm. Sodium dodecyl sulphate-poly-
acrylamide gel electrophoresis was used to separate
the total proteins. The separated proteins were fil-
tered onto a nitrocellulose membrane. The membrane
was incubated with IY antibodies, including PI3K
(sc-136298; Santa Cruz Biotechnology, Santa Cruz CA,
USA), Akt (sc-24500; Santa Cruz), Bcl-2 (sc-509; Santa
Cruz), Bad (sc-8044; Santa Cruz), ERK-1/2 (sc-81492;
Santa Cruz), NF-xB (sc-398442; Santa Cruz), TLR-4
(ab13556; Abcam, Cambridge, UK), JNK (ab47337;
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Abcam), GADPH (sc-59540; Santa Cruz) and B-actin
(ab8224; Abcam), overnight at 4°C. Horseradish per-
oxidase-conjugated secondary antibody was incubat-
ed for 60 min at room temperature. Image J software
(National Institutes of Health, Bethesda, MD, USA) was
used to estimate band density.

Statistical analysis

All data are expressed as means +SEM (n = 10).
One-way analysis of variance was performed, fol-
lowed by Dunnett’s post hoc test, using GraphPad
Prism software (ver. 6.1.; GraphPad Software Inc.,
San Diego, CA, USA). The level of statistical signifi-
cance was set at p < 0.05.

Results

Inhibiting P2Y12 improves cognitive
function of isoflurane-induced
neuronal injury rats

The memory and cognitive function of the
isoflurane-induced neuronal injury and prasu-
grel-treated group was estimated by the MWM test
(Fig. 1). There was a significant (p < 0.01) reduction
in the number of crossings and time spent in the
target quadrant, as well as an increase in escape
latency, in the negative control group compared
to the normal group. However, prasugrel attenuat-
ed cognitive function deficits, shown by a greater
number of crossings and time spent in the target
quadrant, as well as reducing escape latency, in iso-
flurane-induced neuronal injury rats compared to
the negative control group.

Inhibiting P2Y12 reduces the mNSS of
isoflurane-induced neuronal injury rats

Rats treated with prasugrel and isoflurane were eval-
uated using the mNSS (Fig. 2). The mNSS was enhanced
significantly in the negative control group compared
to the normal group. There was a significant (p < 0.01)
reduction in the mNSS in the prasugrel-treated group
compared to the negative control group of rats.

Inhibiting P2Y12 enhances cyclic AMP

levels of isoflurane-induced neuronal

injury rats

The effect of inhibiting the P2Y12 gene with
prasugrel on the level of cyclic AMP was examined
in isoflurane-induced neuronal injury rats (Fig. 3).
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Fig. 1. Effect of a P2Y12 antagonist on cognitive function and memory (number of crossings, time spent in the
target quadrant and escape latency) of isoflurane-induced neuronal injury rats: results of the Morris water maze
test. Mean + standard error mean (n = 10). #¥p < 0.01 vs. normal group, **p < 0.01 vs. negative control group.
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Fig. 2. Inhibiting the P2Y12 gene improves neu- Fig. 3. Inhibiting the P2Y12 gene increases the
rological function in isoflurane-induced neuro- level of cyclic AMP in brain tissues of isoflu-
nal injury rats, shown by lower modified neuro- rane-induced neuronal injury rats. Mean * stan-
logical severity score (MNSS). Mean +* standard dard error mean (n = 10). #p < 0.01 vs. normal
error mean (n = 10). #p < 0.01 vs. normal group, group, **p < 0.01 vs. negative control group.

**p < 0.01 vs. negative control group.
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The level of cyclic AMP decreased significantly
(p < 0.01) in the negative control group compared
to the normal group. Prasugrel-induced inhibition
of the P2Y12 gene effectively enhanced the level of
cyclic AMP compared to the negative control group.

Inhibiting P2Y12 reduces the number
of TUNEL-positive cells in isoflurane-
induced neuronal injury rats

The effect of inhibiting the P2Y12 gene on neu-
ronal degeneration in isoflurane-induced neuro-
nal injury rats was determined by the number of
TUNEL-positive cells. The number of TUNEL-positive
cells was significantly (p < 0.01) enhanced in the
brain tissues of the negative control group com-
pared to the normal group of rats. However prasu-
grel inhibited the P2Y12 gene and reduced the num-
ber of TUNEL-positive cells significantly (p < 0.01)
compared to the negative control group (Fig. 4).
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Fig. 4. Inhibiting the P2Y12 gene reduces the num-
ber of terminal deoxynucleotidyl transferase dUTP
nick end labelling (TUNEL)-positive cells in brain
tissues of isoflurane-induced neuronal injury rats.
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Fig. 5. Inhibiting the P2Y12 gene with prasugrel
reduced the levels of oxidative stress and proin-
flammatory mediators in the brain tissues of
isoflurane-induced neuronal injury rats. Mean +
standard error mean (n = 10). #p < 0.01 vs. nor-
mal group, **p < 0.01 vs. negative control group.
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Fig. 6. Inhibiting the P2Y12 gene with prasugrel
ameliorates gene expression of brain-derived
neurotrophic factor (BDNF), tropomyosin recep-
tor kinase B (TrkB) and Toll-like receptor-4 (TLR-4)
in the brain tissues of isoflurane-induced neu-
ronal injury rats, as shown by real-time-poly-
merase chain reaction (RT-PCR). Mean + stan-
dard error mean (n = 10). #p < 0.01 vs. normal
group, **p < 0.01 vs. negative control group.
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Inhibiting P2Y12 reduces the levels
of oxidative stress and inflammatory
mediators in isoflurane-induced
neuronal injury rats

Isoflurane-induced neuronal injury rats treat-
ed with prasugrel showed altered levels of oxida-
tive stress markers, such as MDA and SOD, and the
production of proinflammatory mediators, such as
NF-kB, TNF-a and IL-1B (Fig. 5). The levels of NF-«kB,
TNF-a. and IL-1B were enhanced (p < 0.01) signifi-
cantly in the brain tissues of the negative control
group compared to the normal group of rats. More-
over, the level of oxidative stress was enhanced
in the negative control group: the level of MDA
increased and SOD activity was lower versus the
normal group. Prasugrel reduced the levels of oxida-
tive stress and inflammatory mediators significantly
(p < 0.01) in the brain tissues of isoflurane-induced
neuronal injury rats.

Inhibiting P2Y12 ameliorates BDNF,
TrKB and TLR-4 gene expression in
isoflurane-induced neuronal injury rats

The effects of prasugrel on the expression levels
of the BDNF, TrKB and TLR-4 proteins in the brain tis-
sues of isoflurane-induced neuronal injury rats are
shown in Figure 6. A significant (p < 0.01) decrease
in the relative expression of BDNF and TrKB, as well
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Fig. 7. Inhibiting the P2Y12 gene reduces neuronal apoptosis by attenuating the expression of Akt, Bcl-2,
PI3K and the Bad protein in the brain tissues of isoflurane-induced neuronal injury rats, as shown by west-
ern blot assay. Mean + standard error mean (n = 10). #p < 0.01 vs. normal group, **p < 0.01 vs. negative

control group.
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Fig. 8. Inhibiting the P2Y12 gene ameliorates the expression of ERK1/2, NF-kB, TLR-4 and JNK proteins in
brain tissues of isoflurane-induced neuronal injury rats, as shown by western blot. Mean + standard error
mean (n = 10). #p < 0.01 vs. normal group; **p < 0.01 vs. negative control group.

as an increase in expression of TLR-4, were observed
in the brain tissues of isoflurane-induced neuronal
injury rats. However, inhibiting the P2Y12 gene sig-
nificantly (p < 0.01) reduced the expression of the
BDNEF, TrKB and TLR-4 proteins in the brain tissues of
isoflurane-induced neuronal injury rats.

Inhibiting P2Y12 ameliorates neuronal
apoptosis in isoflurane-induced
neuronal injury rats

Apoptosis of neurons was observed in the brains
of the isoflurane- and prasugrel-treated neuronal
injury rats by western blot assay (Fig. 7). Neuronal
apoptosis was estimated by determining the gene
expression of the PI3K, Bcl-2, Bad and Akt proteins
in the brain tissues of isoflurane-induced neuronal
injury rats. The relative expression levels of the PI3K,
Bcl-2, Akt and Bad proteins decreased (p < 0.01) sig-
nificantly in the negative control group compared
to the normal group. However, prasugrel reduced
the altered expression of the PI3K, Bcl-2, Bad and
Akt proteins significantly (p < 0.01) in isoflurane-in-
duced neuronal injury rats.

Inhibiting P2Y12 ameliorates ERK-1/2,
NF-xB, TLR-4 and JNK expression in
isoflurane-induced neuronal injury rats

The expression levels of the ERK-1/2, NF-xB, TLR-4
and JNK proteins were determined in the prasu-
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grel-treated rats (Fig. 8). Enhanced expression of the
NF-kB and JNK proteins, and reduced expression of
the ERK1/2 and TLR-4 proteins, were observed in
the brain tissues of the negative control group com-
pared to the normal group of rats. NF-kB and JNK
expression decreased, and ERK-1/2 and TLR-4 pro-
tein expression significantly (p < 0.01) increased, in
the prasugrel-treated group compared to the nega-
tive control group.

Discussion

Many medical procedures require anaesthesia,
and many children are exposed to anaesthetics for
medical procedures every year. Anaesthetics induce
neuronal apoptosis, which leads to neuronal degen-
eration [6]. Furthermore, children exposed to anaes-
thetics develop memory impairments and cognitive
dysfunction, and conventional treatments have
many limitations. Thus, the present study deter-
mined the effect of inhibiting the P2Y12 gene on
anaesthetic-induced neuronal injury in a rat model.
Cognitive function was determined by the MWM
and the mNSS. ELISA was used to determine the
levels of oxidative stress markers and inflammatory
mediators in the brain tissues of isoflurane-induced
neuronal injury rats. Apoptosis of neuronal cells was
estimated by the TUNEL and western blot assays,
and RT-PCR was performed to estimate the levels of
several proteins.
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The MWM provides a measure of spatial memory
and cognitive function [3] and Behavioural changes
can be determined with the mNSS [19]. The results
of this study revealed that inhibiting the P2Y12
gene attenuated memory impairment and cognitive
dysfunction, and also reduced the mNSS, in isoflu-
rane-induced neuronal injury rats.

It has been well-documented that isoflurane
alters the balance between anti- and pro-inflamma-
tory cytokines in the brain [22]. Pro-inflammatory
mediators, such as NF-xB, TNF-a and IL-1B, cause
tissue damage due to aggregation of granulocytes
[9]. Moreover, several reports have suggested that
some drugs are beneficial against neuronal damage
by reducing oxidative stress [25]. Activation of the
P2Y12 receptor is neurotoxic due to the subsequent
pro-inflammatory response, stimulation of phagocy-
tosis, and migration of immune cells [11]. The pres-
ent study revealed that inhibiting the P2Y12 gene
reduced the levels of oxidative stress and proinflam-
matory mediators in isoflurane-induced neuronal
injury rats.

One study reported that isoflurane induces
apoptosis by altering the expression of proteins,
such as Bcl-2, Bax and Bad, which are involved in
controlling the apoptotic pathway [28]. These pro-
teins maintain cell membrane integrity and release
the factors involved in apoptosis. Moreover, the ERK
and JNK pathways are involved in the regulation of
the Bcl-2 protein [26]. Stimulating the P2Y12 gene
leads to activation of inflammatory mediators and
the Akt protein, which contributes to apoptosis [8].
The present data suggest that inhibiting the P2Y12
gene attenuated the altered expression of Bcl-2, Akt,
Bad, JNK and ERK proteins in the brain tissues of
anaesthetic-induced neuronal injury rats.

In addition, cell survival is regulated by the
PI3K/Akt pathway, as this pathway activates the
anti-apoptotic proteins that inhibit apoptosis [10].
Our results suggest that inhibiting the P2Y12 gene
activated the PI3K/Akt pathway in the brain tissues
of anaesthetic-induced neuronal injury rats, thereby
inhibiting apoptosis of neuronal cells. These data
are supported by previous studies. Furthermore, the
PI3K/Akt signalling pathway is activated by binding
of BDNF to TrKB, thus decreasing apoptosis in neuro-
nal cells. BDNF protects against neuronal cell death
by decreasing apoptosis [1]. Inhibiting the P2Y12
gene reduced apoptosis of neuronal cells by enhanc-
ing expression of the BDNF protein.
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Conclusions

In conclusion, our data revealed that inhibiting
the P2Y12 gene with prasugrel ameliorated the neu-
ronal injury induced by isoflurane in rats, by regulat-
ing the BDNF/TLR-4/TNF-a. pathway. Inhibiting the
P2Y12 gene could be a novel target for the develop-
ment of therapeutic drugs for neuronal injury.
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