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Abstract
Microglial activation underpins the methotrexate (MTX)-induced neurotoxicity; however, the precise mechanism remains 
unclear. This study appraised the potential impact of apigenin (Api), a neuroprotective flavonoid, in MTX-induced neuro-
toxicity in rats in terms of microglial activation through targeting the miR-15a/Rho-associated protein kinase-1 (ROCK-1)/
extracellular signal-regulated kinase 1/2 (ERK1/2) pathway. Male Sprague Dawley rats were randomly divided into 4 groups: 
Normal control (saline i.p. daily and i.v. on days 8 and 15); Api control (20 mg/kg, p.o.) daily for 30 days; MTX-alone 
(75 mg/kg, i.v.) on days 8 and 15, then four i.p. injections of leucovorin (LCV): 6 mg/kg after 18 h, then three doses (3 mg/
kg) every 8 h post-MTX; and Api co-treated (20 mg/kg/day, p.o.) throughout the model for 30 days, with administration 
of MTX and LCV as in group 3. MTX administration elevated hippocampal ionized calcium-binding adaptor protein-1 
(Iba-1) immunostaining, indicating microglial activation. This was accompanied by neuroinflammation, oxidative stress, 
and enhanced apoptosis manifested by elevated hippocampal interleukin-1β, malondialdehyde, and caspase-3, and decreased 
reduced glutathione levels. Concurrently, abated miR-15a expression, overexpression of its target ROCK-1, diminished 
downstream ERK1/2 and cAMP response element-binding protein (CREB) phosphorylation, and decreased hippocampal 
brain-derived neurotrophic factor (BDNF) levels were observed. Api mitigated the MTX-induced neurotoxicity by revers-
ing the biochemical, histopathological, and behavioral derangements tested by novel object recognition and Morris water 
maze tests. Conclusively, Api lessens MTX-induced neuroinflammation, oxidative stress, and apoptosis and boosts cognitive 
function through inhibiting microglial activation via modulating the miR-15a/ROCK-1/ERK1/2/CREB/BDNF pathway.
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DG  Dentate gyrus
DI  Discrimination index
ELISA  Enzyme-linked immunosorbent assay
ERK1/2  Extracellular signal-regulated kinase 1/2
GSH  Reduced glutathione
Iba-1  Ionized calcium-binding adaptor protein-1
IHC  Immunohistochemistry
IL-1β  Interleukin-1β
LCV  Leucovorin
MDA  Malondialdehyde
miR-15a  MicroRNA-15a
MTX  Methotrexate
MWM  Morris water maze
NOR  Novel object recognition
PI  Preference index
ROCK-1  Rho-associated protein kinase-1
RT-qPCR  Reverse transcriptase-quantitative polymerase 

chain reaction
SD  Standard deviation

Introduction

Methotrexate (MTX) is one of the most routinely employed 
chemotherapeutic agents in acute lymphoblastic leukemia 
(ALL) and other cancers; however, its use has been linked to an 
increased incidence of neurotoxicity in about 9–53% of patients 
[1, 2]. This is evident as cognitive impairment, memory prob-
lems, and motor dysfunction which appear in 30–60% of pedi-
atric cancer survivors who have undergone chemotherapy [2, 
3]. The severity of MTX-induced neurotoxicity is multifactorial, 
with many predisposing factors influencing its severity, includ-
ing age, dose, route of administration, and exposure to radiation 
[3]. Although several theories have been proposed to contem-
plate the neurotoxic actions of MTX, the exact mechanism is 
still unknown.

Microglial activation, neuroinflammation, and activation of 
apoptosis are among the mechanisms expected to be involved 
in MTX-induced neurotoxicity, ultimately culminating in loss 
of spatial working memory and cognitive impairments [4]. 
Indeed, Wen et al. [5] reported that 50% of MTX-treated rats 
showed a substantial decrease in hippocampal neurogenesis, 
cell proliferation as well as increased microglial activation 
and apoptosis compared to controls [5]. Peculiarly, MTX 
was reported to activate the microglia, prompting escalated 
inflammatory response [6]. The microglia are neuronal mac-
rophages, which release chemokines and cytokines, activate 
apoptosis, inhibit cell proliferation, and maturation [7]. Persis-
tent activation of the inflammatory microglia can cause neuro-
toxicity by dysregulation of astrocytes and oligodendrocytes, 
decreasing neuronal myelination, survival, and neurogenesis, 
and increasing neuroinflammation, finally precipitating cogni-
tive impairment and memory deficits [6, 8]. Recently, MTX 

was shown to induce chronic microglial activation [6, 9]. 
However, the exact molecular pathway is still unclear.

Recent studies demonstrate the crucial role of Rho-asso-
ciated protein kinase-1 (ROCK-1) in various neurodegen-
erative diseases [10, 11]. ROCK-1 plays a critical role in 
microglial inflammatory cytokine synthesis and release via 
controlling microglial activation [12]. Inhibition of ROCK-1 
activity was reported to affect the microglial phenotype, 
which might contribute to the neuroprotective effects noted 
following ROCK-1 inhibition in various models [13–15]. 
Furthermore, ROCK-1 induction increases neuroinflamma-
tion not only via microglial activation but also by its down-
regulatory effect on extracellular signal-regulated kinase 1/2 
(ERK1/2) and the downstream mediators cAMP response 
element-binding protein (CREB)/brain-derived neurotrophic 
factor (BDNF) [16]. These data emphasize the possible role 
of the ROCK-1/ERK1/2 pathway in microglial activation, 
but whether this extends to the MTX-induced neuroinflam-
mation has not been previously tackled.

Recently, microRNAs (miRNAs) have been interconnected 
with memory regulation and neurogenesis. Among various 
miRNAs, miR-15a was demonstrated to be downregulated in 
Alzheimer’s disease (AD) brains; its overexpression has been 
proven to improve spatial memory and cognitive performance 
in AD mice models [17]. A recent study has shown that miR-
15a targets and represses the ROCK-1 gene in hippocampus 
neurons, and that its increased expression boosted cell sur-
vival while decreasing apoptosis [18]. However, the effect 
of MTX on miR-15a and its downstream ROCK-1 as well 
as their impact on microglial activation is poorly elucidated.

Apigenin (Api) is a flavonoid that occurs naturally in a 
range of fruits and vegetables, including chamomile flow-
ers, garlic, parsley, guava, onion, tea, and citrus fruits [19]. 
Among the many recognized biological effects of Api are its 
antioxidant and anti-inflammatory properties as well as its 
ability to fight cancer and other serious diseases [20]. The 
neuroprotective effect of Api was recently identified in a rat 
model of pentylenetetrazol-induced cognitive impairment 
[19] as well as in vitro models of neuroinflammation asso-
ciated with AD [21]. However, the full neuroprotective and 
restorative mechanisms of Api are still to be investigated.

With this scenario, we hypothesized that Api has the premise 
as a beneficial candidate for co-treatment with MTX to miti-
gate its neurotoxic effects and behavioral and memory derange-
ments. Thereby, this study was designated to investigate the 
potential involvement of the miR-15a/ROCK-1/ERK1/2 path-
way in MTX-induced neurotoxicity in rats from the perspec-
tive of microglial activation. Specifically, the neuroprotective 
effect of Api was examined in terms of its impact on miR-15a/
ROCK-1/ERK1/2/CREB/BDNF pathway, microglial activa-
tion, neuroinflammation, oxidative stress, and apoptosis. Micro-
glial activation was examined using the immunofluorescence 
staining of ionized calcium-binding adaptor protein-1 (Iba-1).
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Materials and Methods

Experimental Animals

Sixty male Sprague Dawley rats, weighing 150–200 g and aged 
4–5 weeks, were obtained. The animals were kept in propylene 
cages (5 per cage) in a controlled environment at Misr Interna-
tional University’s animal house, with a consistent temperature 
(25 °C ± 2 °C), humidity (60 ± 10%), and a 12/12-h light/dark 
cycle as well as unrestricted access to water and pellet diet.

The Research Ethics Committee for Experimental and 
Clinical Studies, Faculty of Pharmacy, Cairo University, 
Cairo, Egypt, authorized all animal procedures and experi-
mental protocols (Permit Number: BC2944). The animals 
were housed according to the US National Institutes of Health 
publication Guide for Care and Use of Laboratory Animals 
(No. 85–23, revised 2011). All attempts were made to reduce 
the number of animals used and minimize animal suffering.

Drugs and Chemicals

MTX was procured from Mylan S.A.S., France as 50 mg/vial 
ready for intravenous (i.v.) administration. Api (50 mg/cap-
sule) was purchased from Swanson, USA; each capsule was 
dissolved into 10 ml of 0.5% carboxymethyl cellulose (CMC) 
immediately before oral administration. Leucovorin (LCV) 
 (Calcifolinon®, 50 mg/vial) was supplied from GPI, Egypt. 
CMC sodium salt was purchased from TopChem, Egypt.

Experimental Design

During the design phase of the experiment, we conducted 
a pilot study in which we found that the administration 
of four i.p. doses of LCV following MTX administra-
tion is vital to maintain the rats alive by lessening the 

MTX-induced fatal diarrhea and weight loss. The signifi-
cant mortality rate in the pilot study led us to start the study 
model with 15 rats/group to ensure sufficient samples at the 
end of the experiment.

Rats were randomly divided into four groups of 15 rats 
each. The group size was calculated using power analysis 
(power = 0.9, α = 0.05). The rats had been acclimated to the 
new environment for 7 days. The experimental design is dis-
played in Fig. 1 as follows:

Group 1 (Normal control): rats received saline intraperi-
toneally daily for 30 days and intravenously on the  8th and 
 15th days of the model.
Group 2 (Api control): rats received a daily dose of Api 
(20 mg/kg, p.o.) dissolved in 0.5% CMC for 30 days [19].
Group 3 (MTX only): rats received MTX (75 mg/kg, i.v.) 
on the  8th and  15th days of the model [22], afterwards they 
received four i.p. injections of LCV: the first dose was 6 mg/
kg after 18 h, and the following three doses were 3 mg/kg 
after 26, 42, and 50 h of MTX administration [22–24].
Group 4 (Api co-treated): Api (20  mg/kg/day, p.o.) 
was administered daily to rats throughout the study for 
30 days, with administration of MTX (75 mg/kg, i.v.) on 
days 8 and 15, followed by LCV injections as in group 3.

All doses were selected based on previously published data. 
All models studying MTX-induced neurotoxicity were 30 days 
long in which MTX (75 mg/kg, i.v.) is administrated on both 
the  8th and  15th days of the model [22, 24]. Api was adminis-
tered in 20 mg/kg, p.o. based on a previous trial which sup-
ported the use of 20 mg/kg over the use of 10 mg/kg in attenu-
ating cognitive impairment and CREB/BDNF upregulation in 
kindled mice [19]. Furthermore, Api was used in the same dose 
as hepatoprotective and neuroprotective flavonoid in bile duct 
ligation [25] and in nephropathy [26]. LCV doses were chosen 
based on previous studies [22–24] and our pilot study.

Fig. 1  Experimental design
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Assessments of the rats’ memory and cognitive func-
tions were carried out after 30 days for all groups (10 rats 
per group). Twenty-four hours following the behavioral 
testing, sacrification was performed by cervical disloca-
tion after being anesthetized with 3% isoflurane inhalation. 
Right away, brains were dissected and quickly rinsed in 
ice-cold saline. Four whole brains from each group were 
fixed in 10% neutral buffered formalin, and then sent to 
the pathology lab for histopathological and immunohisto-
chemical examination. The hippocampi of the remaining six 
brains were dissected from each side of the brain and frozen 
at − 80 °C until the biochemical parameters were tested. All 
assessments were conducted by blinded investigators.

Behavioral Tests

Novel object recognition (NOR) and Morris water maze 
(MWM) were selected due to their effectiveness in assess-
ing memory and cognitive function, their availability in the 
animal house, and the availability of ANY-maze software 
for automatic analysis. NOR is a frequently utilized behav-
ioral examination for spatial memory that investigates the 
short- and long-term spatial memory associated with the 
hippocampus [27, 28]. Furthermore, MWM is utilized to 
identify spatial learning and memory in hippocampal-
affected animals [28].

NOR Test

At the end of the model, NOR was carried out in order to 
evaluate the rats’ capacity to recall the previously studied 
object and identify the new one. Each animal was trained 
for 5 min in an empty open field arena (1 m × 1 m × 0.5 m) 
the day before the test. On the day of the examination, 
every rat participated in two trials: a familiarization trial 
and a choice trial. Both trials were monitored, recorded, 
and analyzed with the help of ANY-maze software. After 
each test, the arena and the objects in it were disinfected 
with ethanol at a concentration of 20% to eradicate any 
trace of a scent.

During the familiarization phase of the experiment, 
each rat was exposed to two of the same objects. After 
allowing each rat to investigate the items for a period of 
3 min, they were removed from the arena and placed in a 
separate cage for a period of 15 min. After this period of 
time had passed, one of the objects that were being used 
in the choice experiment was switched out for a brand-new 
object. During the choice trial, each rat was taken back to 
the arena and presented with one familiar object and one 
unfamiliar object. They were given 3 min to investigate the 
items before being taken out of the arena and returned to 
their regular cages. The amount of time spent investigating 

each object while the rat’s head was pointed toward the 
thing from a distance of less than 2 cm away from the 
object was logged [23].

MWM Test

The MWM test was used to determine the rats’ spatial learning 
ability. The rats began the training phase of the MWM 1 day 
after the model ended, with 12 training trials in which each rat 
received four training trials per day for three consecutive days 
before receiving a probe trial [29]. During the training phase, the 
platform was positioned in the pool’s south-east (SE) quadrant. 
Each rat began a 1-min trial from one of four different starting 
locations, and each rat received four different trials from each 
starting position on a daily basis, as shown in Table 1. Each trial 
was limited to 1 min in duration, and if the rat did not reach the 
platform, it was directed to it for 15 s before being returned to 
its cage. The rats received 1 h of rest in between trials. On the 
fourth day, the rats had the probe test in which the platform was 
removed. The rats started from the NW position for 1 min. The 
quadrant time percentage, path efficiency, and escape latency 
were detected. ANY-maze software was used to record and ana-
lyze the trials and the probe trial.

miRNA Selection

We relied on a bioinformatics approach using the miRTar-
getLink 2.0 interactive tool (https:// ccb- compu te. cs. uni- saarl 
and. de/ mirta rgetl ink2/ netwo rk/ bf99b 12a- cd13- 453e- bcc1- 
aa422 6ac94 3e) as well as on previously reported experimental 
validation to confirm the interaction of miR-15a and ROCK-1 
[18]. We also employed the Human MicroRNA Disease Data-
base (HMDD) (https:// www. cuilab. cn/ hmdd) to detect the asso-
ciation between the selected miRNA and neurological disor-
ders. Indeed, the association of miR-15a with AD, epilepsy, and 
multiple sclerosis was recorded in the database.

Biochemical Assays

Homogenization of rat brain hippocampal tissue was pro-
cessed as directed by the manufacturer using cold phosphate-
buffered saline, and a 10% tissue homogenate was prepared.

Table 1  Morris water maze start positions

N, North; W, West; SW, South-west; NE, North-east; NW, North-west

Day Trial 1 Trial 2 Trial 3 Trial 4

Day 1 N W SW NE
Day 2 SW N NE W
Day 3 NE SW W N
Day 4 Probe trial started at NW

https://ccb-compute.cs.uni-saarland.de/mirtargetlink2/network/bf99b12a-cd13-453e-bcc1-aa4226ac943e
https://ccb-compute.cs.uni-saarland.de/mirtargetlink2/network/bf99b12a-cd13-453e-bcc1-aa4226ac943e
https://ccb-compute.cs.uni-saarland.de/mirtargetlink2/network/bf99b12a-cd13-453e-bcc1-aa4226ac943e
https://www.cuilab.cn/hmdd
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Colorimetric Assay

Reduced glutathione (GSH) and malondialdehyde (MDA) 
concentrations were determined using colorimetric kits 
manufactured by  Biodignostics®, Giza, Egypt (Cat. No. GR 
25 11, MD 25 29). All assays were conducted in accordance 
with the manufacturer’s specifications in a 10% hippocampal 
tissue homogenate.

Enzyme‑Linked Immunosorbent Assay (ELISA)

For the analysis of total CREB (t-CREB), phosphorylated 
CREB (p-CREB), BDNF, interleukin (IL)-1β, and cas-
pase-3, rat ELISA kits were used. The total CREB and 
p-CREB ELISA kits were purchased by  FineTest®, China 
(Cat. No: ER0914) and AFG  Bioscience®, USA (Cat. No: 
EK742597), respectively. BDNF and IL-1β ELISA kits 
(Cat. No: E-EL-R2084 for BDNF and Cat. No. E-EL-
R0267 for IL-1β) were manufactured by  Elabscience®, 
USA. The caspase-3 ELISA kit was obtained from 
 Cusabio®, USA (Cat. No: CSB-E07264r). Following the 
manufacturer’s instructions, all tests were carried out on a 
10% hippocampal tissue homogenate using the Sandwich 
ELISA technique.

Data of ELISA and colorimetric assays are expressed per 
mg protein as measured using Bradford method.

Reverse Transcriptase‑Quantitative Polymerase Chain 
Reaction (RT‑qPCR)

Total RNA was deduced from lysates of rat brain hip-
pocampal tissue using Direct-zol RNA Miniprep Plus 
(Cat. No. R2072, Zymo Research Crop, USA), according 
to the manufacturer’s protocol. A Beckman dual spectro-
photometer (USA) was used to determine the concentra-
tion and purity of the extracted RNA. The optical density 
of isolated RNA was determined at 260 nm and 280 nm 
to guarantee its purity. The entire RNA was reverse tran-
scribed into complementary DNA (cDNA). For analyzing 
the expression levels of miR-15a and ROCK-1, we utilized 
Thermo Fisher Scientific’s Superscript IV One-Step RT-
PCR kit (Cat. No. 12594100, USA) for reverse transcrip-
tion and real-time PCR in a single step using Step-One 
Applied Biosystem PCR apparatus, USA according to the 
manufacturer’s protocol. The primers’ sequences of the 
studied genes and the reference genes are mentioned in 
Table 2.

The results of RT-qPCR were translated into cycle thresh-
old (Ct) values. The Ct values for the studied genes miR-15a 
and ROCK-1 were determined and corrected using the delta-
delta Ct method normalizing to the housekeeping genes 
RNU6 and GAPDH, respectively. We determined the fold 
change of each gene by taking  2−∆∆Ct.

Western Blotting

Total and phosphorylated ERK1/2 (p-ERK1/2) levels 
in hippocampal tissues were measured using a western 
blot. The  ReadyPrep® complete protein extraction kit 
from BIO-Rad Inc., USA (Cat. No. 163–2086) was used 
to extract protein. BIO Basic Inc., Canada’s Bradford 
Protein Assay Kit (Cat. No. SK3041) was used to assess 
protein concentration in each sample. Each 20 µg protein 
sample was then loaded with 2 × Laemmli sample buffer 
containing 4% sodium dodecyl sulphate (SDS), 10% 
2-mercaptoethanol, 20% glycerol, 0.004% bromophenol 
blue, and 0.125 M Tris HCl, and the pH was adjusted 
to 6.8. The mixture was heated at 95 °C for 5 min before 
polyacrylamide gel electrophoresis to denature the pro-
tein. Polyacrylamide gels were made with Bio-Rad Labo-
ratories Inc. TGX Stain-Free™ FastCast™ Acrylamide 
Kit (SDS-PAGE) (Cat. No: 161–0181). The SDS-PAGE 
was made as directed. From bottom to top, the gel was 
built in a transfer sandwich (filter paper, PVDF mem-
brane, gel, and filter paper). The sandwich was placed 
in 1 × transfer buffer (25 mM Tris, 190 mM glycine, and 
20% methanol). Next, protein bands were transferred 
from the gel to the membrane at 25 V for 7 min using a 
Bio-Rad Trans-Blot Turbo. For 1 h, the membrane was 
occluded in Tris-buffered saline (TBS) blocking buffer 
components: 3% bovine serum albumin, 0.1% Tween 20, 
20 mM Tris, 150 mM NaCl, pH 7.5. We used p-ERK1/2 
and total ERK1/2 primary antibodies [diluted 1:500 in 
Tris-buffered saline and Tween (TBST)]. Each primary 
antibody was incubated overnight at 4  °C. The blot 
needed 3–5 TBST rinses over 5 min. The target protein 
was incubated in the horseradish peroxidase (HRP)-con-
jugated secondary antibody solution for 1 h at room tem-
perature as previously described [30].

The chemiluminescent substrate (Clarity™ Western 
ECL substrate Bio-Rad Cat. No: 170–5060) was added to 
the blot in accordance with the manufacturer’s instructions. 

Table 2  Sequences of primers used in the study

Gene Accession number Primer sequence (5’-3’)

miR-15a XR_005648635.1 F: GCC GAG TAG CAG CAC ACA TAA 
R: CAG TGC GTG TCG TGG AGT 

RNU6 XR_006711274.1 F: GCT TCG GCA GCA CAT ATA 
CTAAA 

R: CGC TTC ACG AAT TTG CGT 
GTCAT 

ROCK-1 NR_171200.1 F: AAT CTT CCA GTT GGT TCT GCCT 
R: CTC TAT TTG GTA CAG AAA GCC 

AAC C
GAPDH NM_001394060.2 F: CCT TCT CCA TGG TGG TGA AGA 

R: CAC CAT CTT CCA GGA GCG AG
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CCD camera-based imagers recorded the chemilumines-
cent signals. ChemiDoc MP imager band intensities were 
compared to β-actin (housekeeping protein) using image 
analysis tools.

Histopathology and Immunohistochemistry

After being cleaned and fixed in 10% neutral buffered 
formalin for 72  h, samples were washed with xylene, 
infiltrated, and then embedded in Paraplast tissue embed-
ding media after being trimmed and treated with different 
grades of ethanol. Hippocampal regions in distinct samples 
were demonstrated using rotatory microtome sections of 
4-μm-thick sagittal brain.

The general morphological examination was performed 
using H&E staining. In Dentate gyrus (DG) and Cornu 
ammonis (CA3), Nissl staining with toluidine blue stain-
ing was used to identify damaged and intact neurons. The 
Handbook of Histopathological and Histochemical Tech-
niques was followed for all fixation and staining procedures 
[31].

To perform immunohistochemistry, preparation of 
5-μm-thick paraffin embedded tissue sections was carried 
out in line with the manufacturer’s instructions. 0.3%  H2O2 
was applied to deparaffinized tissue sections for 20 min. 
Afterwards, anti-Iba-1 antibody was used to treat the brain 
samples overnight at 4 °C (ab108539-Abcam — 1:100). 
After washing with phosphate-buffered saline, tissue sec-
tions were incubated for 20 min with the HRP Envision kit 
(DAKO) secondary antibody. The sample was then washed 
and incubated for 15 min with diaminobenzidine. The sam-
ple was then dehydrated, cleaned in xylene, and covered for 
microscopic examination.

According to Abbas et al. [32], Iba-1 immuno-expression 
levels in immunohistochemically stained sections were deter-
mined by the image analyzer computer system; Image J soft-
ware (Version 1.53 K, National Institute of Health, USA) using 
six non-overlapping fields from each sample [32]. Further-
more, the number of intact neurons in both DG and CA3 was 
assessed using the same software [33]. The Leica Application 
module for histological analysis and a full HD microscopic 
imaging system (Leica Microsystems GmbH, Germany) were 
used for all light microscopic exams and data acquisition.

Statistical Analysis

G*Power software was used to calculate the sample 
size per group using power analysis (power = 0.9, α = 
0.05). The mean and standard deviation (SD) were utilized 
to mathematically express the data. The tests of Shap-
iro–Wilk and Kolmogorov–Smirnov were used to deter-
mine whether the variables in this study followed a nor-
mal distribution. One-way ANOVA with Tukey’s post hoc 

test was performed to compare the results of the various 
groups, except for the training and probe escape latency 
where two-way ANOVA was used. The Dixon Q test was 
utilized to identify the outliers. Mead’s “Resource Equa-
tion” was applied to evaluate whether the sample size is 
statistically sufficient. All statistical analyses were carried 
out with the help of the GraphPad Prism 9.0.0 statistical 
analysis program (121). The correlations between various 
parameters were analyzed using Pearson’s correlation. For 
each test, a P value of less than 0.05 was used to show 
statistical significance.

Results

Api Restores Cognitive Function in MTX‑Treated Rats

The discrimination index (DI) is the difference between 
the amount of time spent exploring a novel object and the 
amount of time spent exploring a familiar object, divided 
by the total amount of time spent exploring both novel 
and familiar objects [DI = (TN − TF) / (TN + TF)]. Notice-
ably, the Api-control group was similar to the normal 
control group in all measured parameters. The DI was 
significantly decreased by 1.36 folds in the MTX-induc-
tion group compared with that in the control group. How-
ever, Api co-treatment pre- and post-MTX administration 
meaningfully increased the DI by 2.12 folds compared 
with its level in the MTX-alone group (Fig. 2A).

The preference index (PI) was determined by dividing 
the time spent exploring the novel object by the total time 
spent investigating both novel and familiar objects, and then 
multiplying the result by 100. In the MTX group, the PI 
dropped by 82.9% in comparison with that in the normal 
control group. However, Api co-treatment significantly 
raised the PI by 4.4-fold (Fig. 2B).

In MWM, we observed that the quadrant time percentage 
(the proportion of time the rat spent in the target quadrant 
during the probe test) was 52% lower in the MTX group 
compared with that in the normal control group. On the 
other hand, the quadrant time increased by 1.63-fold in the 
Api co-treated group compared with that in the MTX group 
(Fig. 3A). The path traveled by the rats was tracked by the 
ANY-maze software and plotted in the track plots, which 
clearly indicate that the Api co-treated group spent more 
time in the quadrants than the MTX group (Fig. 3E–H). In 
addition, we observed the path efficiency, which is the ratio 
of the actual path length traveled by a rat to the optimum 
path it could have taken to reach the target quadrant. The 
MTX group demonstrated a roughly 60% decline in path 
accuracy relative to the control group; however, the Api 
co-treated rats demonstrated a 3.4-fold increase in path 
efficiency relative to the MTX group (Fig. 3B).
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Furthermore, the escape latency was measured to 
appraise the learning ability of the rats. Rats in the MTX 
group took 3.79 folds longer time to reach the platform area 
than normal rats. Api co-treatment throughout the study 
significantly reverted the learning ability of rats back to 
the control levels as it showed a noticeable decrease in the 

escape latency time by 87.24% of that in the MTX group 
(Fig. 3C). Examining the escape latency during the training 
trials (days 1–3) and the probe test (day 4) to examine the 
learning pattern of rats revealed that the MTX group had 
lower learning ability and the escape latency progress over 
days than the control and Api co-treated groups (Fig. 3D).

Fig. 2  Effects of MTX and 
Api co-treatment on cognitive 
function (novel object recogni-
tion test). Data are expressed 
as mean ± SD, n = 10. (a) sig-
nificant difference from control, 
(b) significant difference from 
MTX. Significance level was set 
at P < 0.05. One-way ANOVA 
test and Tukey’s post hoc test 
were used in the statistical 
analysis

Fig. 3  Effects of MTX and Api co-treatment on cognitive func-
tion (Morris water maze test). A quadrant time, B path efficiency, C 
escape latency for probe test, D escape latency for training days (days 
1–3) and probe test (day 4), E track plot for normal control, F track 
plot for Api control, G track plot for MTX, and H track plot for Api 

co-treated. Data are expressed as mean ± SD, n = 10. (a) significant 
difference from control, (b) significant difference from MTX. Signifi-
cance level was set at P < 0.05. One-way ANOVA test and Tukey’s 
post hoc test were used in the statistical analysis, except fot the train-
ing and probe escape latency where two-way ANOVA was used
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Api Modulates miR‑15a/ROCK‑1 in the Hippocampus 
of MTX‑Treated Rats

MTX administration abated the expression of miR-15a in 
the hippocampus reaching 12.6% of the normal control val-
ues. This was accompanied by an increase in the levels of 
its downstream target ROCK-1 by 3.51 folds in compari-
son with levels in the control rats (Fig. 4A,B). These results 
highlighted the neurotoxic effect of MTX on the molecular 
level.

The Api co-treated group exhibited a significant esca-
lation in the expression levels of miR-15a by 4.63 folds 
compared with those in the MTX-alone group (Fig. 4A). 
This increase obviously led to a decline in the ROCK-1 
transcription factor level by 54.46% (Fig. 4B), suggesting 
Api as a possible co-treatment to restore the neuroprotec-
tive miR-15a levels.

Api Mitigates the MTX Effect on the Hippocampal 
ERK1/2/CREB/BDNF Pathway

In the context of ROCK-1 elevation in the MTX group, 
the expression of t-ERK1/2 was not affected; however, its 
activation was reduced. This was marked by the observed 
downregulation of p-ERK1/2 levels by 88.47% as well as 
an 8.71-fold reduction in p-ERK/t-ERK ratio in the MTX-
treated rats compared with levels in the normal control 
rats (Fig. 5A–D). Subsequently, p-CREB, t-CREB levels, 
and p-CREB/t-CREB ratio were recorded to decline in the 
hippocampus by 48.66%, 28.1%, and 28.64%, respectively, 

in the MTX group compared with the normal control val-
ues (Fig. 6A–C). Moreover, the hippocampal BDNF levels 
were found to be 25.96% lower in the MTX group than 
that in the normal control rats (Fig. 6D).

Herein, the neuroprotective effect of Api was set clear by its 
effect on the ERK1/2/CREB/BDNF pathway. Downstream of 
ROCK-1, t-ERK1/2 expression was not affected significantly 
while p-ERK1/2 and p-ERK/t-ERK ratio were significantly 
elevated in the Api co-treated group by 4.15 and 4.18 folds, 
respectively (Fig. 5A–D). Consequently, p-CREB, t-CREB 
levels, and p-CREB/t-CREB ratio were escalated by 1.5, 1.26, 
and 1.3 folds respectively in the hippocampus of Api co-treated 
rats compared with those in the MTX-alone group (Fig. 6A–C). 
Additionally, Api exerted a protective effect, raising the BDNF 
level to 1.24 times its level in the MTX group (Fig. 6D).

Api Co‑treatment Attenuates the Microglial 
Activation Induced by MTX in the Rat Hippocampus

Iba-1 immunohistochemical staining has been considered 
an indicator for microglial activation. Iba-1 is a particular 
protein that plays a role in membrane ruffling and phagocy-
tosis in activated microglia [34]. The effect of MTX and Api 
co-treatment is figured in Fig. 7A–D.

The area % of immunohistochemical expression of Iba-1 
was significantly elevated in MTX rats by 2.05 folds com-
pared with that in the normal control rats. On the other 
hand, administration of Api markedly decreased the Iba-1 
expression by 41.63% compared with that in the MTX-alone 
treated rats (Fig. 7E).

Fig. 4  Effects of MTX and 
Api co-treatment on miR-15a/
ROCK-1 levels in the rat hip-
pocampus. Data are expressed 
as mean ± SD, n = 6. (a) sig-
nificant difference from control, 
(b) significant difference from 
MTX. Significance level was set 
at P < 0.05. One-way ANOVA 
test and Tukey’s post hoc test 
were used in the statistical 
analysis
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Api Abolishes the MTX‑Induced Oxidative Stress, 
Neuroinflammation, and Apoptosis in the Rat 
Hippocampus

Both microglial activation and BDNF decline are known to 
induce oxidative stress, as evidenced by the recorded reduc-
tion of GSH levels by 38.05% along with elevation of MDA 
levels by 1.47 folds in the hippocampus of MTX-treated rats 
in comparison with levels in the control rats. Api adminis-
tration throughout the study normalized the GSH and MDA 
levels, demonstrating its antioxidant capacity (Fig. 8A,B).

IL-1β levels were observed to increase by 1.53 folds 
in the hippocampal tissue following MTX treatment com-
pared with those in the control rats. Enhanced apoptosis 
was also clear in the escalated hippocampal caspase-3 lev-
els, which increased by 1.86 folds when compared with 
levels in the normal control rats. On the other hand, Api 
co-treatment counteracted these effects by inhibiting neu-
roinflammation and apoptosis, as evidenced by normalizing 
IL-1β and caspase-3 levels (Fig. 8C,D). Together, these 

data accentuate the anti-inflammatory and antiapoptotic 
actions of Api.

Api Protects the Hippocampal DG and CA3 Regions 
Against Neuronal Degeneration Induced by MTX

Both normal and Api-control rats showed hippocampal 
layers with intact DG granule cells and a well-organized 
pyramidal neuron layer in CA3 with preserved nuclear and 
subcellular characteristics. MTX treatment exacerbated 
granule neuron degeneration in the DG and neuronal loss 
and shrinkage in CA3. In addition to intact-looking cells 
and perineuronal edema, the brain matrix had activated 
microglial cells. Api co-treated groups had more intact, 
well-organized granule cells with intact subcellular charac-
teristics and higher chromatin condensation. Co-treatment 
with Api improved neuroprotective effectiveness, with 
fewer damaged or necrotic neurons and more intact, well-
organized neurons. Mild persistent glial infiltrates were 
also seen (Fig. 9A–H).

Fig. 5  Effects of MTX and 
Api co-treatment on the 
ERK1/2 protein expres-
sion. Data are expressed as 
mean ± SD, n = 6. (a) significant 
difference from control, (b) sig-
nificant difference from MTX. 
Significance level was set at 
P < 0.05. One-way ANOVA test 
and Tukey’s post hoc test were 
used in the statistical analysis
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We further employed Nissl staining to detect degraded 
and intact neuron counts in DG and CA3 from all experi-
mental groups (Fig. 9I–P). The intact neuron count in DG 
was recorded to decrease by 15.9% in MTX when com-
pared with that in the normal control group. However, Api 
co-treatment was able to normalize the number of intact 
neurons (Fig. 9Q). In CA3, the intact neuron count was dra-
matically reduced in the MTX group in comparison with 
the decrease that occurred in the DG. Furthermore, Api 
co-treatment raised the intact neuron count by 5.77 folds 
compared with that in the MTX group (Fig. 9R).

Correlation Study

Several significant correlations between the various evaluated 
parameters are depicted in Fig. 10. miR-15a was positively cor-
related with ERK1/2/CREB/BDNF pathway parameters and GSH, 

and negatively correlated with ROCK-1, MDA, caspase-3, IL-1β, 
and Iba-1. ROCK-1 exhibited negative correlations with ERK1/2/
CREB/BDNF and GSH, but it exhibited positive correlations with 
MDA, caspase-3, IL-1β, and Iba-1. All ERK1/2/CREB/BDNF 
pathway parameters showed similar significant correlation pattern, 
positively with GSH and negatively with MDA, caspase-3, and 
IL-1β. The microglial activation marker Iba-1 depicted substantial 
positive correlations with ROCK-1, MDA, caspase-3, and IL-1β, 
and significant negative correlations with miR-15a, ERK1/2/
CREB/BDNF pathway parameters, and GSH (P < 0.0001 for all).

Discussion

The activation of microglia was one of the most recent 
hypotheses that were put forward to explain MTX-
induced neurotoxicity [35]. To our knowledge, the 

Fig. 6  Effects of MTX and Api 
co-treatment on the CREB/
BDNF protein expression. Data 
are expressed as mean ± SD, 
n = 6. (a) significant difference 
from control, (b) significant dif-
ference from MTX. Significance 
level was set at P < 0.05. One-
way ANOVA test and Tukey’s 
post hoc test were used in the 
statistical analysis
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current study is the first to decipher the molecular under-
pinnings of MTX-induced microglial activation and to 
reveal that MTX mechanistically achieves this effect via 
downregulating miR-15a, raising the gene expression of 
its reported target ROCK-1, and subsequently decreasing 
the downstream p-ERK1/2, p-CREB, and BDNF levels in 
the rat hippocampus. This instigated microglial activa-
tion as evidenced by increased Iba-1 immunostaining, 

ultimately incurring neuroinflammation, oxidative stress, 
and apoptosis, as shown by increased IL-1β, lipid peroxi-
dation, and caspase-3 levels, respectively. Furthermore, 
this study is the first to provide evidence that Api miti-
gated the neurotoxicity of MTX by modulating the miR-
15a/ROCK-1/ERK1/2/CREB/BDNF pathway, thereby in 
part reducing the microglial activation in the rats’ hip-
pocampi. These beneficial effects were concordant with 

Fig. 7  Effect of MTX and Api 
co-treatment on microglial 
activation in the rat hippocam-
pus. Data are expressed as 
mean ± SD, n = 4. (a) significant 
difference from control, (b) 
significant difference from 
MTX. Significance level was set 
at P < 0.05. One-way ANOVA 
test and Tukey’s post hoc test 
were used in the statistical 
analysis. IHC, immunohis-
tochemistry (A–D anti-Iba-1 
immunostaining, 400 ×)
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inhibition of neuroinflammation and apoptosis, restora-
tion of the redox balance, and improvement in cognitive 
function, delineating its neuroprotective effects.

Herein, a considerable rise in Iba-1 immunohistochemi-
cal expression in the hippocampus of MTX-treated animals 
was observed along with increased glial cell infiltrates in 
the DG and CA3 hippocampal regions, indicating height-
ened microglial activation. These findings were in line with 
the growing evidence associating MTX with microglial 
activation [6, 36, 37]. Recent data highlighted heightened 
activation of the microglia to be a cause of neurodegenera-
tive diseases including AD, parkinsonism, and frontotem-
poral dementia [38–40]. Microglial stimulation is known 
to create reactive astrocytes that affect the normal function 
of neurons and is thought to be involved in neurodegen-
erative disorders [41–43]. The microglia are CNS-resident 

macrophages, and it has been demonstrated that microglia 
with both M1 and M2 phenotypes play a dual role in most 
neurodegenerative diseases. M1 is a proinflammatory cell 
that induces the generation of reactive oxygen species and 
IL-1β, whereas M2 is an anti-inflammatory cell [44]. To 
note, MTX was shown to induce chronic microglial activa-
tion and subsequent derangements that were dependent on 
the inflammatory microglia [6]. Our data are in line with 
M1 phenotype activation, confirmed by the observed histo-
pathological alterations and the neuroinflammatory status 
evidenced by elevated levels of IL-1β in the hippocampus 
of MTX-treated rats.

In this study, we elaborated on the molecular mecha-
nism underlying the microglial activation induced by MTX. 
Given that the link between ROCK-1 induction and micro-
glial activation was reported [45], we explored the effect 

Fig. 8  Effects of MTX and Api 
co-treatment on oxidative stress, 
neuroinflammation, and apopto-
sis in the hippocampus. Data are 
expressed as mean ± SD, n = 6. 
(a) significant difference from 
control, (b) significant differ-
ence from MTX. Significance 
level was set at P < 0.05. One-
way ANOVA test and Tukey’s 
post hoc test were used in the 
statistical analysis
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of MTX on ROCK-1 as a possible mediator and further 
expatiated its upstream and downstream effectors. Our data 
revealed upregulation of ROCK-1 along with downregu-
lation of its upstream effector miR-15a and reduction of 
its downstream target ERK1/2 in the hippocampi of rats 
treated with MTX. Indeed, previous data has associated 
ROCK-1 upregulation with various neurodegenerative 
disorders, including AD [12, 46]. Furthermore, miR-15a 
downregulation, upstream of ROCK-1, was previously 
associated with AD [47]. Herein, miR-15a was dramati-
cally downregulated in the hippocampus of MTX-treated 
rats, supporting the previous findings which correlated 
the downregulation of miR-15a with the overexpression 
of ROCK-1 [18, 48]. ROCK-1 activation has been lately 
proven to have a role in mediating neuroinflammation via 
directly evoking microglial activation through increasing 
M1 neuroinflammatory phenotype size and count [49, 50] 
or indirectly via the effect of ROCK-1 on ERK1/2/CREB/
BDNF pathway [51, 52]. This was proven by the observed 
negative correlations between ROCK-1 and miR-15a as 
well as ERK1/2/CREB/BDNF pathway parameters.

ROCK-1 has been proven to negatively affect ERK1/2 
activation [53]. Notably, we found a significant decline 
of activated ERK (p-ERK1/2) manifested by the reduced 
p-ERK/t-ERK ratio in the hippocampus of the MTX-alone 
group. In our study, p-ERK1/2 showed a direct relation 
with CREB phosphorylation, with a decline in activated 
CREB (p-CREB) as well as p-CREB/t-CREB ratio was 
noticed in the hippocampus of the MTX-treated group. We 
recorded a significant decline in BDNF levels downstream 
of CREB due to MTX injections. These results support the 
previous data reporting that decreased CREB/BDNF axis 
results in impaired neurogenesis and neuroinflammation as 
well as neuronal survival [16, 48, 54].

Interestingly, microglial activation was shown to per-
petuate the decline in BDNF levels, resulting in cognitive 
impairment [8]. Indeed, microglial activation invokes an 
imbalance between proinflammatory and anti-inflammatory 
cytokines and prompts a reduction in cell proliferation and 
BDNF levels, leading to activation of apoptosis, reduced 
hippocampal neurogenesis, and spatial memory loss [7]. 
BDNF is one of the most important neurotrophins regulat-
ing brain homeostasis. Hippocampal BDNF enhances neu-
ronal survival, neuroplasticity, and neurogenesis, preserv-
ing learning, memory, and cognitive functions of the brain. 
BDNF binds to the tyrosine kinase B receptor (TrkB) acti-
vating neuroprotective pathways, including the ERK1/2/
CREB pathway, which itself upregulates BDNF [40, 55].

Compelling data suggest that microglial activation as 
well as decreased CREB/BDNF to be important activators 

for oxidative stress and inflammatory cytokines in AD, 
autism, and neurodegenerative disease, leading to cog-
nitive and learning impairment [7, 56–58]. Moreover, 
earlier research has linked microglial activation, IL-1β 
elevation, and BDNF reduction to anesthesia- and sur-
gery-induced hippocampus cognitive impairment [59]. In 
this context, MTX was found to have neuroinflammatory 
side effects through provoking oxidative stress and a pro-
inflammatory milieu. Eliciting oxidative stress by MTX 
in the rat hippocampi led to an increase in the inflamma-
tory mediator IL-1β and the apoptotic marker caspase-3. 
This was evidenced by the observed decrease in GSH lev-
els, elevation of lipid peroxidation, and a marked increase 
in IL-1β levels in the hippocampus. A mechanistic expla-
nation of the increased neuroinflammation could be based 
on ROCK-1-mediated microglial activation through an 
altered miR-15a/ROCK-1/ERK1/2/CREB/BDNF pathway.

Our findings from the correlation analysis implied 
elevated expression of ROCK-1 to increase oxidative 
stress and proinflammatory markers, leading to activated 
apoptosis and neural death. This supports the data of a 
recent study that has associated ROCK-1 activation with 
increased inflammatory cytokines in the hippocampus, 
which leads to neuronal death and cognitive dysfunc-
tion [10]. Caspase-3 which is an important protease in 
the apoptosis process was found to increase in the MTX 
group, which indicates that MTX is a neuro-lethal drug. 
This data was also supported by the histopathological 
examination of the hippocampus, which revealed higher 
records of degenerated granule neurons in the MTX 
group hippocampi. Furthermore, Nissl staining showed 
a significant decrease in intact neurons in both DG and 
CA3. Therefore, our results spotlight that both activation 
of microglia and downregulation of BDNF by MTX are 
possible mechanisms that underlie the neuroinflammatory 
apoptotic consequences.

Our behavioral analysis data showed a significant decline 
in the learning ability and cognitive function due to MTX 
treatment. These data came in line with recently reported data 
linking MTX administration to an increased risk of cognitive 
impairment and memory problems in juvenile patients, result-
ing in an impaired learning outcome [60]. In the performed 
NOR test, the MTX group showed a negative discrimination 
index and lower preference index, which means that the rats 
were totally unable to discriminate between old and novel 
objects during the choice trial. The conducted MWM test came 
up with a similar observation, which revealed a dramatic eleva-
tion in the escaping latency of the MTX-treated rats in addition 
to a substantial decrease in both the quadrant time and path 
efficiency of the probe test. Our data support previous reports 
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suggesting a negative correlation between BDNF levels and 
escape latency [61] as well as elevation of escape latency in 
microglial activation models [62].

Our work further contemplated the neuroprotective effect 
of Api on MTX-induced neurodegeneration. Recent growing 
data highlighted Api as a neuroprotective naturally occurring 
flavonoid in parkinsonism [63], methylmercury neurotoxic-
ity [64], and depressive disorders [65]. In particular, Api was 
studied for its neuroprotective action in various models due to 
its antioxidant and anti-inflammatory activity [65, 66]. In our 
study, Api co-treatment proved itself as a potential antidote for 
MTX-induced neuroinflammation, attenuating its neurotoxic-
ity. The Api co-treated group showed a 4.63-fold elevation in 

the gene expression of miR-15a and a substantial reduction in 
ROCK-1 expression. Consequently, microglial activation was 
mitigated as shown by the substantial decline in Iba-1 levels in 
the hippocampus of the Api co-treated group, reaching 58.37% 
of levels in the MTX-alone group. Similarly, a previous study 
demonstrated that Api inhibits M1 microglia [65]. Furthermore, 
Api has been reported to have an inhibitory action on microglial 
inflammatory effects in cultured microglia and in in vitro mod-
els of neuroinflammation associated with AD [21, 67]. Moreo-
ver, recent data highlighted the indirect inhibitory effect of Api 
on ROCK-1 expression in hepatocellular carcinoma models 
in vivo and in vitro [68] as well as the upregulatory effect on 
BDNF in kindled mice models [19]. Taken together, these data 
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support that ROCK-1 inhibition by Api could be neuroprotec-
tive against MTX-induced derangements in the rat brain.

Our results further elucidated the molecular mechanisms 
of the Api neuroprotective effects of ROCK-1 inhibition. 
Api seems to activate the ERK1/2/CREB/BDNF pathway, 
attested by elevated p-ERK1/2, p-CREB, and BDNF levels 
in the rats’ hippocampi. Concurrently, elevation of GSH and 
decrements in lipid peroxidation, IL-1β, and caspase-3 levels 
were proven by our analysis of inflammatory, oxidative, and 
apoptotic markers in the hippocampus of Api co-treated rats. 
These results are in alignment with previously published data 
that Api reduced oxidative stress and inhibited apoptosis in 
various models, including doxorubicin-induced cardiotoxic-
ity [69] and parkinsonism [63]. Furthermore, previous stud-
ies demonstrated similar results for Api on GSH, MDA, and 
IL-1β [70]. Thus, one can speculate that both inhibition of 
microglial activation and ERK1/2/CREB/BDNF pathway 
activation potentiate the anti-inflammatory, antioxidant, and 
antiapoptotic effects of Api in this model. These protective 
effects explain the increased neuronal survival and neuro-
plasticity in the hippocampi of Api co-treated rats, showing 
higher intact neuron count in both DG and CA3 regions. This 
was reflected in the substantial improvement in cognitive and 

learning behavior manifested by increments in the discrimi-
nating index in NOR and the escape delay in MWM.

Our findings emphasized the impact of ROCK-1 inhibi-
tion as a possible target for attenuating MTX-induced neu-
roinflammation. This was consistent with previous studies 
that highlighted ROCK-1 inhibition as an important player 
in neuroprotection and inhibiting neuroinflammation via 
multiple mechanisms, such as decreasing both microglial 
activation and oxidative stress by shifting between M1 and 
M2 microglia phenotypes, inhibiting apoptosis [12], and 
its effect on activating the ERK1/2/CREB/BDNF neuro-
protective pathway [51]. Api suppressed ROCK-1, reduced 
microglial activation, neuroinflammation, oxidative stress, 
and apoptosis, establishing itself as a promising co-treat-
ment for mitigating MTX-induced neurotoxicity. This 
work has noteworthy limitations, and we urge that future 
research focus on studying the effect of different MTX and 
Api doses. Furthermore, research potential miRNAs and 
other neurotrophic factors that may be influenced by the 
pathways investigated in this study.

Conclusion

MTX-induced neurotoxicity and cognitive impairment 
could be attributed to the microglial activation and neu-
roinflammatory response in part through the miR-15a/
ROCK-1/ERK1/2/CREB/BDNF cascade. This study 
advocates the neuroprotective effects of Api through its 

Fig. 9  Histopathological effects of MTX and Api co-treatment in the 
DG and CA3 regions of the hippocampus. A–D DG H&E stain. E–H 
CA3 H&E stain. A Normal control and B Api control, both demon-
strated normal morphological features of hippocampal layers in the 
DG region, including granule cells at different zones with intact sub-
cellular details (arrow) as well as hilar region without abnormal alter-
ations. C MTX treatment increased degenerated granule neurons and 
nuclear pyknosis (red arrow). Moderate edema accompanied by mild 
higher reactive glial cells infiltrates (arrowhead). D Api co-treatment 
showed markedly higher neuroprotective effects with several images 
of intact granule cells with intact subcellular features and increased 
chromatin condensation (black arrow). Few sporadic degenerated 
neurons (red arrow) with minor glial infiltration were seen. E Normal 
control and F Api control, both demonstrated normal morphological 
structures of hippocampal layers in CA3 region with apparent intact 
well-organized pyramidal neurons with intact nuclear and subcel-
lular details (black arrow). Intact intercellular matrix was observed 
with minimal reactive glial cells infiltration. G MTX treated, showed 
severe neuronal loss and abundant records of hyperesenophilic, angu-
lar necrotic pyramidal neurons without distinct subcellular details 
(red arrow) alternated with few scattered apparent intact cells (black 
arrow), mild perineuronal edema were shown in brain matrix with 
marked higher reactive microglial cell infiltrates (arrowhead). H Api 
co-treated demonstrated much superior neuroprotective efficacy with 
sporadic few deteriorated or necrotic neurons (red arrow) and signifi-
cantly higher figures of intact well-organized neurons (black arrow). 
Mild persistent reactive glial cell infiltrates were shown (arrowhead). 
I–P Nissl staining of DG and CA3 to detect intact (black arrow) and 
damaged (red arrow) neurons. Q Intact neurons count in DG. R Intact 
neurons count in CA3 area. Data are expressed as mean ± SD, n = 4. 
(a) significant difference from control, (b) significant difference from 
MTX. Significance level was set at P < 0.05. One-way ANOVA test 
and Tukey’s post hoc test were used in the statistical analysis. A–D 
H&E 400 × , E–H H&E 1000 × , I–L Nissl staining 400 × , M–P Nissl 
staining 1000 × 

◂

Fig. 10  Heatmap of the correlation matrix between different bio-
chemical and immunohistochemical parameters in all studied groups. 
Values are expressed as the Pearson r correlation coefficient, with sta-
tistical significance P < 0.0001 for all correlations. For each param-
eter, data from all studied groups were included, n = 24, except Iba-1 
n = 16
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inhibitory effect on MTX-induced microglial activation, 
along with lessening neuroinflammation, oxidative stress, 
and apoptosis, and boosting the cognitive function of rats 
via possible modulation of the miR-15a/ROCK-1/ERK1/2/
CREB/BDNF pathway in the hippocampus. Our findings 
lay the groundwork that Api could serve as a consider-
able option for attenuating MTX-induced neuroinflamma-
tion and neurotoxicity. A summary of the current results is 
presented in Fig. 11.
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