Malaysian Applied Biology N
https://doi.org/10.55230/mabjournal.v54i3.3365 G

Research Article

Astaxanthin Nanoemulsion Pre-Supplementation Mitigates Ischaemic
Stroke Injury by Enhancing Neuroprotection and Reducing Infarcted
Volume Area

Anis Syahirah Mohd Shafie', Siti Norsyafika Kamarudin'*,
Meor Mohd Redzuan Meor Mohd Affandi?, Rosfaiizah Siran®

1. Faculty of Medicine, Universiti Teknologi MARA, 47000 Sungai Buloh, Selangor, Malaysia
2. Faculty of Pharmacy, Universiti Teknologi MARA, 42300 Puncak Alam, Selangor, Malaysia
3. Neuroscience Research Group, Faculty of Medicine, Universiti Teknologi MARA, 47000 Sungai Buloh, Selangor, Malaysia
*Corresponding author: norsyafika7020@uitm.edu.my

ABSTRACT

Ischaemic stroke is the third leading neurological disease that causes death around the world. One of the approaches to reduce
severity after an ischaemic stroke is by preparing the brain for neuroprotection. Astaxanthin is a natural product produced by
microalgae, Haematococcus pluvialis, against a harsh environment for its survival. It is a well-known carotenoid recognized for its
anti-inflammatory and anti-apoptotic benefits. The advancements in nanomedicine of drug design and delivery systems suggest
that formulating astaxanthin into a nanoemulsion could enhance its ability to penetrate the BBB and provide neuroprotection,
including for ischaemic stroke injury. Rats were assigned to six groups: sham control (SCG), stroke (SG), stroke pretreated
with palm olein (SOG), stroke pretreated with astaxanthin extract (SXG), stroke pretreated with astaxanthin macroemulsion
(SMG), and stroke pretreated with astaxanthin nanoemulsion (SNG). Supplementation was given orally for 7 days before and
once 3 hr after permanent middle cerebral artery occlusion (pMCAO). All groups were subjected to pMCAO for stroke induction
except SCG, which received sham surgery. After twenty-four hr, the rats were tested for neurological tests and sacrificed for
infarct volume and neuronal markers injuries quantification. This study demonstrated that pre-supplementation with astaxanthin
nanoemulsion was able to minimize brain injury caused by ischemic stroke, as evidenced by a low modified neurological severity
score, reduced percentage of failures between grids in the grid walking test, and increased latency on the rotarod in the rotarod
test. Furthermore, pre- and post-supplementation of astaxanthin nanoemulsion demonstrated a reduction in neuronal cell death
as shown by TTC staining and a reduction in neuro-ischemic markers, evidenced by a low level of S1003 and NSE in the plasma.
In summary, our findings suggest that astaxanthin nanoemulsion could be a promising approach in mitigating the effects of
ischemic stroke.
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INTRODUCTION
Stroke is a leading global cause of disability and death, significantly impacting quality of life (Kuriakose & Xiao, 2020). Stroke
has been affecting about 13.7 million people, with 5.5 million deaths worldwide in 2016 (Saini et al., 2021). It is classified into two
types: ischemic and haemorrhagic (Chang, 2020). Ischemic stroke raises more concern as more ischemic stroke cases (85%)
were reported compared to haemorrhagic (15%) (Abdu et al., 2021). Ischemic stroke occurs due to a blockage in a cerebral
artery, impairing blood flow and resulting in brain deterioration, inflammation, and apoptosis (Salaudeen et al., 2024). Permanent
middle cerebral artery occlusion (PMCAO) is one of the techniques to induce ischemic stroke by permanently blocking the middle
cerebral artery in a rat model (Zeng et al., 2023). Following the neuroprotective window, brain cells either die (ischemic core) or
are injured (penumbra) (Sodaei & Shahmaei, 2020). The penumbra has become the therapeutic target for stroke management
and therapies (Yang & Liu, 2021). In recent years, more research has been shifted to neuroprotection in stroke studies to
increase the percentage in protecting the brain from injuries, extension of therapeutic windows, and reduce functional loss
after a stroke attack (Paul & Candelario-Jalil, 2021). Neuroprotection is a term used to describe the preservation, recovery, and
regeneration of the nervous system (Haupt et al., 2023). More therapeutic agents, including natural products, were investigated
for their wide range of pharmacological potential that might act on certain proteins, receptors, and kinases (Xie et al., 2021).
Carotenoids are naturally occurring compounds known for their anti-inflammatory and anti-apoptotic properties (Nabi et al.,
2020; Terao, 2023). Astaxanthin, a xanthophyll carotenoid, is found in plants, crustaceans, and microalgae (Donoso et al., 2021;
Meléndez-Martinez et al., 2022). Haematococcus pluvialis is one of the microalgae that naturally produce astaxanthin under
harsh conditions such as high temperature and high salinity conditions (Ambati et al., 2014; Lafarga et al., 2021). Astaxanthin
has been known to be high in antioxidant, anti-apoptotic, and anti-inflammatory properties (Si & Zhu, 2022; Nishida et al.,
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2023). Plus, more scientific research has been done to investigate the astaxanthin therapeutic effect on human health (Nishida
et al., 2023). The consumption of astaxanthin has shown health benefits in many diseases and conditions, including ocular,
cardiovascular, cancer, and diabetes (Giannaccare et al., 2020; Kato et al., 2020; Landon et al., 2020; Sun et al., 2020). Despite
its potential, research on astaxanthin’s neuroprotective effects is limited due to the blood-brain barrier (BBB), which restricts
molecules penetration (Wu et al., 2023). BBB functions as a protective layers that protect the brain from foreign molecules that
might cause contamination and affect the homeostasis that minimizes the chances of the therapeutic agents entering the brain
(Kadry et al., 2020). With the advancement in drug design and delivery, formulating astaxanthin into nanoemulsion may help
overcome these barriers (Cai et al., 2021). Astaxanthin nanoemulsion contains fine particles less than 200 nm that might improve
its bioavailability and penetration against the BBB to exert its therapeutic potential (Smejkal et al., 2021). Furthermore, a recent
study showed astaxanthin’s presence in the cortex, hippocampus, and cerebellum of rats' brains after 28 days of daily pre-
supplementation with astaxanthin nanoemulsion, suggesting its neuroprotective potential in stroke-affected rats (Wan Chik et al.,
2022). Thus, our study was designed to investigate the neuroprotective potential of astaxanthin nanoemulsion against ischemic
stroke rats via pMCAO in neurolobehaviour tests, infarcted area measurements, and level of neuronal injuries.

MATERIALS AND METHODS

Animals

Forty-two male Sprague-Dawley rats (10-12 weeks old, 200-250 g) were sourced from the Laboratory Animal Facility and
Management of UiTM Puncak Alam (Selangor, Malaysia) and housed individually under controlled conditions (23 + 2°C) with ad
libitum access to food and water. This study was approved by the Animal Ethics Committee of Universiti Teknologi MARA (UiTM
CARE: 398/2023).

Astaxanthin extract, macroemulsion, and nanoemulsion formulation

Astaxanthin was obtained from Fuji Chemical Industries (Nakaniikawa, Toyama, Japan) in oil form (AstaReal L10), containing
10% w/w astaxanthin extracted from Haematococcus pluvialis. The astaxanthin extract, macroemulsion, and nanoemulsion
were formulated with the same composition: 2% w/w astaxanthin, 2.4% w/w Tween 80, 1.6% w/w lecithin, 20% w/w palm olein,
and 80% w/w purified water. The astaxanthin extract was mixed using a spatula; meanwhile, astaxanthin macroemulsion and
nanoemulsion were mixed using a high-speed homogenizer (Silverstone, England) at 9000 rpm for 5 min. Only the mixture of
astaxanthin nanoemulsion was further homogenized with high pressure homogenizer (Nano DEBEE, USA) at 20000 psi for 6
cycles to form the nanoemulsion (Meor Mohd Affandi et al., 2012). Then, the particle size of each mixture was measured using
Zetasizer (Malvern Instruments, Worcestershire, UK). Only particles smaller than 200nm were accepted as nanoparticles. .

Experimental grouping

Forty-two male SD rats were randomly divided into six groups (n=7); sham control (SCG), stroke (SG), stroke pretreated with
palm olein (SOG), stroke pretreated with astaxanthin extract (SXG), stroke pretreated with astaxanthin macro-emulsion (SMG),
and stroke pretreated with astaxanthin nano-emulsion (SNG). The treatment groups received their respective formulation (1280
mg/kg body weight) once daily for 7 days before and 3 hr after stroke induction. SOG, SXG, SMG, and SNG were performed
pMCAO for stroke induction at day 8, except for SCG, which only performed sham surgery.

Ischemic stroke induction

Ischemic stroke was induced on day 8 using the permanent middle cerebral artery occlusion (pMCAQ) method as follows
(Kamarudin et al., 2020). Rats were anesthetized with a mixture of xylazine (1.5 mL of 100 mg/mL) and ketamine (10 mL of
100 mg/mL) given intraperitoneally (0.1 mL/100 g body weight). The right common carotid artery (CCA), external carotid artery
(ECA), and internal carotid artery (ICA) were exposed. The CCA and ECA were permanently ligated, and a 4.0 fine MCAO
suture (Doccol, USA) was inserted through a small arteriotomy in the CCA through ICA to induce ischemia until resistance was
felt at the middle cerebral artery (MCA). Then, the opening of the arteriotomy in the CCA was permanently ligated using 5.0 silk
suture before the incision area was stitched with 3.0 silk suture. Although no strict time limit was imposed during the pMCAO,
all surgeries were completed within 15 min to minimize physiological stress and variability. Postoperatively, rats were placed in
individual cages at 37°C until recovery, then moved to normal cages with ad libitum access to food and water.

Neurological test
The neurological tests (Modified Neurological test, Grid Walking test, and Rotarod test) were performed after 24 hr of
induction of ischemic stroke (Kamarudin et al., 2020).

Modified Neurological Severity Score (MNSS)

The mNSS test was used to evaluate the severity of the stroke in rats in motor, sensory, and reflex impairments (Ruan &
Yao, 2020). The scoring marks started with 0 (no stroke), 1-6 (mild injury), 7-12 (moderate injury), and 13-18 (severe injury)
(Kamarudin et al., 2020).

Grid walking test

The Grid Walking test assessed sensory and motor impairments by placing each rat on an elevated, square-shaped grid (Shi
et al., 2021). Foot slips were recorded when a rat’s paw missed a rung, fell between rungs, or slipped off with motor impairment
expressed as the percentage of foot slips relative to total footsteps (Kamarudin et al., 2020). Performance was recorded for 5
min using a video recorder (Handycam DCR-SX22E, Sony) and analysed by a blinded observer.
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Rotarod test

The rotarod test evaluated coordination and motor movement (Eltokhi et al., 2021). Rats underwent three days of training,
performing three trials each day. On test day, each rat was placed on a moving rotarod at 16 rpm for 200 sec, with three
consecutive trials and 30 min rest between trials (Kamarudin et al., 2020). Results were expressed as average latency in sec
and recorded for blinded analysis.

Infarction area measurement

After the neurological tests, rats were euthanized by terminal cardiac puncture after anaesthesia with a mixture of xylazine
and ketamine, and brain and blood samples were collected for analysis (Kamarudin et al., 2020). Blood was collected from the
left ventricle using a 5 mL syringe with an 18-gauge needle. The rat was then decapitated using a guillotine (NEMI Scientific Inc.,
USA). The brain was rinsed and chilled in ice-cold saline for 2 min before being cut into five slices (+5, +3, +1, -1, and -3 mm
anterior-posterior from bregma) using an acrylic brain matrix (Ted Pella Inc, USA) and sterilized disposable blades. The brain
slices were stained with 2% 2,3,5-triphenyltetrazolium chloride (TTC) solution (Merck, USA) for 30 min at 37°C in the dark (L. Li
et al., 2018). Images were captured using a digital camera (Lumic DMC-S5, Panasonic) and analysed using ImageJ software
(National Institute of Health, USA). The total infarct volume (mm?) was calculated by multiplying the infarcted area (mm?) by the
2 mm thickness. An indirect formula was used to calculate the infract volume (mm?) (Kamarudin et al., 2020):

RI (infarct volume in the right hemisphere) = LT (Total volume in the left hemisphere on the same brain slice) — RN (Non-
infarcted area in the right hemisphere on the same brain slice)

Assessment of S100p and NSE

Blood samples were allowed to clot for 1 hr at room temperature and centrifuged at 1000 x g for 20 min to obtain serum
(Kamarudin et al., 2020). S100 calcium-binding protein 8 (S1008) and neuron-specific enolase (NSE), used to evaluate cerebral
tissue damage after stroke (Khandare et al., 2022), were measured by ELISA kits (Elabscience, USA) using a MultiskanTM
microplate reader (Thermo Fisher Inc., USA) at 450 nm following the manufacturer’s instructions.

Statistical analysis

Data were analysed using GraphPad Prism version 10.2.3 for Windows (GraphPad Software, CA). The Kruskal-Wallis test
followed by the Mann-Whitney test was used for mNSS test data, while one-way ANOVA followed by Tukey's post hoc test was
used for all other tests. Differences at p<0.05 were considered statistically significant.

RESULTS

Determination of particle size

The particle sizes of astaxanthin extract, astaxanthin macroemulsion, and astaxanthin nanoemulsion were 728.5 nm, 190.5
nm, and 132.6 nm, respectively, as shown in Supplementary Materials 1,2, and 3. Although astaxanthin macroemulsion produced
particles with a size less than 200 nm but it has three different peaks of 202.8 nm (peak 1), 4185 nm (peak 2), and 44.88 nm
(peak 3), making it unsuitable to be classified as nanoparticles due to its broad size distribution and heterogeneity. In contrast,
astaxanthin nanoemulsion only exhibits a single peak at 152.3 nm, indicating uniform particle size and meeting the classification
as a nanoparticle system.

Neurological test

Neurological tests of mNSS, grid walking, and rotarod test were measured to evaluate the motor function and coordination
after pMCAO in rats (Ruan & Yao, 2020). SCG rats have 0 score in the stroke test, 0% grid slipping, and completed 200 sec on
the rotarod as the rats are normal and healthy. The stroke score was significantly reduced in SNG compared to all other stroke
groups (p<0.001). The percentage of grid slipping in SMG was significantly reduced compared to SG (p<0.01), SOG (p<0.05),
and SXG (p<0.05), but significantly higher compared to SCG (p<0.001) and SNG (p<0.01). SNG recorded the lowest percentage
of slipping, significantly lower than SG (p<0.001), SOG (p<0.001), SXG (p<0.001), and SMG (p<0.01). The rotarod test showed
similar trends. The latency on the rotarod of SMG was significantly longer than SG (p<0.01), SOG (p<0.01), and SXG (p<0.01),
but significantly shorter than SCG (p<0.001) and SNG (p<0.001). Interestingly, SNG showed no significant difference from
SCG in the rotarod test. SNG had the longest latency on the rotarod, significantly different from all other stroke groups, SG,
SOG, SXG, and SMG (p<0.001) as shown in Figure 1. The results of three neurological tests showed that supplementation of
astaxanthin nanoemulsion in SNG showed better motor function and coordination compared to all other treatment groups.

Infarction volume

Infarction volume was measured by TTC staining analysis of brain slices. The red part of the brain indicated the healthy
brain cells; meanwhile, the pink area indicated the penumbra area (reversible injury area), and the white part indicated the
ischemic core (irreversible injury area) of the brain after pMCAO (Kamarudin et al, 2020). SCG showed no infarcted area in the
brain slices, as the rat is normal and healthy without any pMCAOQO induction. Meanwhile, the infarcted area of SG, SOG, and
SXG was significantly higher compared to SCG (p<0.001), SMG (p<0.001), and SNG (p<0.001). The infarcted area of SMG
was significantly reduced compared to SG, SOG, and SXG (p<0.001) but significantly higher compared to SCG (p<0.001) and
SNG (p<0.001). SNG showed significantly the smallest infarction volume compared to all stroke groups, including SMG, but
significantly bigger infarction volume compared to the sham group, SNG as shown in Figure 2(A) and Figure 2(B). This result
showed that supplementation of SNG was able to reduce the infarction volume better than other treatment groups, and to reduce
the loss of brain cells involved in motor functions and coordination.
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Fig.1. (A) The modified neurological severity score (MNSS). The data showed was mean + S.E.M. (n=7) 2p<0.001 statistical comparison
between SCG with all groups. °p<0.001 statistical comparison between SG with SCG and SNG. °p<0.001 statistical comparison between SOG
with SG and SNG. ?p<0.001 statistical comparison between SXG with SG and SNG. ¢p<0.001 statistical comparison between SMG with SG and
SNG. p<0.001 statistical comparison between SNG with all groups. (B) The percentage of grid falling in the grid test. The data showed was
mean = S.E.M. (n=7) 9p<0.001 statistical comparison between SCG with SG, SOG, SXG, and SMG. "p<0.001 statistical comparison between
SG with SCG and SNG. p<0.01 statistical comparison between SG with SMG.p<0.001 statistical comparison between SOG with SG and SNG.
kp<0.05 statistical comparison between SOG with SMG. 'p<0.001 statistical comparison between SXG with SG and SNG. mp<0.05 statistical
comparison between SXG with SMG. "p<0.001 statistical comparison between SMG with SG. °p<0.01 statistical comparison between SMG with
SG and SNG. ?p<0.05 statistical comparison between SMG with SOG and SXG. 9p<0.001 statistical comparison between SNG with SG, SOG,
and SXG. 'p<0.01 statistical comparison between SNG with SMG. (C) The latency on the rotarod in the rotarod test. The data showed was
mean = S.E.M. (n=7) $p<0.001 statistical comparison between SCG with SG, SOG, SXG, and SMG. 'p<0.001 statistical comparison between
SG with SCG and SNG. “p<0.01 statistical comparison between SG with SMG. Yp<0.001 statistical comparison between SOG with SG and SNG.
Wp<0.01 statistical comparison between SOG with SMG. Xp<0.001 statistical comparison between SXG with SCG and SNG. Yp<0.01 statistical
comparison between SXG with SMG. 2p<0.001 statistical comparison between SMG with SCG and SG. ‘p<0.01 statistical comparison between
SMG with SG, SOG, and SXG. $p<0.001 statistical comparison between SNG with SG, SOG, SXG, and SMG.

Level of S100B and NSE in plasma

S100B and NSE are neuronal biochemical markers used to measure ischemic brain injuries (Makovec et al, 2025). In clinical
settings, the levels of serum S1003 and NSE were used to predict the outcomes of patients after stroke (Khandare et al., 2022).
These neuronal markers showed correlation with the infarct size and post-stroke disabilities (Khandare et al., 2022). There was
no significant difference in the level of S1008 between SCG and SNG. The level of S100 in group SCG was significantly reduced
compared to SG (p<0.001), SOG (p<0.001), SXG (p<0.001), and SMG (p<0.01). Meanwhile, the level of S1008 in SG, SOG,
and SXG was significantly higher compared to SCG (p<0.001), SMG (p<0.001), and SNG (p<0.001). The level of S1008 was
significantly reduced in SMG compared to SG (p<0.001), SOG (p<0.001), and SXG (p<0.001) but significantly higher compared
to SCG (p<0.001) and SNG (p<0.001). However, the level of S1008 was lowest in SNG and significantly different compared to
other stroke groups, SG(p<0.001), SOG (p<0.001), SXG (p<0.001), and SMG (p<0.01), as shown in Figure 3. SCG showed
significantly reduced levels of NSE compared to SG (p<0.001), SOG (p<0.001), SXG (p<0.001), SMG (p<0.001), and SNG
(p<0.01). Furthermore, SG and SOG showed significantly higher levels of NSE compared to SCG (p<0.001), SCG (p<0.001),
SMG (p<0.001) and SNG (p<0.001). Other than that, SXG and SMG also showed significantly higher levels of NSE compared
to SCG (p<0.001) and SNG (p<0.001) but significantly lower levels of NSE compared to SG (p<0.001) and SOG (p<0.001).
But the lowest level of NSE was shown in SNG, that significantly different compared to all other stroke groups, SG (p<0.001),
SOG (p<0.001), SXG (p<0.01), and SMG (p<0.01) as shown in Figure 4. Both results of S1008 and NSE showed no significant
difference between the sham group, SCG with astaxanthin nanoemulsion group, SNG. This proved that supplementation of
astaxanthin nanoemulsion can minimize the brain injuries to reduce the adverse effects of ischemic stroke insults.
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Fig. 2. (A) The infarcted area in the five brain slices of each group. The white part is the dead cells (ischemic core), and the red part is the viable
cells (penumbra). (B) The infarct volume of each group (n=7). The data showed was mean + S.E.M. 2p<0.001 statistical comparison between
SCG with all groups. p<0.001 statistical comparison between SG with SCG, SMG, and SNG. ®p<0.001 statistical comparison between SOG
with SCG, SMG, and SNG. Pp<0.001 statistical comparison between SXG with SCG, SMG, and SNG. Ep<0.001 statistical comparison between
SMG with all groups. Fp<0.001 statistical comparison between SNG with all groups.
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Fig. 3. The level of S1008 in each group (n=7). The data showed was mean + S.E.M. ?p<0.001 statistical comparison between SCG with SG,
SOG, and SXG. ®p<0.01 statistical comparison between SCG with SMG. °p<0.001 statistical comparison between SG with SCG, SMG, and
SNG. 9p<0.001 statistical comparison between SOG with SCG, SMG, and SNG. ¢p<0.001 statistical comparison between SXG with SCG, SMG,
and SNG. p<0.01 statistical comparison between SMG with SCG and SXG. 9p<0.001 statistical comparison between SMG with SNG. "p<0.001
statistical comparison between SNG with SG, SOG, and SXG. p<0.01 statistical comparison between SNG with SMG.
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Fig. 4. The level of NSE in each group (n=7). The data showed was mean * S.E.M. 2p<0.001 statistical comparison between SCG with SG,
SOG, SXG, and SMG. °p<0.01 statistical comparison between SCG with SNG. °p<0.001 statistical comparison between SG with SCG, SOG,
SXG, SMG, and SNG. 9p<0.001 statistical comparison between SOG with SCG, SG, SXG, SMG, and SNG. ¢p<0.001 statistical comparison
between SXG with SCG, SOG, SXG, and SNG. p<0.001 statistical comparison between SMG with SCG, SG, SOG, and SNG. 9p<0.01 statistical
comparison between SNG with SCG. "p<0.001 statistical comparison between SNG with SG, SOG, SXG, and SMG.

Malaysian Applied Biology (2025), 54(3): 110-119 114



Research Article https://doi.org/10.55230/mabjournal.v54i3.3365

DISCUSSION
This study demonstrates that formulating astaxanthin into a nanoemulsion improved neurological function, reduced apoptosis,
and minimized neuronal injuries following ischemic stroke in a rat model of pMCAO. Stroke is a neurological disease that causes
injuries in the brain cells, such as apoptosis and inflammation, after the insults (Maida et al., 2024). Nowadays, neuroprotection
is one of the strategies in reducing the adverse effects of ischemic stroke, including rapid loss of muscle functions and death
of brain cells (Paul & Candelario-Jalil, 2020). Neuroprotection involves the process of retaining, preserving, recovering, and
regenerating the nervous system, including the cells, structure, and functions (Haupt et al., 2023). Thus, more therapeutic agents
and drugs were formulated to create neuroprotection in the brain to minimize the damage after an ischemic stroke attack (Frank
et al., 2022). However, the therapeutic agents or drugs must be able to cross the blood-brain barrier (BBB) to be effective in
building neuroprotection. BBB is a protective layer that encapsulates the brain to protect its homeostasis and neuronal function
(J. Li et al., 2021). However, the tight protection of the BBB has caused limitations on the delivery and penetration of drugs
and therapeutic agents, especially for neurological diseases and conditions (Achar et al., 2021). The limited penetration of
drugs and therapeutic agents through the BBB caused insufficient concentration of drugs and therapeutic agents to exert their
neuroprotective abilities (Achar et al., 2021). The size of therapeutic agents plays an important role in determining the ability
to penetrate the blood-brain barrier (BBB) (J. Li et al., 2021). Moreover, BBB is also highly insoluble to large lipophilic and
hydrophobic compounds (J. Li et al., 2021).

Astaxanthin is a lipid-soluble compound with low oral bioavailability (Abdol Wahab et al., 2022). Astaxanthin has been known
to have anti-apoptotic and anti-inflammatory benefits toward human health against various diseases (Kohandel et al., 2022).
Various studies have proven the protective value of astaxanthin, including in eye, skin, cardiovascular, and gastrointestinal
diseases (Lin et al., 2020; Shatoor & Al Humayed, 2021; Lee et al., 2022; Gao & Zheng, 2024). However, neurological and
neurodegenerative diseases such as ischemic stroke require specific modifications to allow the therapeutic agents and drugs to
be facilitated and absorbed through the highly selective BBB. Thus, with the advancement of nanotechnology, the formulation
of drugs and therapeutic agents for extreme conditions into nanoemulsions in the pharmaceutical field can improve the delivery
and penetration for specific drug delivery (Wilson et al., 2022). An early study by Wan Chik et al (2022) has shown the presence
of astaxanthin nanoemulsion in the rat’s brain region, including cortex, hippocampus, and cerebellum, after supplementation
of oral astaxanthin nanoemulsion for 30 days at 160 mg/kg bw. This showed that astaxanthin nanoemulsion can be used for
neurological and neurodegenerative diseases as a supplement to build neuroprotection or as a treatment. In this study, the
sham group represents the normal and healthy rats that were given free flow of food pellets and water for 7 days before being
subjected to sham surgery by only creating an incision on the neck area under anaesthesia without inducing permanent middle
cerebral artery occlusion (pPMCAOQ). Furthermore, this study also incorporates the group SOG that received supplementation of
palm oil as the vehicle group, as palm oil is one of the substances used for the formulation in astaxanthin extract, macroemulsion,
and nanoemulsion. The vehicle group was used to eliminate the possible neuroprotective effect of palm oil that might mask the
actual neuroprotective effect of astaxanthin. The supplementation of palm oil, astaxanthin extract, astaxanthin macroemulsion,
and nanoemulsion was given 7 days before and 3 hr after the induction of pPMCAO. The 3 hr after pMCAO is the duration of the
neuroprotective window of ischemic stroke before the brain cells become completely untreatable after the insult (Chia et al.,
2023). The main purpose of supplementing astaxanthin 7 days before and 3 hr after pMCAO is to build neuroprotection to the
brain cells to reduce the insult by aiming to improve the reversible damage of the penumbra area and reduce the irreversible
damage of the ischemic core in the brain cells

This study showed that supplementation of astaxanthin macroemulsion and nanoemulsion can demonstrate neuroprotective
effects in reducing neurological impairment, infarcted volume in the brain, and neuronal markers. However, the supplementation
of astaxanthin nanoemulsion provided significantly better protection compared to all other stroke groups, including those with
macro-emulsion. These can be reflected from the neurobehavior test, such as the stroke score of mMNSS, percentage of grid
walking, and latency of rotarod. Although the stroke score of mNSS in all stroke groups should be mild injury scores, which
were between 1 to 6 but SNG showed the lowest stroke scores mean at 3.167 compared to SMG at 5.333, SXG and SOG
at 6.000, and SG at 6.167. The mNSS test includes various aspects of motor and coordination points, including the elevation
fixation test, open space test, abnormal movement test, sensory test, and reflex test (Ruan & Yao, 2020). This proved that SNGs
have lower overall neurological deficits, that able to retain better motor function and coordination following the ischemic stroke,
indicating a potential protective or therapeutic effect of the nanoemulsion. Similarly, SNG showed the lowest percentage of grid
slipping in the grid walking test compared to all other stroke groups, including SG, SOG, SXG, and SMG. Although SMG also
showed a significantly lower percentage of slipping compared to SG, SOG, and SMG but it has a higher percentage of slipping
compared to SNG. This proved that SNG has better motor coordination to move around the grids without falling between the
grids. Furthermore, the latency of the rotarod also showed that SNG has the significantly longest latency at almost 200 sec, which
was the maximum time set for the rotarod test, compared to all other stroke groups. Although SMG also showed significantly
longer latency compared to other stroke groups, such as SG, SOG, and SXG but it still has significantly shorter latency on the
rotarod compared to SNG. SMG might record significantly longer latency compared to SG, SOG, and SXG, as the astaxanthin
macroemulsion might be able to exert its neuroprotective effect after ischemic insult, but SMG only recorded a mean latency
of 39.05 sec compared to SNG at 198.30 sec. Thus, the supplementation of astaxanthin nanoemulsion in SNG exerts better
neuroprotection capabilities after ischemic stroke insults in maintaining the muscle movement and coordination. These results
of neurological tests proved that SNG showed better neuroprotection ability compared to SMG, as SNG exhibited the lowest
stroke scores, the lowest percentages of grid falling, and the longest latency on the rotarod. This also might show that the SNG
group might maintain better motor coordination and function after the ischemic insult compared to SMG. Thus, these findings
suggest that nanoemulsion supplementation may contribute to enhanced neuroprotection, potentially reducing the severity of
motor impairment and lowering the risk of paralysis following ischemic stroke.Similar trends were observed in the result of
infarcted volume and level of S1003 and NSE, reflecting the degree of neuronal injury. Although SMG differed significantly from
other stroke groups except SNG, SNG demonstrated even better protection by producing the smallest infarcted area and the
lowest level of S100B and NSE in serum. SNG recorded the smallest infarcted volume after 24 hr of pMCAO compared to all
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other stroke groups, including SMG. Although SMG also showed a significant reduction of infarcted volume compared to SG,
SOG, and SXG but SMG still showed significantly higher infarcted volume compared to SNG. Thus, the supplementation of SNG
showed better results in reducing the infarcted volume in the brains of the rats. Infarcted volume represents the ischemic core,
which is a dead brain cell. As shown in Figure 2 (A), the ischemic core is the white part of the brain that has already undergone
irreversible death and has lost all its functions (Salaudeen et al., 2024). The death of brain cells after an ischemic attack led
to loss of muscle functions and coordination, which causes paralysis (Qi et al., 2023). Although apoptotic markers were not
quantified in this study, TTC staining of the brain slices provides a visual representation of the apoptotic damage, as indicated by
the formation of white areas in the brain following an ischemic stroke (Wang et al., 2023). In this study, TTC staining was used
as a rapid and practical histological technique to estimate and differentiate the viable and non-viable brain tissue based on the
mitochondrial enzyme activity (Li et al, 2018). The red-stained areas represent the viable and healthy brain tissue; meanwhile,
the unstained or white areas represent the non-viable and infarcted areas where cell death occurred (Li et al, 2018). However,
TTC staining analysis also has limitations as it does not measure apoptosis in the brain tissue. Therefore, future studies will aim
to quantify apoptotic biomarkers such as Bcl-2 and BAX using ELISA analysis to obtain a comprehensive understanding of the
apoptotic response following ischemic stroke. Furthermore, this study also demonstrated that the level of S100p was significantly
lower in SNG compared to all other stroke groups, including SMG. Although SMG also showed a significantly low level of S1003
compared to SG, SOG, and SXG but it was significantly higher compared to SNG. Similarly, SNG showed a significantly low
level of NSE compared to all stroke groups. However, SMG only showed a significantly low level of NSE compared to SG
and SOG, but there was no significant difference between SMG with SXG, and a significantly higher level of NSE compared
to S100B. The result of neuronal markers proved that supplementation of astaxanthin nanoemulsion in SNG showed better
neuroprotection effect as it was able to significantly reduce both levels of S1008 and NSE compared to all stroke groups,
compared to astaxanthin macroemulsion that only showed significant differences in S100p for all stroke groups but not in NSE
level. Thus, supplementation of astaxanthin nanoemulsion might serve better neuroprotection in reducing the infarct volume in
the brain and reducing the neuronal markers of S100p3 and NSE after ischemic stroke insults compared to supplementation of
astaxanthin macroemulsion. This is consistent with the studies by (M. Zhang et al., 2017; Y. Wu et al., 2024), which suggest
that astaxanthin may help in reducing apoptosis and inflammation by inhibiting the activation of cytokines such as Bax, IL-6,
and p38 in astrocytes and macrophages. Astaxanthin supplementation in other neurological diseases, such as traumatic brain
injury, Alzheimer’s disease, and seizures, has shown a reduction in inflammatory reactions with the decreased production of pro-
inflammatory genes and cytokines (Y. Chang et al., 2018; Rahman et al., 2019; X. S. Zhang et al., 2021).

This study showed that SNG has better neuroprotection effects in reducing neurological impairments, infarcted volume, and
neurological damage compared to other treatments in SXG and SMG. This is because formulation into nanoemulsion reduces
particle size to less than 100 nm compared to 100 um only for macro emulsion (Singh & Pulikkal, 2022). Thus, astaxanthin
nanoemulsion formulation produces fine and uniform particle size that increases the chances of penetrating the BBB (Smejkal et
al., 2021). Additionally, the fine particles of nanoemulsion increase the interfacial area of astaxanthin, improving its bioavailability
throughout the body system (Dominguez-Hernandez et al., 2016). Nanoemulsions also help in stabilizing and maintaining the
physicochemical properties of drugs and therapeutic agents that are crucial for drug delivery (Mushtaq et al., 2023). Formulation
of nanoemulsion produces fine particles with ultra-low interfacial tension, larger oil and water interfacial areas, and can reduce the
enzymatic hydrolysis in the gastrointestinal tract for drugs and therapeutic agents’ absorption (Sabjan et al., 2019). Furthermore,
the formulation of astaxanthin nanoemulsion also improved its bioavailability, permeability, and absorption (Chen et al., 2023).
Additionally, the fast and effective neuroprotective effects shown in SNG correlate with the pharmacokinetic study by (Meor
Mohd Affandi et al., 2012), demonstrated that astaxanthin nanoemulsion has higher bioavailability compared to macro-emulsion,
as indicated by higher values of maximum observed plasma concentration (C™*) and area under the curve (AUC®*), reflecting
the total amount of drug reaching systemic circulation. Moreover, astaxanthin nanoemulsion reaches maximum concentration
(Tmax) faster and has a longer half-life (t"?) compared to macro-emulsion (Meor Mohd Affandi et al., 2012). The results of a
pharmacokinetics study have proved that astaxanthin in nanoemulsion is a better solution compared to macro-emulsion for
therapeutic potential, especially in neurological diseases as ischemic stroke (Meor Mohd Affandi et al., 2012). The past study by
Meor Mohd Affandi et al. (2012) proved that the formulation of astaxanthin into nanoemulsion improved its bioavailability, which
is a vital aspect, especially in designing and formulating drugs for clinical use, compared to astaxanthin in the form of extract
and macroemulsion. Other than that, the formulation of astaxanthin nanoemulsion can produce higher surface zone particles
and more free energy compared to macro-emulsion for better absorption in the stomach during digestion (Sabjan et al., 2019).
Other than that, the formulation of astaxanthin nanoemulsion also helps in better absorption as it can avoid hepatic first-pass
metabolism, as it follows lipid-based drug delivery (Preeti et al., 2023).

The positive results of supplementation of astaxanthin nanoemulsion for 7 days before and 3 hr after pMCAO might be due
to the building of neuroprotection in the brain cells before the ischemic insults. The astaxanthin nanoemulsion accumulation in
the brain might help in reducing the activation of signalling pathways such as TLR4, NF-kB, and MAPK that are involved in the
activation of apoptotic and inflammatory cytokines that elicit apoptotic and inflammatory responses (Wang & Qi, 2022; Briones-
Valdivieso et al., 2024). Thus, accumulation of astaxanthin nanoemulsion in the brain cells before the ischemic attack and before
the end of the neuroprotective window might be a solution for neuroprotection to reduce the adverse effects, especially reducing
the percentage of paralysis and improving the quality of life of the affected patient. Furthermore, astaxanthin nanoemulsion has
better commercial values as therapeutic agents compared to macroemulsion, as it can mask the metallic and bitter taste of
medicine and drugs that could prevent side effects such as vomiting and diarrhea (Preeti et al., 2023). Moreover, astaxanthin can
also be formulated into various forms, including gels, creams, aerosols, and sprays, which can be administered by multiple routes
such as oral, topical, intravenous, and intramuscular (Preeti et al., 2023). Lastly, macro-emulsion also usually has the limitation
of sedimentation, flocculation, and creaming during long storage after its formulation, that unlikely to happen in nanoemulsion
formulation (Meor Mohd Affandi et al., 2012; Sabjan et al., 2019), making astaxanthin nanoemulsion a better choice to be
formulated into therapeutic agents and drugs.
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CONCLUSION

This study provides evidence that pre-supplementation with astaxanthin in nanoemulsion for 7 days before and 3 hr following
ischemic stroke was significantly more effective in mitigating the negative effects of ischemic stroke in rats compared to using
only astaxanthin extract or astaxanthin macro-emulsion. The formulation of astaxanthin into nanoemulsion appears to enhance
bioavailability, permeability, and penetration through the blood-brain barrier (Abdelazim et al., 2023). These findings underscore
the potential of astaxanthin nanoemulsion as a promising therapeutic approach for enhancing neuroprotection against ischemic
stroke.
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