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Abstract

Context: Cerebral hypoperfusion contributes to neurovascular injury and functional impairment. Morinda citrifolia L. fruits contain bioactive constituents
associated with neuroprotective activity in several preclinical models.

Aims: To evaluate the neuroprotective effects of an ethanolic extract of M. citrifolia fruits (EEMC) in a right common carotid artery occlusion (RCCAO)-induced
cerebral hypoperfusion model in Wistar rats.

Methods: Twenty-four male Wistar rats were randomized into six groups (n = 4/group): normal control; RCCAO + vehicle; RCCAO + acetylsalicylic acid (65 mg/kg
BW); and RCCAO + EEMC (100, 200, or 400 mg/kg BW). Treatments were administered orally once daily for 14 days following permanent RCCAO. Motor
performance was evaluated using the ladder-rung walking test, and serum matrix metalloproteinase-9 (MMP-9) levels were measured on days 1, 7, and 14. Brain
morphometry and histopathological changes were assessed on day 15.

Results: RCCAO was associated with impaired motor performance and elevated serum MMP-9 levels. EEMC treatment, particularly at 400 mg/kg BW, significantly
improved ladder-rung walking performance and reduced serum MMP-9 levels at day 14 compared with the ischemic control (p<0.05). Brain length, width,
weight, and brain index were not significantly altered by treatment. Qualitative histopathological evaluation suggested reduced neuronal degeneration and
infarct formation at selected brain levels (levels 2 and 3 of the brain transverse sections) in rats treated with higher doses of EEMC.

Conclusions: EEMC administration was associated with improved motor performance, reduced serum MMP-9 levels, and attenuated histopathological
alterations in RCCAO-subjected rats. These findings support the potential of M. citrifolia fruit extract as a complementary therapeutic candidate for cerebral
hypoperfusion-related neurovascular injury; however, further studies incorporating quantitative and mechanistic endpoints are required to substantiate its
neuroprotective effects.

Keywords: cerebral hypoperfusion; matrix metalloproteinase 9; Morinda citrifolia; motor activity; neuroprotection; right common carotid artery occlusion.

Resumen

Contexto: La hipoperfusion cerebral contribuye al dafio neurovascular y al deterioro funcional. Los frutos de Morinda citrifolia L. contienen componentes
bioactivos asociados a una actividad neuroprotectora en varios modelos preclinicos.

Objetivos: Evaluar los efectos neuroprotectores de un extracto etandlico de frutos de M. citrifolia (EEMC) en un modelo de hipoperfusién cerebral inducida por
la oclusidn de la arteria carétida comun derecha (OACCD) en ratas Wistar.

Métodos: Veinticuatro ratas Wistar machos se distribuyeron aleatoriamente en seis grupos (n = 4/grupo): control normal; OACCD + vehiculo; OACCD + acido
acetilsalicilico (65 mg/kg de peso corporal); y OACCD + EEMC (100, 200 o 400 mg/kg de peso corporal). Los tratamientos se administraron por via oral una vez
al dia durante 14 dias, tras la OACCD permanente. El rendimiento motor se evalué mediante la prueba de marcha en escalera, y los niveles séricos de
metaloproteinasa de matriz 9 (MMP-9) se midieron en los dias 1, 7y 14. La morfometria cerebral y los cambios histopatoldgicos se evaluaron el dia 15.

Resultados: La OACCD se asoci6 con un rendimiento motor deficiente y con niveles séricos elevados de MMP-9. El tratamiento con EEMC, en particular a 400
mg/kg de peso corporal, mejord significativamente el rendimiento en la prueba de marcha en escalera y redujo los niveles séricos de MMP-9 el dia 14 en
comparacién con el grupo controlisquémico (p<0,05). La longitud, el ancho, el pesoy el indice cerebral no se modificaron significativamente con el tratamiento.
La evaluacién histopatoldgica cualitativa sugirié una menor degeneracion neuronal y una menor incidencia de infarto en niveles cerebrales especificos (niveles
2y 3de las secciones transversales) en ratas tratadas con dosis mas altas de EEMC.

Conclusiones: La administracion de EEMC se asoci6 con una mejoria del rendimiento motor, una reduccion de los niveles séricos de MMP-9y una atenuacion de
las alteraciones histopatoldgicas en ratas sometidas a OACCD. Estos hallazgos respaldan el potencial del extracto de fruto de M. citrifolia como candidato
terapéutico complementario para la lesién neurovascular relacionada con la hipoperfusién cerebral; sin embargo, se requieren estudios adicionales que
incorporen parametros cuantitativos y mecanisticos para corroborar sus efectos neuroprotectores.

Palabras Clave: actividad motora; hipoperfusion cerebral; metaloproteinasa de matriz 9; Morinda citrifolia; neuroproteccion; oclusion de la arteria carétida
comun derecha.
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INTRODUCTION

Ischemic stroke remains a leading cause of morbid-
ity and mortality worldwide and imposes a substantial
burden on public health systems (Hui et al., 2024). Cer-
ebral ischemia results from thrombotic or embolic
events that restrict cerebral blood flow, leading to neu-
ronal dysfunction and death (Khaku & Tadi, 2023;
Ntaios et al., 2020; Pappachan & Kirkham, 2008). Oxy-
gen and glucose deprivation rapidly disrupt ATP-
dependent ion homeostasis, enhance excitotoxic neu-
rotransmitter release, and trigger oxidative stress. In
addition, reperfusion after vascular recanalization may
aggravate neuronal injury by exacerbating the produc-
tion of reactive oxygen species (ROS) and subsequent
reperfusion injury (Pierik et al., 2020; Rodrigo et al.,
2013). Matrix metalloproteinase-9 (MMP-9), a zinc-de-
pendent extracellular protease, has been implicated in
the early phase of ischemic brain injury. Increased
MMP-9 activity contributes to blood-brain barrier
(BBB) disruption, brain edema, and inflammatory re-
sponses, and has therefore been proposed as a bi-
omarker of neurovascular damage (Dong et al., 2009).

Current pharmacological options for reducing post-
ischemic brain injury remain limited, and there is con-
tinued interest in identifying plant-derived neuropro-
tective candidates. Morinda citrifolia L. (Rubiaceae) has
attracted attention for its bioactive phytochemicals and
reported neuroprotective properties across several ex-
perimental settings. For example, M. citrifolia fruits col-
lected in India reduced seizure severity and improved
biochemical parameters in a pentylenetetrazol-in-
duced kindling model (Ali et al., 2023). Extracts from
M. citrifolia leaves collected in Thailand improved neu-
rological outcomes and reduced oxidative stress in
ovariectomized rats (Wattanathorn et al., 2018), and M.
citrifolia  fruit juice was reported to attenuate
periventricular tissue injury in rabbits (Koktiirk et al.,
2013). Moreover, in vitro studies suggest that M. citrifo-
lia may modulate apoptosis-related pathways and oxi-
dative stress in SH-SY5Y neuroblastoma cells (Genc,
2023) and weakly inhibit human monoacylglycerol li-
pase (Sadino et al., 2024).

Despite these findings, evidence regarding the
neuroprotective potential of M. citrifolia in ischemia-
related brain injury remains limited, particularly in
models of sustained cerebral hypoperfusion.
Importantly, most experimental stroke studies employ
middle cerebral artery occlusion (MCAO), which
primarily reflects acute focal ischemia (Sommer, 2017).
In contrast, right common carotid artery occlusion
(RCCAO) induces a prolonged reduction in cerebral
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perfusion that more closely resembles chronic
hypoperfusion-associated neurovascular injury and
neurodegenerative change (Jing et al., 2015; Thong-asa
et al., 2013). Therefore, RCCAO was selected for the
present study to evaluate the neuroprotective potential
of M. citrifolin under prolonged perfusion impairment.
Notably, to the best of our knowledge, this is the first
study to investigate the neuroprotective effects of an
ethanolic extract of M. citrifolia fruits collected in
Indonesia in Wistar rats subjected to RCCAQO, using
functional motor assessment (ladder rung walking),
serum MMP-9 profiling, and histopathological
evaluation. Therefore, this study aimed to evaluate the
neuroprotective effects of an ethanolic extract of M.
citrifolia fruits collected in Indonesia in Wistar rats
subjected to RCCAO.

MATERIAL AND METHODS

Plant materials and preparation of the extract

Fresh ripe fruits were collected from the plantation
DK Manggen, Nogosari District, Boyolali Regency
(Google coordinates: 7°26"38.1”S 110°46'07.5”E), Cen-
tral Java, Indonesia, following the Regulation of Badan
Pengawas Obat dan Makanan (BPOM) No. 29/2023
concerning the Requirements for Safety and Quality of
Traditional Medicines. Botanical identification was
performed by Arifin Surya Dwipa Irsyam at the School
of Life Sciences and Technology, Bandung Institute of
Technology, Indonesia. The plant was taxonomically
verified as Morinda citrifolia L. (family Rubiaceae), based
on nomenclature listed in the International Plant
Names Index (https://www.ipni.org) and Tropicos
database (https:/ /www.tropicos.org). Taxonomic val-
idation also referred to standard literature (Backer &
van den Bakhuizen, 1965; Das & Rahman, 2011;
Kesonbuaa et al., 2013; WHO, 1998). A voucher speci-
men (No. 5745/2023) has been deposited at the Her-
barium Bandungense, Bandung Institute of Technol-
ogy, Indonesia.

The fruits were cleaned according to standard
pharmacognosy laboratory procedures, sliced, and
dried in an oven set at approximately 40°C. The dried
fruits were extracted using 96% ethanol, adapted from
previous methods, for 3 x 24 h, followed by vacuum
evaporation at 60°C, yielding a 25.29% w/w thick eth-
anol extract of M. citrifolia (EEMC) (Sadino et al., 2024;
WHO, 1998).

J Pharm Pharmacogn Res (2026) 14(2): 2


https://jppres.com/
https://www.ipni.org/
https://www.tropicos.org/

Sadino et al.

Animals and ethical approval

The animal handling procedure was approved on 5
March 2024 by the Research Ethics Committee of Uni-
versitas Padjadjaran, Indonesia
(https:/ /kep.unpad.ac.id/; approval document num-
ber 210/ UN6.KEP/EC/2024). The procedure was car-
ried out by strictly following The Guide for the Care
and Use of Laboratory Animals; eighth edition (Garber
et al., 2011), and adhered to the Animal Research Re-
porting of In Vivo Experiments (ARRIVE) guidelines
2.0 (https:/ /arriveguidelines.org/arrive-guidelines).

Twenty-four male adult Wistar rats, weighing 150
to 200 g, were purchased from the Animal Breeding
Facility, Division of Animal Laboratories of PT.
Biofarma, JI. Kolonel Masturi Kav 10 Kertawangi,
Cisarua, West Java, Indonesia. The rats were randomly
assigned to six experimental groups (four rats per
group) using the Federer formula based on sample size
calculations. The animals were housed under con-
trolled environmental conditions (temperature 24 +
2°C; relative humidity 55%), with a 12-hour light/dark
photoperiod to simulate the natural circadian rhythm.
Each group was kept in a cage measuring 52 x 45 x 45
cmd (Elkanawati et al., 2025; Susilawati et al., 2024). The
top lid of the cage, which was a perforated wire, pro-
vides ventilation. At this size, the cage can accommo-
date 4 rats. The bedding used was wood husk with a
minimum thickness of 3 cm. Wood husk was chosen as
it effectively absorbs and retains feces, urine, and food
debris. Additionally, it supports natural rat behaviors,
such as running, digging, and playing, within the cage.
To maintain cage hygiene and ensure the health of the
rats, the cages were cleaned, and the wood husks were
renewed every three days (Elkanawati et al.,, 2025;
Susilawati et al., 2024). The rats were given ad libitum
the Prospets standard diet purchased from Surya Sains
Indonesia containing water 10.98%, protein 24.59%,
9.70%, 48.30%, calcium 0.8%, and NaCl 0.1%, and free
access to fresh water drink during seven days of adap-
tation to their new environment and in vivo experi-
ments in the Science Laboratory, Postgraduate School,
Universitas Padjadjaran, Indonesia. The health condi-
tions and behaviors of the rats were monitored daily.

Chemicals and materials

Rat matrix metalloproteinase-9 (MMP-9 ) ELISA kit
(Elabscience® with catalog number E-EL-R3021, Silk
Braided USP 3/0 thread (Romed Medical), chromic
catgut USP No. 3/0 thread (GEA Medical), MoDres
transparent film dressing roll 10 cm (Zheijiang Long-
term Medical Technology Co, Ltd), ketamine (Agrov-
etmarket), and xylazine (Interchemie), gentamicin
ointment (PT. First Medipharma), hematoxylin-eosin
(H&E) (TissuePro), and 10% neutral buffered formalin
(PT. Nutama Meditek Indonesia).
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Carotid artery ligation-induced cerebral
hypoperfusion in Wistar rats

Sustained cerebral hypoperfusion was induced by
adapting the RCCAO procedure, as previously de-
scribed (Guo et al., 2011; Mentari et al., 2018; Popp et
al., 2009). After a seven-day acclimatization period, the
rats were anesthetized with ketamine (75 mg/kg BW)
and xylazine (5 mg/kg BW) and placed in the supine
position. The fur on the neck was shaved and disin-
fected with 70% ethanol before making a 2-3 cm verti-
cal midline incision to expose the right common ca-
rotid artery (CCA) located lateral to the trachea. The
right CCA was carefully separated from the surround-
ing tissue and permanently ligated using Silk Braided
USP 3/0 thread, which was maintained for 14 days to
model prolonged reduction in cerebral perfusion. The
incision was closed with No. 3/0 chromic catgut su-
tures, followed by topical application of gentamicin
ointment and covered with MoDres transparent film
dressing roll 10 cm. The rats were observed for 90 min
post-operation, and all rats were confirmed alive. This
process is illustrated in Fig. 1.

Figure 1. Carotid artery ligation-induced
cerebral hypoperfusion in Wistar rats
using a Silk Braided USP 3/0 thread

The number of animals per group was determined
a priori using Federer’s formula for completely ran-
domized experimental designs: (t-1)(n-1) > 15, where ¢
represents the number of treatment groups, and n rep-
resents the number of animals per group. In this study,
t = 6; therefore, (6-1) (n-1) = 15, resulting in a minimum
sample size of n > 4 rats per group. Animals were ran-
domly assigned to experimental groups using a man-
ual randomization procedure. Investigators responsi-
ble for behavioral scoring (ladder-rung walking test)
and histopathological evaluation were blinded to
group allocation throughout outcome assessment. The
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rats were randomly divided into six groups (n = 4): (1)
normal control group (no treatment); (2) negative
control group (RCCAO-induced cerebral
hypoperfusion treated with water); (3) positive control
group (RCCAO-induced cerebral hypoperfusion
treated with acetylsalicylic acid at a dose of 65 mg/kg
BW); (3) test-1 group (RCCAO-induced cerebral
hypoperfusion treated with EEMC at a dose of 100
mg/kg BW); (4) test-2 group (RCCAO-induced
cerebral hypoperfusion treated with EEMC at a dose of
200 mg/kg BW); and test-3 group (RCCAO-induced
cerebral hypoperfusion treated with EEMC at a dose of
400 mg/kg BW). Acetylsalicylic acid or EEMC were
administered orally daily for two weeks. The rats were
evaluated for their body weight (BW), forelimb and
hindlimb function (or motor function) using the lad-
der-rung walking test (D1, D7, and D14), serum MP-9
levels (D1, D7, and D14), brain index (D15), and brain
histopathology (D15).

Effects of EEMC on body weight and percentage of
weight gain

The effects of EEMC on body weight and weight
gain in ischemic stroke model rats were evaluated by
measuring the weight at D1, D7, and D14.

Effects of EEMC on the motor function

The effects of EEMC on motor function in rats with
RCCAO-induced cerebral hypoperfusion were evalu-
ated using the ladder-rung walking test, as described
by Metz & Whishaw (2009), with minor modifications.
The rats were placed on a horizontal ladder (length 100
cm, width 13 cm, height 20 cm) with rungs spaced
apart (1-2 cm), and a camera was arranged at a certain
standpoint to record the movements simultaneously.
The types of paw placement on the rungs were rated
according to their position and the errors that
occurred, using a 4-category scale as follows:

A score of 0 was assigned when the limb failed to
contact any rung, resulting in a complete miss and
subsequent fall.

A score of 1 indicated a deep slip, where the limb
initially made contact with the rung but lost grip
during weight-bearing, leading to a fall.

A score of 2 was given when the limb briefly
contacted a rung but was quickly repositioned to
another rung before bearing weight.

A score of 3 was recorded when the limb was
accurately placed with the palm's center directly on the
rung and successfully supported the animal's body
weight.
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The lowest scores were selected when different er-
rors occurred simultaneously. This test was accom-
plished on D1, D7, and D14.

Effects of EEMC on serum matrix metalloproteinase-
9 (MMP-9)

Serum MMP-9 expression levels in rats were
measured on D1, D7, and D14. Briefly, blood collected
from the lateral tail vein of rats was stored at 22 + 2°C
for 2 h, then centrifuged at 4°C for 10 min at 10,000
rpm; the supernatant was collected for further use.
Blood sampling from the lateral vein offered signifi-
cant advantages over other techniques because it was
rapid, minimally invasive, and did not require anes-
thesia or analgesia, with a volume of > 1 mL of blood
(Lee & Goosens, 2015). The supernatant was used to
measure MMP-9 expression levels following the
protocol of the enzyme-linked immunosorbent assay
kits. The sandwich principle was used for the ELISA
kit. Standards or samples were added to the microplate
wells, sequentially combined with a biotinylated de-
tection antibody specific for rat MMP-9 and an avidin-
horseradish peroxidase (HRP) conjugate, and incu-
bated. The substrate solution was then added to each
well. Wells that contained rat MMP-9 (concentrations
of 7.81, 15.63, 31.25, 62.50, 125.00, and 250.00 ng/mL),
biotinylated detection antibody, and avidin-HRP con-
jugate, will appear blue. The reaction was terminated
by the addition of a stop solution, which is indicated
by a yellow color. The optical density (OD) at 450 nm
was proportional to MMP-9 concentration and was de-
termined from a standard curve.

Effects of EEMC on brain macroscopy, brain index,
and histopathology

At D15, the rats were euthanized using ketamine
(100 mg/kg BW) and xylazine (5 mg/kg BW). The
brain was surgically removed, weighed, and measured
for its length and width (the brain stem was not in-
cluded in the measurement). Subsequently, the brain
was stored in plastic pots containing 10% neutral-buff-
ered formalin. In addition, the brain index, denoting
the relative brain weight, was calculated as an objec-
tive indicator of brain swelling/edema or treatment-
related changes in brain mass. The brain index was de-
termined by dividing the wet brain weight by the ter-
minal body weight (BW) and expressed as a percent-
age (brain weight [g] + body weight [g] x 100) (Zhang
et al., 2021). This approach is widely used in toxicology
and preclinical neuroscience studies to detect treat-
ment-related changes while accounting for differences
in body weight between groups (Rao et al., 2014).

Brain tissue sectioning was performed coronally,
starting from the optic chiasm towards the anterior,
sliced using a 5 pm-thick microtome, and stained with
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hematoxylin-eosin (HE). The evaluation focused on
neuroanatomical regions located at level 2
(approximately 1-2 mm anterior to the optic chiasm)
and level 3 (corresponding to the infundibulum
and/or median eminence), as adapted from previously
established anatomical landmarks, to observe the
occurrence of infarction (Rao et al, 2014;
Shekarforoush et al., 2016; Treuting et al., 2017).
During observations, a light stereo microscope (Leica
EZ4E) equipped with an 8x camera (objective lens 0.8x,
ocular lens 10x) was used. Behavioral scoring and his-
topathological evaluations were performed by investi-
gators blinded to treatment allocation. Brain tissue
samples were independently examined by Dr. Ma-
dihah, a biologist with expertise in animal structure
and development, at the Department of Biology, Uni-
versitas Padjadjaran, West Java, Indonesia.

Statistical analysis

Quantitative data are presented as mean + standard
deviation (SD). Statistical analyses were performed
using IBM SPSS Statistics (version 20.0, Windows
platform). Data distribution and variance assumptions
were assessed using the Shapiro-Wilk normality test
and Levene’s test for homogeneity of variance, respec-
tively. For datasets that met parametric assumptions,
one-way ANOVA was applied, followed by LSD post-
hoc testing for pairwise comparisons. For datasets that
did not meet parametric assumptions, the Kruskal-
Wallis test was used, followed by the Mann-Whitney
U test for pairwise comparisons. For outcome
measures obtained repeatedly from the same animals
over time (days 1, 7, and 14), a repeated-measures
analysis was used to account for within-subject
correlation. The use of repeated-measures ANOVA or
mixed-effects modeling represents a more robust
statistical framework for longitudinal data and may
reduce the risk of false-positive findings in future
confirmatory studies. A p-value less than 0.05 was
considered indicative of statistical significance.

RESULTS

Effects of EEMC on body weight and motor function

At the end of the study (D14), all experimental
groups exhibited a slight increase in body weight, in-
cluding rats subjected to RCCAO (Fig. 2). The percent-
age of body weight gain was 11.73% in the normal con-
trol group, 13.22% in the negative control group,
10.63% in the positive control group, and 8.46%,
11.30%, and 9.51% in the EEMC-treated groups at
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doses of 100, 200, and 400 mg/kg BW, respectively.
Treatment with EEMC was associated with a lower
percentage of weight gain compared with the negative
control group. However, food intake was not quanti-
fied, and mechanistic conclusions regarding anti-obe-
sity or appetite-modulating effects cannot be drawn.
Accordingly, body weight changes are reported de-
scriptively only.

350

300

Cl '..——'—"”‘_{L—’#",‘5 —Normal Control
%) 250 i — —1 i - . —Negative Control
g 200 ;_f:h%%,fﬂ”i Positive Control
z : EEMC 100 mg/kg BW
@ 150 —EEMC 200 mg/kg BW
—EEMC 400 mg/kg BW
100
D1 D7 D14
Day

Figure 2. Effects of EEMC on the body weight of RCCAO-induced
cerebral hypoperfusion in Wistar rats at D1, D7, and D14.

Data are presented as mean + standard deviation (SD) (n =4 per
group). EEMC: Ethanol extract of Morinda citrifolia fruits; RCCAO:
Right common carotid artery occlusion; D1: Day 1; D7: Day 7; D14:
Day 14; BW: Body weight.

The effects of EEMC on motor function of RCCAO-
induced cerebral hypoperfusion in Wistar rats are pre-
sented in Tables 1-2, and Fig. 3. Our study delineated
that ligation of the carotid arteries resulted in motor
impairment and cognitive dysfunctions of the rats in
the negative control group, as indicated by the paw
placement score (slipping off score in Table 1). The
number of falls (Table 2) when crossing the ladder-
rung walking test apparatus (Fig. 3). Treatment of rats
with acetylsalicylic acid at a dose of 65 mg/kg BW or
EEMC at a dose of 400 mg/kg BW significantly im-
proved the motor function of cerebral hypoperfusion
model rats, as demonstrated by the correct placement
score achievement and reduced number of falls.

Effects of EEMC on serum MMP-9 levels

The concentration of MMP-9 in the samples was
calculated using an MMP-9 standard curve (Fig. 4),
and the effects of EEMC on the serum MMP-9 levels in
Wistar rats with ischemic stroke are presented in Table
3. Ligation of the carotid arteries increased the serum
MMP-9 levels in rats in the negative control group. At
D7, only rats in the positive control group (treated with
acetylsalicylic acid at a dose of 65 mg/kg BW) showed
a significant decrease in serum MMP-9. Treatment of
rats with acetylsalicylic acid or all doses of EEMC sig-
nificantly decreased serum MMP-9 levels at D14.
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Table 1. Effects of EEMC on the motor function (in terms of paw placement score) by the ladder-rungs test of RCCAO-induced cerebral

hypoperfusion in Wistar rats.

Paw placement score at D1

Group Paw placement score at D7 Paw placement score at D14
(baseline)
Normal control 1.00+0.00 3.00+0.00* 3.00+0.00*
(p=0.025) (p=0.025)
Negative control 1.00+0.00 1.00+0.00 1.00+0.00
Positive control 1.00 £0.00 2.33%1.15 3.00+0.00*
(acetylsalicylic acid 65 mg/kg BW) (p=0.025)
EEMC 100 mg/kg BW 1.00+0.00 1.67+1.15 2.33%1.15
EEMC 200 mg/kg BW 1.00+0.00 1.67+1.15 2.33%1.15
EEMC 400 mg/kg BW 1.00+0.00 2.33£1.15 3.00+0.00*
(p=0.025)

Statistical analysis was done using IBM SPSS Statistics version 20.0 for Windows. Data are presented as mean + standard deviation (SD) (n =4 per
group).*Indicates a significant difference (p<0.05) compared to the negative control. EEMC: Ethanol extract of Morinda citrifolia fruits; MMP-9: Matrix
metalloproteinase-9; RCCAO: Right common carotid artery occlusion; D1: Day 1; D7: Day 7; D14: Day 14; BW: Body weight.

Table 2. Effects of EEMC on the number of falls in the RCCAO-induced cerebral hypoperfusion in Wistar rats.

Number of falls at D1
Group i Number of falls at D7 Number of falls at D14
(baseline)
Normal control 1.00+0.00 0.00 +0.00* 0.00 +0.00*
(p=0.011) (p=0.003)
Negative control 4.67+0.58 1.67+0.58 1.67+0.58
Positive control 2.00+1.00 0.33+0.58* 0.00 +0.00*
(acetylsalicylic acid 65 mg/kg BW) (p=0.011) (p=0.003)
EEMC 100 mg/kg BW 3.33+0.58 0.67+0.58 0.33+0.58*
(p=0.011)
EEMC 200 mg/kg BW 2.33+0.58 0.67+0.58 0.33+0.58*
(p=0.011)
EEMC 400 mg/kg BW 2.00+0.00 0.33+0.58* 0.00 +0.00*
(p=0.011) (p=0.003)

Statistical analysis was done using IBM SPSS Statistics version 20.0 for Windows. Data are presented as mean + standard deviation (SD) (n =4 per
group).*Indicates a significant difference (p<0.05) compared to the negative control. EEMC: Ethanol extract of Morinda citrifolia fruits; MMP-9: Matrix
metalloproteinase-9; RCCAO: Right common carotid artery occlusion; D1: Day 1; D7: Day 7; D14: Day 14; BW: Body weight.

Figure 3. Effects of EEMC on the motor function of
RCCAO-induced cerebral hypoperfusion in Wistar
rats, (a) replacement, scored 2; and (b) correct
replacement, scored 3.
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Table 3. Effects of EEMC on serum MMP-9 levels of RCCAO-induced cerebral hypoperfusion in Wistar rats.

Serum MMP-9 levels at D1

Group (baseline) Serum MMP-9 levels at D7 Serum MMP-9 levels at D14
Normal Control 53.33+18.47 39.38+18.47 16.73 £ 18.47*
(p<0.05)
Negative Control 34.74 +34.24 92.62+34.24 31.98+34.24
Positive Control 17.12+2.90 18.08 +2.90* 12.64 +2.90*
(acetylsalicylic acid 65 mg/kg BW) (p<0.05) (p=<0.05)
EEMC 100 mg/kg BW 27.23+17.15 50.10+17.15 16.52+17.15*
(p<0.05)
EEMC 200 mg/kg BW 16.31+£23.74 54.90 +23.74 11.63+23.74*
(p<0.05)
EEMC 400 mg/kg BW 23.71+27.81 64.34 +27.81 11.10+27.81*

(p<0.05)

Statistical analysis was done using IBM SPSS Statistics version 20.0 for Windows. Data are presented as mean + standard deviation (SD) (n = 4 per
group).*Indicates a significant difference (p<0.05) compared to the negative control. EEMC: Ethanol extract of Morinda citrifolia fruits; MMP-9: Matrix
metalloproteinase-9; RCCAO: Right common carotid artery occlusion; D1: Day 1; D7: Day 7; D14: Day 14; BW: Body weight.
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Figure 4. Rat MMP-9 standard curve with linear regression.

Effects of EEMC on brain macroscopic, weight,
organ index, and histopathology

Treatment with EEMC or acetylsalicylic acid did
not significantly affect brain length, width, weight, or
brain index in ischemic stroke model rats compared
with the negative control group (Figs. 5 and 6).

The effects of EEMC on brain histopathology in
RCCAO-operated Wistar rats were assessed qualita-
tively based on morphological changes observed in
H&E-stained brain sections. Following right common
carotid artery ligation, morphological features con-
sistent with ischemia-related tissue damage were pre-
dominantly observed at anatomical level 2 (approxi-
mately 1-2 mm anterior to the optic chiasm) and ana-
tomical level 3 (corresponding to the infundibular/me-
dian eminence region). In the negative control group,
focal areas suggestive of infarct-like damage were ob-
served at both anatomical levels.

https://jppres.com

In contrast, treatment with acetylsalicylic acid (65
mg/kg BW) and EEMC at 200 and 400 mg/kg BW was
associated with a reduction in the extent and severity
of these morphological alterations (Figs. 7 and 8).
EEMC at 100 mg/kg BW showed less consistent ef-
fects, with focal infarct-like changes still observed in
one of four animals.

Microscopic examination of H&E-stained sections
at400x magnification further supported these observa-
tions (Figs. 9 and 10). At anatomical level 2 (fronto-pa-
rietal cortex and caudate-putamen) and level 3 (hippo-
campus, thalamus, and amygdaloid nuclei), the nor-
mal control group showed intact neuronal morphol-
ogy with normal perikaryon, homogeneous cyto-
plasm, and evenly distributed nuclear chromatin. In
contrast, the negative control group exhibited marked
neuronal degeneration and necrosis, characterized by
shrunken perikaryon, acidophilic cytoplasm, pyknotic
nuclei, neuropil vacuolization, and the presence of
“dead neuron artifacts” with corkscrew-shaped den-
drites. Treatment with acetylsalicylic acid (65 mg/kg
BW) and EEMC at 200 and 400 mg/kg BW markedly
reduced the occurrence of degenerating or necrotic
neurons at both anatomical levels, while EEMC at 100
mg/kg BW showed only slight improvement with re-
sidual neuronal damage (Figs. 9 and 10). These find-
ings indicate that these qualitative histopathological
observations provide supportive evidence for the neu-
roprotective effects of EEMC, particularly at higher
doses against RCCAO-induced neuronal injury.
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Figure 5. Effects of EEMC on the brain macroscopic (in terms of length and width) of right common carotid artery
occlusion-induced cerebral hypoperfusion in Wistar rats.

EEMC: Ethanol extract of Morinda citrifolia fruits; BW: Body weight.
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Figure 6. Effects of ethanol extract of Morinda citrifolia fruits (EEMC) on the average brain weight and brain
index of right common carotid artery occlusion-induced cerebral hypoperfusion in Wistar rats.
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Figure 7. Effects of ethanol extract of Morinda citrifolia fruit on brain histopathology at the level 2 of right common carotid artery
occlusion-induced cerebral hypoperfusion in Wistar rats.

(a) normal control group; (b) negative control group (ischemic stroke model); (c) positive control group (ischemic stroke model treated with acetylsali-
cylic acid); (d) test-1 group (ischemic stroke model treated with EEMC at a dose of 100 mg/kg BW); (e) test-2 group (ischemic stroke model treated with
EEMC at a dose of 200 mg/kg BW); and (f) test-3 group (ischemic stroke model treated with EEMC at a dose of 400 mg/kg BW). Figure description: FrPC:
Frontoparietal Cortex; Cg: Cingulate Cortex; Pir: Piriform Cortex; CC: Corpus Callosum; CPu: Caudate Putamen; Sp: Septal Nuclei; LO: Lateral Olfactory
tract; Och: Optic Chiasm; AC: Anterior Commissure. White arrows indicate infarction.
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Figure 8. Effects of ethanol extract of Morinda citrifolia fruit (EEMC) on brain histopathology at level 3 of right common carotid artery
occlusion-induced cerebral hypoperfusion in Wistar rats.

(a) normal control group; (b) negative control group (ischemic stroke model); (c) positive control group (ischemic stroke model treated with acetylsali-
cylic acid); (d) test-1 group (ischemic stroke model treated with EEMC 100 mg/kg BW); (e) test-2 group (ischemic stroke model treated with EEMC 200
mg/kg BW); and (f) test-3 group (ischemic stroke model treated with EEMC 400 mg/kg BW). Figure description: FrPC: Frontoparietal Cortex; RS: Retrosple-
nial Cortex; Pir: Piriform Cortex; Hipp: Hippocampus; DG: Dentate Gyrus; Th: Thalamus; HyTh: Hypothalamus; Au: Auditory (temporal) Cortex; Amg: Amyg-
daloid nuclei.
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Figure 9. Effects of Morinda citrifolia ethanolic extract (EEMC) on brain histopathology at anatomical level 2 in Wistar rats
subjected to right common carotid artery occlusion (RCCAO).

Representative photomicrographs of the fronto-parietal cortex and caudate-putamen stained with hematoxylin and eosin (H&E; original
magnification 400x; scale bar = 10 um). (A) Normal control group; (B) negative control group (RCCAO); (C) positive control group (RCCAO
treated with acetylsalicylic acid, 65 mg/kg BW); (D) EEMC 100 mg/kg BW; (E) EEMC 200 mg/kg BW; and (F) EEMC 400 mg/kg BW. Normal
neurons are indicated by chevron arrows. Degenerated or necrotic neurons (arrowheads) are characterized by shrunken perikaryon,
eosinophilic (acidophilic) cytoplasm, nuclear pyknosis, and/or neuropil vacuolization (# in B). Dead neuron artifacts (arrowheads) are
identified by markedly shrunken perikaryon, basophilic cytoplasm and nucleus, and corkscrew-shaped dendrites.
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Figure 10. Effects of Morinda citrifolia ethanolic extract (EEMC) on brain histopathology at anatomical level 3 in Wistar rats
subjected to right common carotid artery occlusion (RCCAO).

Representative photomicrographs of the hippocampus, thalamus, and amygdaloid nuclei stained with hematoxylin and eosin (H&E; original

basophilic cytoplasm and nucleus, and corkscrew-shaped dendrites.

magnification 400x; scale bar = 10 um). (a) Normal control group; (b) negative control group (RCCAO); (c) positive control group (RCCAO
treated with acetylsalicylic acid, 65 mg/kg BW); (d) EEMC 100 mg/kg BW; (e) EEMC 200 mg/kg BW; and (f) EEMC 400 mg/kg BW. Normal
neurons are indicated by chevron arrows. Degenerated or necrotic neurons (arrowheads) exhibit shrunken perikaryon, eosinophilic
cytoplasm, nuclear pyknosis, and/or neuropil vacuolization. Dead neuron artifacts (arrowheads) are characterized by shrunken perikaryon,

DISCUSSION

M. citrifolia has attracted continued interest as a me-
dicinal plant due to its reported biological activities. In
the present study, the neuroprotective potential of an
EEMC was evaluated in a Wistar rat model of RCCAOQ,
which induces sustained cerebral hypoperfusion. Ad-
ministration of EEMC for 14 days was associated with
dose-dependent improvements in motor performance,
as evidenced by increased correct paw placement

https://jppres.com

scores and a reduced number of falls in the ladder-
rung walking test, with the most pronounced effects
observed at 400 mg/kg BW. In addition, EEMC treat-
ment was accompanied by a reduction in serum MMP-
9 levels and attenuation of histopathological neuronal
injury at brain transverse sections at levels 2 and 3. In
contrast, EEMC treatment did not significantly alter
gross brain morphometric parameters or brain index,
suggesting the absence of overt macroscopic brain tox-
icity under the experimental conditions.
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Several in vivo models of cerebral ischemia have
been used, including global, focal, and multifocal
approaches (Farkas & Luiten, 2001; Singh et al., 2022).
Among these, the MCAO model remains the most
widely adopted for reproducing focal ischemia and
producing reproducible cortical and striatal infarctions
due to its established reliability and relevance (Herson
& Traystman, 2014; Longa et al.,, 1989). In contrast,
models such as unilateral or bilateral common carotid
artery occlusion (UCCAO/BCCAOQO) are often used to
simulate chronic cerebral hypoperfusion (CCH), white
matter lesions, small vessel disease, or vascular cogni-
tive impairment rather than large acute infarctions. For
example, BCCAO in rats leads to progressive white
matter damage detected by diffusion tensor imaging,
along with neuronal degeneration and cognitive defi-
cits, even in the absence of large cortical infarctions
(Ben-Ari et al., 2019; Jing et al., 2015; Wang et al., 2009).
Similarly, UCCAOQ in mice has been shown to produce
memory impairment, tau hyperphosphorylation, syn-
aptic protein dysregulation, and selective neuronal
loss (without extensive infarcts) under conditions of
chronic reduced perfusion (Zhao et al., 2015). These
findings align with reviews indicating that CCH drives
white matter lesions and cognitive decline in rodent
models (Rajeev et al., 2023).

In the present study, the RCCAO model was used
to induce sustained cerebral hypoperfusion in Wistar
rats. This model is widely recognized as suitable for in-
vestigating neurovascular injury, neurobehavioral im-
pairment, and progressive white matter damage, ra-
ther than reproducing the large, acute cortical infarc-
tions typically observed in MCAO models. For exam-
ple, Yoshizaki et al. (2008) reported that right unilateral
CCAO in adult mice produces delayed white matter le-
sions and memory deficits without immediate cortical
infarction. Similarly, Kitamura et al. (2016) demon-
strated that gradual cerebral hypoperfusion in hyper-
tensive rats led to progressive white matter abnormal-
ities and impaired working memory. More recently,
Lee et al. (2021) showed that cognitive dysfunction
caused by chronic hypoperfusion in a rat model of vas-
cular dementia was associated with oxidative stress
and could be alleviated through activation of Nrf2 sig-
naling pathways. Furthermore, Kitamura et al. (2016)
reviewed multiple experimental studies and con-
firmed that chronic cerebral hypoperfusion induces
oxidative stress, blood-brain barrier dysfunction, and
progressive white matter damage. Collectively, these
studies support the validity of RCCAO and related ca-
rotid occlusion models as experimental approaches for
evaluating neuroprotective strategies under conditions
of prolonged cerebral perfusion reduction, such as
those investigated in the present study with M. citrifolia
extract.
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In our study, all groups exhibited a slight increase
in body weight by D14, including animals subjected to
RCCAO. The negative control group showed the great-
est percentage increase in body weight, whereas the
EEMC-treated groups showed a smaller percentage in-
crease. Because this study did not assess food intake or
metabolic parameters, changes in body weight were
interpreted descriptively only. They were not used to
infer anti-obesity or appetite-related effects. The pre-
sent study also confirmed that administration of EEMC
at 400 mg/kg BW significantly improved motor func-
tion in an ischemic stroke model in Wistar rats. Com-
pared to our results, the extract of M. citrifolia fruits,
collected in Uttar Pradesh, India, was also reported to
improve motor function and biochemical parameters
in pentylenetetrazol-induced kindling seizure mice
(Ali et al., 2023). M. citrifolia fruits harvested in French
Polynesia were suggested to maintain joint health and
activate the immune system (West et al., 2012). An
open-label, three-month intervention pilot study re-
ported that, as a nutritional supplement, M. citrifolia
fruit juice demonstrated potential improvements in
symptoms and quality of life in patients with osteoar-
thritis (Wang et al.,, 2011). This activity may be at-
tributed to the phytochemicals contained in the fruits.
Compounds such as polyphenols and flavonoids have
been reported to enhance motor function in mouse
models of muscle fatigue (Shibuya et al., 2022) and ex-
hibit protective effects against Parkinson's disease
(Shahpiri et al., 2016; Wu et al., 2023). A triterpenoid,
ruscogenin, was proven to persuasively improve mo-
tor activities in Parkinson's disease-induced mice (Wu
et al., 2023). Phytosterols and flavonoids present in
Cirsium setidens and Aster scaber exhibited neuroprotec-
tive effects by downregulating mitogen-activated pro-
tein kinase pathways, including extracellular signal-
regulated kinases and Jun amino-terminal kinases, and
upregulating antioxidant genes (Chung et al., 2016).
Phytosterols, such as beta-sitosterol, campesterol, stig-
masterol, brassicasterol, and lanosterol, due to their
hydrophobic properties, have been shown to cross the
BBB and reside in the brain, thus playing an important
role in various pathways associated with neurodegen-
eration (Sharma et al., 2021).

Furthermore, in the present study, treatment with
EEMC was associated with a reduction in serum MMP-
9 levels in Wistar rats subjected to RCCAO. MMP-9
was selected as a relevant biochemical endpoint be-
cause it is a well-recognized mediator involved in ex-
tracellular matrix remodeling and BBB disruption fol-
lowing cerebral injury. Increased MMP-9 levels have
been correlated with enhanced BBB permeability, vas-
ogenic edema, and poorer neurological outcomes in
preclinical and clinical studies, supporting its use as a
surrogate biomarker of neurovascular injury (Takata et
al., 2021; Turner & Sharp, 2016). MMP-9 is a zinc-
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dependent endopeptidase that targets extracellular
matrix proteins and creates a suitable environment for
neuronal development and plasticity. It cleaves struc-
tural elements in the extracellular matrix and processes
numerous substrates. Dysregulation of MMP-9 expres-
sion may cause neurodevelopmental disorders. Over-
expression of MMP-9 can elevate spontaneous synap-
tic activity, and pharmacological inhibition of MMP-9
decreases excitatory transmission. The study by Gore
et al. (2021) also reported low physiological MMP-9
levels. MMP-9 contributes to adult neurogenesis and
synaptic plasticity and is implicated in neural circuit
formation. The activation of MMPs is an important
step in mediating architectural changes in the brain;
however, during injury, upregulated MMPs may con-
tribute to worsening of the lesion, thereby slowing its
amelioration (Pielecka-Fortuna et al., 2015). In a previ-
ous study, numerous Taiwanese native plants, namely
Alnus formosana, Diospyros discolor, Eriobotrya deflexa,
Machilus japonica, Pyrrosia polydactylis, Pyrus taiwanen-
sis, Vitis adstricta, and Vitis thunbergia, were reported to
inhibit MMP-9 activity post-UVB irradiation. It was
suggested that phenolic compounds in the plants may
contribute to the suppression of MMP-9 activity (Lee et
al., 2009). Moreover, intraperitoneal administration of
luteolin at 15 mg/kg BW could downregulate MMP-9
expression after 21 days (Islam et al., 2024; Lugman &
Pezzuto, 2010). Flavonoid myricetin inhibited the
growth of breast cancer cells by suppressing the action
of MMP-2 and MMP-9 (Ci et al., 2018). The flavonoid
genistein showed potential to reduce the viability of
human colon cancer cells by inhibiting MMP-9 (Li et
al., 2013). Previous studies have reported that plant-de-
rived bioactive compounds can modulate MMP-9 ex-
pression or activity in various pathological contexts.
Nevertheless, it should be emphasized that the present
study did not directly assess oxidative stress, inflam-
matory mediators, tight-junction proteins, or BBB in-
tegrity. Therefore, although reduced serum MMP-9
levels in EEMC-treated animals are consistent with a
neuroprotective profile, they do not provide direct
mechanistic evidence for antioxidant, anti-inflamma-
tory, or BBB-stabilizing effects. MMP-9 may reflect
downstream consequences of tissue injury rather than
a primary therapeutic target in this model. Accord-
ingly, the observed changes in MMP-9 should be inter-
preted as supportive rather than definitive mechanistic
evidence.

In the present study, EEMC fruits did not affect
brain length, width, weight, or brain index in ischemic
stroke model rats, confirming their safety in the brain.
In accordance with our results, M. citrifolia fruit juice
obtained from Okinawa, Japan, inhibited the develop-
ment of neuronal damage in mice after MCAO-
induced ischemia (Harada et al., 2010). M. citrifolia fruit
juice could protect the brain from stress-induced
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impairment of cognitive function, which was assumed
to be linked with the repair of perfusion in the hippo-
campus area (Muto et al., 2010), and functioned as an
antioxidant, thus protecting nerve cells and impairing
memory functions (Zhang et al., 2022). Impressively,
the antioxidant activity of M. citrifolia fruit juice has
been evidenced by increased endurance in athletes
(Palu et al., 2008). In heavy cigarette smokers, con-
sumption of the fruit juice has lowered serum superox-
ide anion radical levels and lipid hydroperoxide levels
(Wang et al., 2009).

Histopathological examination of brain sections
provided qualitative morphological evidence suggest-
ing that EEMC at doses of 200 and 400 mg/kg BW at-
tenuated ischemia-related neuronal damage at ana-
tomical levels 2 and 3. Rats in the negative control
group underwent brain infarction at the piriform cor-
tex (level 2; depicted in Fig. 7) and at the thalamus and
hypothalamus regions (level 3; depicted in Fig. 8), sug-
gesting its association with the damaged motor func-
tion, as proven with the score of replacement and num-
ber of falls in the ladder-rung test. Based on the ana-
tomical structure of the brain, seven transverse sec-
tions have been recognized, each representing specific
anatomical levels: the first level corresponds to the cen-
tral part of the olfactory bulb; the second lies approxi-
mately 1-2 mm anterior to the optic chiasm; the third
section aligns with the infundibulum or median emi-
nence; the fourth level passes through the superior col-
liculus; the fifth through the inferior colliculus; the
sixth is at the level of the mid-cerebellum where the
root of the vestibulocochlear nerve (cranial nerve VIII)
emerges; and the seventh is located about 2-3 mm an-
terior to the caudal end of the cerebellum. In rats, the
frontal cortex primarily governs motor function (Rao
etal., 2014).

This study has several limitations. First, the rela-
tively small sample size per group, although deter-
mined a priori using Federer’s formula and consistent
with ethical considerations in animal experimentation,
may limit statistical power, particularly for detecting
small-to-moderate effects across multiple endpoints.
Second, the RCCAO model primarily reproduces sus-
tained cerebral hypoperfusion rather than large-terri-
tory focal infarction; therefore, extrapolation to acute
ischemic stroke pathology should be made with cau-
tion. Third, mechanistic interpretation is limited be-
cause only serum MMP-9 was assessed as a biochemi-
cal endpoint, while oxidative stress markers, inflam-
matory cytokines, BBB integrity proteins, and neuronal
or glial activation markers were not evaluated. Fourth,
histopathological evaluation was qualitative and did
not include quantitative lesion planimetry, neuronal
density analysis, or blinded semiquantitative scoring.
Finally, the ethanol extract of M. citrifolia fruits was not
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chemically standardized using chromatographic fin-
gerprinting or quantified marker compounds, which
may affect reproducibility across batches. These limi-
tations should be addressed in future studies incorpo-
rating larger sample sizes, comprehensive molecular
pathway analyses, quantitative neuropathological
evaluation, and standardized extract profiling to con-
firm and extend the present findings.
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preparation, writing, or editing of this manuscript. All con-
tent was developed solely by the authors, who take full re-
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