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Abstract. Stroke is an important medical problem in devel‑
oping countries, characterized by a sudden disruption of blood 
supply to the brain, either through occlusion or hemorrhage. 
It is a major cause of neurological impairment, resulting in 
high medical costs. The present study examined the effect of 
6‑gingerol on morphological changes, antioxidant defenses, and 
the anti‑apoptotic factors p38 mitogen‑activated protein kinase 
(MAPK) and mitofusin (Mfn)2, in a rat model of focal cerebral 
ischemia. A total of 60 healthy male Wistar rats were randomly 
allocated into six groups: Control, right middle cerebral artery 
occlusion (Rt.MCAO) + vehicle, Rt.MCAO + piracetam, and 
Rt.MCAO + 6‑Gin 5, 10 and 20 mg/kg BW groups. The results 
indicated that 6‑gingerol treatment for a duration of 7 days 
reverses morphological alterations, enhances catalase and 
glutathione peroxidase activities, reduces Bax, caspase‑3 and 
MAPK expression, and increases Bcl‑xL and Mfn2 expres‑
sion in the cortex and hippocampus. In conclusion, 6‑gingerol 
demonstrated significant in vivo effectiveness in mitigating 
pathological changes induced by cerebral ischemia. This 
beneficial effect is attributed, at least in part, to preservation of 
antioxidant defenses and activation of anti‑apoptotic pathways.

Introduction

Stroke or ‘brain attack’ occurs when the blood supply to part 
of the brain is suddenly interrupted by occlusion or hemor‑
rhage, leading to neuronal dysfunction or neuronal death. It 
is recognized as a major cause of mortality in Thailand and 
other developing countries (1,2). Stroke is also a common 
cause of neurological problems and disability, with very high 

associated medical costs (3). Recent evidence suggests that 
cerebral ischemia‑induced brain damage is accompanied by 
increased formation of free oxygen radicals in brain tissue. 
Excessive production of reactive oxygen species (ROS) such 
as superoxide anions, hydroxyl radicals and hydrogen peroxide 
may cause oxidative stress‑induced cell injury (4). Cerebral 
ischemia also initiates an inflammatory response in the brain, 
involving the activation of immune cells such as microglia and 
astrocytes, as well as the release of inflammatory mediators 
including cytokines, chemokines and adhesion molecules (5). 
This inflammatory response can exacerbate neuronal damage 
by promoting additional ROS production and causing the 
breakdown of the blood‑brain barrier, enabling immune cells 
and harmful substances to enter the brain (6,7). In addition, 
prolonged cerebral ischemia can trigger apoptotic pathways 
in neurons, especially in the penumbra area (8). Apoptosis, 
also known as programmed cell death, is a regulated process 
involving removal of damaged or unnecessary cells. However, 
excessive or uncontrolled apoptosis can contribute to neuronal 
death in ischemic conditions. The apoptotic pathway, which 
involves Bax, caspase‑3 and Bcl‑xL, plays a critical role in 
determining neuronal cell death during a stroke (9).

Targeting the aforementioned factors is a promising 
strategy for the development of innovative therapeutic inter‑
ventions. For example, inhibition of Bax activity, inhibition 
of caspase‑3 activity and enhancement of Bcl‑xL expres‑
sion all have neuroprotective effects in preclinical stroke 
studies (10‑12). Mitogen‑activated protein kinase (MAPK) 
is another key factor contributing to the pathogenic process 
and has been linked to neuronal damage during cerebral isch‑
emia (13). The MAPK signaling pathway plays an important 
role in cerebral ischemia‑induced apoptosis, especially the p38 
MAPK pathway (14). Previous studies have shown that inhi‑
bition of p38 MAPK reduces apoptosis and improves stroke 
recovery (14,15). Reduced mitofusin (Mfn) 1 and Mfn2 levels, 
because they cause excess calcium (Ca2+) to accumulate in 
mitochondria, facilitate the translocation of Bax to mitochon‑
dria, and contribute to neuronal apoptosis too (16). Previous 
investigations have revealed that Mfn2 plays a protective role 
in an ischemic stroke model by reducing apoptosis (16‑18).

Ginger (Zingiber officinale) has been widely used in 
traditional medicine, and 6‑gingerol is considered one of 
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its key active constituents. 6‑Gingerol exhibits numerous 
pharmacological activities, including anti‑inflammatory, 
antioxidant (19,20), anticancer (21), gastroprotective and 
anti‑diabetic (22) effects. These properties are attributed to 
its ability to modulate various molecular targets and signaling 
pathways, and some research suggests 6‑gingerol exerts 
neuroprotective effects in stroke. A previous study by the 
authors revealed that 6‑gingerol reduces brain damage and 
infarct volume in the right middle cerebral artery occlusion 
(Rt.MCAO) model, partly via anti‑inflammatory and anti‑
oxidant pathways (19). To discover if any other mechanisms 
are contributing to the beneficial effects of 6‑gingerol in this 
model, the present study examined how 6‑gingerol affects 
cell morphology, antioxidant defenses, and the anti‑apoptotic 
factors p38 MAPK and Mfn2.

Materials and methods

Experimental compounds. The test compound, 6‑gingerol 
(C17H26O4; PubChem ID: 442793), was supplied by Chengdu 
Biopurify Phytochemicals Ltd. (http://www.biopurify.
com/about_us.html) with a purity of 98.7%. Piracetam, which 
served as the positive control, was obtained from GSK plc. 
The vehicle, dimethyl sulfoxide (DMSO), was obtained from 
Thermo Fisher Scientific, Inc.

Animals. Male Wistar rats (8 weeks‑old; weighing 250‑300 g) 
were obtained from the Northeastern Laboratory Animal 
Center at Khon Kaen University in Khon Kaen, Thailand. 
The rats were housed in groups of five within typical metal 
cages measuring 37.5x48x21 cm3. They were maintained 
under standard conditions, following a 12/12‑h light/dark 
cycle, with humidity levels maintained around 30‑60%, and 
temperature set at 23±2˚C. Adequate water and commercial 
pellets were available to them at all times. All animal‑related 
procedures carried out in the present study received approval 
(approval no. IACUC‑KKU‑6/65) from the Institutional 
Animal Care and Use Committee at Khon Kaen University, 
Thailand.

Experimental design. A total of 60 healthy male Wistar rats 
were randomly allocated into six groups (10 rats per group). 
Group 1 (control group): Rats underwent a placebo surgery and 
received no treatment. Group 2 (Rt.MCAO + vehicle group): 
Animals received DMSO, which was used as a vehicle to 
dissolve the test substance. Group 3 (Rt.MCAO + piracetam 
group): Animals received piracetam at a dose of 250 mg/kg 
of body weight (BW), serving as a positive control. Groups 
4‑6 [Rt. MCAO + 6‑gingerol (6‑Gin) groups]: Animals 
received different concentrations of 6‑gingerol (5, 10 and 20 
mg/kg BW). Following the induction of Rt.MCAO, all groups 
received their respective treatments intraperitoneally once 
daily for seven consecutive days. Hematoxylin‑eosin (H&E) 
staining was applied to observe morphological changes 
of the cortex and the hippocampus in five rats from each 
group. Biochemical assays were conducted on the cortex 
and hippocampus of the remaining five animals per group 
to examine catalase (CAT) and glutathione peroxidase 
(GSH‑Px) activities. In the cortex and hippocampus of rats, 
the expression levels of Bax, Bcl‑xL, caspase‑3, MAPK and 

Mfn2 were assessed. This evaluation was performed in rats 
treated with doses of 6‑gingerol that resulted in optimal 
changes in oxidative parameters. Piracetam and 6‑gingerol 
doses were selected based on previous research findings by 
the authors (23,24).

The Rt.MCAO model. Before performing the surgery, all 
animals underwent an overnight fasting period while being 
provided with unrestricted access to water. During the opera‑
tion, the rats were anesthetized with isoflurane, with 5% for 
induction and 1‑3% for maintenance, delivered in 100% 
oxygen. The focal ischemic model was produced by perma‑
nently occluding the right middle cerebral artery using a 4‑0 
silicone‑coated monofilament, as previously described (25). 
The monofilament was carefully inserted into the internal 
carotid artery, typically reaching a depth of ~17 mm or until 
a slight resistance was detected. Following the procedure, 
the wound was sutured, and a 10% povidone iodine solution 
was applied to the incision site for postoperative antiseptic 
care. Later in the present study, when rat brains were being 
removed following the 7‑day treatments, images of the fila‑
ments occluding each middle cerebral artery were captured 
to ensure that occlusion was consistent in every animal. In 
the sham operation, rats underwent the same procedure as 
aforementioned, but without the insertion of the monofila‑
ment. The criteria for humane endpoints were defined as the 
inability to move, wound infection following surgery, a weight 
loss of >20%, dehydration, dyspnea, progressive pain, lack of 
response to external stimuli and bleeding from any orifice. 
The authors along with the vet responsible for the present 
study, monitored the animal health and behavior every day. No 
animals were lost during the experimental period. The infarct 
volume was measured in all animals, and this data has recently 
been published (19).

Histopathological detection with H&E staining. H&E 
staining involved staining for frozen sections with hema‑
toxylin for 4 min at room temperature (RT), rinsing with 
running water for 10 min, then staining with eosin for 1 min 
at RT. Sections were then dehydrated, mounted and examined 
by light microscopy.

Protein quantification. At the end of the experimental period, 
rats were anesthetized with thiopental sodium (80 mg/kg BW) 
via intraperitoneal administration before undergoing cardiac 
perfusion with a cold normal saline solution. Subsequently, 
the brains were rapidly removed from the skulls and separated 
into the cerebral cortex and hippocampus. The concentration 
of protein in the cortex and hippocampus was determined 
by the method described by Lowry et al (26). Bovine serum 
albumin (MilliporeSigma) was used as a standard during the 
process.

Determination of CAT activity. CAT activity was measured 
using the method of Goldblith and Proctor (27). In brief, 
brain tissue was homogenized using phosphate buffer on ice 
to prevent any enzymatic degradation. This homogenate was 
then centrifuged (10,000 x g, 10 min, 4˚C) and the superna‑
tant containing the CAT was collected. Next, the supernatant 
was combined with phosphate buffer and hydrogen peroxide 
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(H2O2), and absorbance was measured at 240 nm using a 
spectrophotometer. The results are expressed as units per 
milligram of protein (units/mg protein).

Determination of GSH‑Px activity. GSH‑Px activity was 
measured using a GSH‑Px assay kit from MilliporeSigma 
(cat. no. MAK437‑1KT). Following homogenization of the rat 
brain tissue and centrifugation (10,000 x g, 10 min, 4˚C) of 
these homogenates, supernatant containing the GSH‑Px was 
collected. The supernatant was then mixed with phosphate 
buffer, glutathione reductase, nicotinamide adenine dinucleo‑
tide (NADPH), and hydrogen peroxide. Reduction in NADPH 
absorbance at 340 nm was used as a measure of GSH‑Px 
activity. Enzyme activity was quantified by scrutinizing the 
temporal evolution of absorbance changes. Data are expressed 
as units/mg protein.

Western blot analysis. Bax, Bcl‑xL, caspase‑3, MAPK and 
Mfn2 expression levels were measured in the rat cortices 
and hippocampi using the western blot method as previously 
described (25). Each cortex and hippocampus were homog‑
enized with lysis buffer (Thermo Fisher Scientific, Inc.), 
and the total protein concentrations were determined using 
the Lowry method (26). Equal quantities (40 µg of protein) 
of protein were separated by 10% SDS‑polyacrylamide 
gel electrophoresis and subsequently transferred onto a 
Hybond‑P (PVDF) membrane (GE Healthcare; Cytiva). 
Non‑specific binding sites on the membrane were blocked by 
incubating with 5% non‑fat dried milk in 0.1% Tween‑20 in 
Tris buffered saline (TBS‑T), pH 7.4 at room temperature for 
1 h. The membrane was then incubated overnight at 4˚C with 
mouse monoclonal anti‑Bax (1:500; cat. no. 14‑6999‑82; 
Thermo Fisher Scientif ic, Inc.), rabbit monoclonal 
anti‑Bcl‑xL (1:1,000; cat. no. ab32370; Abcam), rabbit mono‑
clonal anti‑caspase‑3 (recognizing pro‑caspase 3; 1:2,000; 
cat. no. ab184787; Abcam), rabbit monoclonal anti‑p38 
MAPK (1:500; cat. no. A14401; Abclonal Biotech Co., Ltd.), 
rabbit monoclonal anti‑mitofusin 2 (1:500; cat. no. A12771; 
Abclonal Biotech Co., Ltd.) and rabbit monoclonal 
anti‑β‑actin (1:5,000; cat. no. AC026; Abclonal Biotech 
Co., Ltd.) antibodies. After washing with 0.1% Tween‑20 
in Tris‑buffered saline, the membrane was incubated with 
anti‑mouse (1:2,000; cat. no. 12‑349; MilliporeSigma) or 
anti‑rabbit (1:2,000; cat. no. AS063; Abclonal Biotech Co., 
Ltd.) secondary antibodies for 1 h at room temperature. The 
reactivity was visualized with chemiluminescent substrate 
(SupersignalTM PLUS Chemiluminescent Substrate West 
Pico; Pierce; Thermo Fisher Scientific, Inc.). A ChemiDoc™ 
MP imaging system with Image Lab software (Bio‑Rad 
Laboratories, Inc.) was used to capture photographs of the 
membranes against a white background. The density of Bax, 
Bcl‑xL, caspase‑3, MAPK and Mfn2 bands was normalized 
to β‑actin, and protein expression levels were quantified 
using Image J® software version 1.53e (National Institutes 
of Health).

Statistical analysis. The data are presented as the mean ± stan‑
dard error of the mean. Statistical analysis was performed using 
SPSS® software (IBM Corp.). One‑way analysis of variance 
(ANOVA) was conducted, followed by a Tukey's post hoc test. 

P<0.05 was considered to indicate a statistically significant 
difference.

Results

Protective effect of 6‑gingerol on morphological alterations 
in the cortex and hippocampus of rats with induced‑Rt.
MCAO. Previous work in the authors' laboratory (Faculty 
of Medicine, Mahasarakham University) has quantified 
Nissl‑positive neurons and revealed that 6‑gingerol can reverse 
ischemic stroke‑induced neuronal loss. Thus, the present study 
assessed the potential of 6‑gingerol to protect neurons against 
histopathological changes following Rt. MCAO. The effect of 
6‑gingerol on Rt.MCAO‑induced morphological alterations 
of the cortex and hippocampus was evaluated qualitatively 
by H&E staining (Fig. 1). H&E staining of the control group 
revealed there were intact pyramidal neurons with large 
nuclei. The Rt.MCAO + vehicle group, by contrast, demon‑
strated evidence of cell loss, pyknotic nuclei, vacuolation 
within the cytoplasm, and decreased neuronal density in the 
cortex and pyramidal layer of the cerebral artery (CA)1 and 
CA3 hippocampus sub‑regions. Treatment with various doses 
of 6‑gingerol reversed these alterations.

Protective effect of 6‑gingerol on antioxidant enzymes in 
the cortex and hippocampus of rats with induced‑Rt.MCAO. 
Lack of oxygen and nutrients leads to an imbalance between 
the production of ROS and the brain's antioxidant defense 
mechanisms. Enhancing the activity of these enzymes has 
been associated with neuroprotection and improved functional 
recovery following stroke. Therefore, CAT and GSH‑Px activi‑
ties were assessed through biochemical assays performed 
on the cortex and hippocampus. Rats administered with 
vehicle following Rt.MCAO exhibited a significant decrease 
in CAT and GSH‑Px activities compared with the control 
group (P<0.05; Figs. 2 and 3). Conversely, the treatments with 
piracetam or 6‑gingerol at doses of 10 and 20 mg/kg BW 
markedly attenuated Rt.MCAO‑induced reduction of CAT 
and GSH‑Px activities compared with the Rt.MCAO + vehicle 
group (P<0.05; Figs. 2 and 3).

Ameliorative effect of 6‑gingerol in rats with induced‑Rt.
MCAO by activating anti‑apoptotic pathway. Understanding 
the relationship between apoptosis and ischemic stroke is 
essential if apoptosis‑modulating drugs capable of reducing 
brain damage are to be successfully developed. The present 
study therefore measured Bax, Bcl‑xL and caspase‑3 protein 
expression in the cerebral cortex and hippocampus by 
western blot analysis. Previous experiments demonstrated 
that a dose of 20 mg/kg BW 6‑gingerol yielded favorable 
modifications in antioxidant enzyme parameters; this dose 
was chosen to investigate the influence of 6‑gingerol on 
Bax, Bcl‑xL and caspase‑3. In Fig. 4A, it can be observed 
that Rt.MCAO rats treated with 250 mg/kg BW piracetam or 
20 mg/kg BW 6‑gingerol for 7 days demonstrated a reduc‑
tion in the density ratio of Bax and caspase‑3 to the β‑actin 
band compared with the Rt.MCAO + vehicle group (P<0.05; 
Fig. 4B and D). By contrast, the density ratio of Bcl‑xL to the 
β‑actin band exhibited a significant increase compared with 
the Rt.MCAO + vehicle group (P<0.05; Fig. 4C).
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The effect of 6‑gingerol on MAPK and Mfn2 protein 
expression evaluated using western blot analysis. MAPK 
signaling and Mfn2 play significant roles in stroke patho‑
physiology and could be suitable drug targets for mitigating 
stroke‑induced damage, restoring mitochondrial homeostasis, 
and promoting neuronal survival and recovery. The effect 
of 6‑gingerol on MAPK and Mfn2 protein expression was 
investigated using western blot analysis. The rats in the 
Rt.MCAO + vehicle group exhibited a significant increase 

in the density ratio of MAPK to the β‑actin band; while 
experiencing a decrease in the density ratio of Mfn2 to the 
β‑actin band compared with the control group (P<0.05). 
Importantly, treatment with piracetam (250 mg/kg BW) or 
6‑gingerol (20 mg/kg BW) reduced the density ratio of MAPK 
to the β‑actin band compared with the vehicle group (P<0.05; 
Fig. 5A). Additionally, the density ratio of Mfn2 to the β‑actin 
band exhibited significantly less reduction compared with the 
rats in the Rt.MCAO + vehicle group (P<0.05; Fig. 5B and C).

Figure 2. Effect of 6‑Gin on CAT activity in the cortex and hippocampus of Rt.MCAO‑induced rats. Data are expressed as the mean ± standard error of 
the mean (n=5). *P<0.05 vs. the control; #P<0.05 vs. the Rt.MCAO + vehicle group. CAT, catalase; Rt.MCAO, right middle cerebral artery occlusion; 6‑Gin, 
6‑gingerol; BW, body weight.

Figure 1. Representative images of hematoxylin and eosin‑stained sections of the cortex and hippocampus. Histological changes of rat brain tissue imaged 
following MCAO with a light microscope (magnification, x20). In the control group, the morphology of most of the neurons were clear with large nuclei (thin 
arrows). The neurons of Rt. MCAO group rats exhibited features of degenerating neurons with shrinkage, pyknotic nuclei and increased intercellular space 
(thick arrows). Scale bars, 50 µm. MCAO, middle cerebral artery occlusion; 6‑Gin, 6‑gingerol; CA, cerebral artery.
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Discussion

Oxidative stress, resulting from an imbalance between ROS 
production and antioxidant defenses, plays a pivotal role in 
stroke pathophysiology. Antioxidants, through their ability 
to scavenge ROS, may offer neuroprotective effects and 
mitigate the detrimental consequences of stroke. CAT is an 
integral component of the cellular antioxidant defense system. 
It cooperates with other antioxidant enzymes, such as super‑
oxide dismutase and GSH‑Px, to maintain cellular redox 
homeostasis and protect cells from oxidative damage. Hence, 
the present study examined the influence of 6‑gingerol on 
CAT and GSH‑Px enzymes in the cortex and hippocampus. It 
was revealed that both the positive control, piracetam, and the 
experimental compound, 6‑gingerol, led to increased CAT and 
GSH‑Px activities in both the cortex and hippocampus. These 
effects were observed when compared with the group treated 
with vehicle only following Rt.MCAO. Numerous studies 
have reported that augmenting the levels of these antioxidant 
enzymes can alleviate brain damage resulting from ischemic 
stroke (19,23,25,28). Moreover, several studies have demon‑
strated that 6‑gingerol and its analogues have strong antioxidant 
activity. This is exerted via multiple mechanisms, including 
the scavenging of free radicals, oxidative stress reduction 
and enhancement of antioxidant enzyme activity (19,29‑32). 
These properties enable 6‑gingerol to protect against oxida‑
tive damage in various tissues and organs, such as the brain, 
kidneys, heart and colon (32).

Apoptosis, or programmed cell death, is a regulated 
process that plays a role in removing damaged or unneces‑
sary cells. Prolonged cerebral ischemia has the potential to 
induce the activation of apoptotic pathways in neurons, leading 
to neuronal death (8). Bcl‑xL expression has been observed 
in both the developing embryonic and adult neurons of the 

central nervous system (CNS) (33). It plays a crucial role in 
safeguarding against neuronal apoptosis during brain develop‑
ment and in response to various pathological triggers, such 
as cerebral ischemia (12). Caspase‑3 plays a critical role as a 
mediator of apoptosis in acute and chronic neurodegenerative 
conditions, including ischemic stroke (34,35). Additionally, Bax 
serves as a pro‑apoptotic protein localized in the mitochondria, 
and its expression elevates during the initiation of the intrinsic 
apoptotic pathway, resulting in mitochondrial damage (36‑38). 
Numerous studies have revealed that apoptosis inhibitors 
can effectively decrease ischemic neuronal injury (34,36). 
In comparison with the Rt.MCAO + vehicle group, a signifi‑
cant decrease was observed in the density ratio of Bax and 
caspase‑3 to the β‑actin band in Rt.MCAO rats treated with 
250 mg/kg BW piracetam or 20 mg/kg BW 6‑gingerol during 
the 7‑day study period. Conversely, the density ratio of Bcl‑xL 
to the β‑actin band demonstrated a significant increase when 
compared with the Rt.MCAO + vehicle group in the present 
study. Accumulating evidence revealed that inhibition of Bax 
or caspase‑3 activity and enhancement of Bcl‑xL expression 
have neuroprotective effects in preclinical studies (34,39‑41). 
The findings of the present study are consistent with a previous 
cerebral ischemia study showing that gingerol administration 
elevates Bcl‑2 and brain‑derived neurotrophic factor (BDNF) 
levels, while simultaneously reducing Bax and cleaved 
caspase‑3 levels (42). In previous studies, it has also been 
demonstrated that 6‑gingerol exhibits robust antiapoptotic and 
anti‑inflammatory properties (43,44). Additionally, its ability 
to induce autophagy has been associated with the dissocia‑
tion of the TRPV1/FAF1 complex (44). In the present study, 
piracetam was used as a positive control due to its known 
protective effects. Piracetam enhances cholinergic functions 
and reduces neuronal inflammation, apoptosis and oxidative 
stress, thus highlighting its beneficial effects as a therapeutic 

Figure 3. Effect of 6‑Gin on GSH‑Px activity in the cortex and hippocampus of Rt.MCAO‑induced rats. Data are expressed as the mean ± standard error of 
the mean (n=5). *P<0.05 vs. the control; #P<0.05 vs. the Rt.MCAO + vehicle group. GSH‑Px, glutathione peroxidase; Rt.MCAO, right middle cerebral artery 
occlusion; 6‑Gin, 6‑gingerol; BW, body weight.
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agent (45,46). Previous studies have demonstrated that admin‑
istration of piracetam at doses of 250 or 500 mg/kg via the 

intraperitoneal (i.p.) route, 6, 9 and 22 h following ischemic 
insult, leads to a significant reduction in infarct volume (47). 
Furthermore, piracetam has been revealed to enhance cerebral 
blood flow (48) and restore the fluidity of the plasma membrane 
in the brain, thereby promoting improved functioning of 
neuronal cells (49).

MAPKs are key signaling molecules that contribute to 
the pathophysiology of stroke through their involvement 
in neuronal injury, neuroinflammation, blood‑brain barrier 
disruption and oxidative stress (13‑15). Hence, the investiga‑
tion conducted in the present study examined the effect of 
6‑gingerol on MAPK using the rat model of focal cerebral 
ischemia. It was demonstrated that rats treated with piracetam 
at a dosage of 250 mg/kg BW or 6‑gingerol at a dosage of 
20 mg/kg BW for 7 days following Rt.MCAO, exhibit notable 
reductions in the density ratios of MAPK to the β‑actin band. 

Figure 4. Effect of 6‑Gin on the expression of Bax, Bcl‑xL and caspase‑3. 
(A) Image of an immunoblot of Bax (21 kDa), Bcl‑xL (26 kDa) and 
caspase‑3 (32 kDa) from the cerebral cortex. β‑actin (41 kDa) was used as 
a loading control. (B‑D) Quantitative analysis of (B) Bax, (C) Bcl‑xL and 
(D) caspase‑3 band density normalized with beta‑actin. Data are expressed as 
the mean ± standard error of the mean (n=5). *P<0.05 vs. the control; #P<0.05 
vs. the Rt.MCAO + vehicle group. 6‑Gin, 6‑gingerol; Rt.MCAO, right middle 
cerebral artery occlusion; BW, body weight.

Figure 5. Effect of 6‑Gin on the expression of MAPK and Mfn2. (A) Image 
of an immunoblot of MAPK (38 kDa) and Mfn2 (80 kDa) from the cerebral 
cortex. β‑actin (41 kDa) was used as a loading control. (B and C) Quantitative 
analysis of (B) MAPK and (C) Mfn2 band density normalized with beta‑actin. 
Data are expressed as the mean ± standard error of the mean (n=5). *P<0.05 
vs. the control; #P<0.05 vs. the Rt.MCAO + vehicle group. Mfn2, mitofusin 
2; Rt.MCAO, right middle cerebral artery occlusion; 6‑Gin, 6‑gingerol; BW, 
body weight.
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Bioinformatics studies have revealed that certain miRNAs 
play a role in regulating MAPK, a crucial pathway involved 
in mitigating inflammation and apoptosis in ischemic 
stroke (13,50,51). The findings of the present study correspond 
well with a previous sepsis study showing that 6‑gingerol 
treatment diminishes macrophage pyroptosis by inhibiting 
MAPK signaling pathways (52), and a previous hypoxia study 
showing that 6‑gingerol effectively deactivates the p38 MAPK 
and JNK pathways (53).

Mitochondrial dysfunction, characterized by impaired 
oxidative phosphorylation and increased ROS production, has 
been implicated in the pathogenesis of ischemic stroke (54). 
Mfn1 and Mfn2 are also involved in the pathophysiology of 
ischemic stroke (55). In experimental work using the MCAO 
rat model, it has been observed that reductions in Mfn1 and 
Mfn2 lead to mitochondrial Bax translocation and subse‑
quent Ca2+ overload, resulting in excitotoxicity and neuronal 
apoptosis (16,56). Furthermore, Mfn2 has been revealed 
to decrease caspase‑3 activity and increase the ratio of 
Bcl‑2/Bax, thereby reducing cellular vulnerability to apop‑
tosis in the context of cerebral ischemic stroke (57). In line 
with available studies, the current results demonstrated that 
animals treated with piracetam (250 mg/kg BW) or 6‑gingerol 
(20 mg/kg BW) exhibited significantly less reduction in the 
density ratio of Mfn2 to the β‑actin band compared with 
rats in the Rt.MCAO + vehicle group. Supplementation with 
gingerol‑enriched ginger has been revealed to alleviate Mfn2 
and mitochondrial inner membrane fusion (OPA1) in diabetic 
rats (58). According to findings presented in a previous study, 
phenolic compounds such as 6‑gingerol and 6‑shogaol have 
pharmacological activities that support the generation of 
functional mitochondria, thereby promoting mitochondrial 
biogenesis (59).

DMSO is a commonly used solvent and vehicle in biolog‑
ical and biochemical research. Studies have reported that the 
lethal dose (LD50) of DMSO in rats, administered via i.p. 
injection, is 9.9 ml/kg BW (60). Furthermore, another study 
revealed that significant localized toxic impacts on the liver 
and kidneys of rats were observed when plant extracts were 
dissolved in 10% (v/v) DMSO (61). In the present study, 1% (v/v) 
DMSO solution was selected as the vehicle. This decision was 
based on literature reviews, which generally consider DMSO 
safe at low concentrations (62). A total of 1% (v/v) DMSO 
concentration is frequently employed in numerous biological 
applications without causing significant toxicity, as supported 
by previous publications made by the authors (19,25,63).

In addition to determining brain histomorphological 
changes in rats after a stroke, it is useful to measure functional 
outcomes such as motor, sensory, and cognitive abilities. The 
present study did not assess behavioral impairments following 
stroke. Therefore, a limitation of the present study is the lack 
of assessment of neurological function to evaluate the degree 
of damage over time.

The present study suggested that 6‑gingerol can amelio‑
rate some of the pathological changes induced by ischemic 
stroke and does so via antioxidant and anti‑apoptotic path‑
ways. In addition to evaluating histomorphological damage 
to neurons, future research is recommended to investigate 
the interaction between neurons and glial cells, particularly 
involving neuroinflammation, in an ischemic stroke model. 

Glial cells, including microglia, astrocytes and oligoden‑
drocytes, are the primary components of the peri‑infarct 
environment in the CNS and have been implicated in 
immune regulation following a stroke. Previous studies have 
demonstrated that glial cells regulate post‑stroke neuroin‑
flammation. These cells can modulate signals of neuronal 
damage, release cytokines, attract immune cells to the site of 
the stroke, and interact with and affect the condition of other 
immune cells (64,65). Assessment of the effect of 6‑gingerol 
on neurotrophic factors such as BDNF, nerve growth factor, 
and glial cell‑derived neurotrophic factor will also be neces‑
sary to fully elucidate the neuroprotective and neurogenic 
effects of this compound.

In conclusion, 6‑gingerol demonstrates significant in vivo 
effectiveness in mitigating pathological changes induced 
by cerebral ischemia. This beneficial effect is attributed, in 
part, to its antioxidant and anti‑apoptotic pathways. Further 
investigations are warranted to explore the neurological and 
biochemical effects of 6‑gingerol in focal cerebral ischemia, 
as well as to elucidate its complete mechanism of action.
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