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This research focused on exploring the therapeutic impact of black garlic
ethanol extract (BGE) on the brain tissue of rats exposed to acrylamide (ACR).
Twenty-four female rats were divided into four groups. Rats in the control
group were given 1 ml of saline by oral gavage for 14 days. The BG group
received 5 mg/200 g of BGE extract on a daily basis. The ACR group was
administered 40 mg/kg of ACR daily. Rats in the BGE+ACR group received both
5mg/200 g of BG extract and 40 mg/kg of ACR daily. Brain tissue samples were
collected at  the study's conclusion  for  histopathological,
immunohistochemical, and biochemical analyses. Hematoxylin-eosin staining
was performed to examine the general structure of the brain tissue. Erk1/2, p-
ERK1/2, and c-fos were analyzed immunohistochemically; Bcl-2, Caspase-3,
ATF6, CREB, and NfkB-p65 protein levels were analyzed by Western blotting;
and MDA, SOD, CAT, GSH, TNF-a, IL-1B, and IL-6 activities and levels were
analyzed using ELISA kits. It was determined that ACR application raised the
levels of Erk1/2, p-ERK1/2, c-Fos, NfkB-p65, caspase-3, MDA, IL-6, IL-1-B, and
TNF-a, and BGE supplementation decreased this increase. ACR exposure
caused a decrease in Bcl-2, ATF6, CREB, CAT, GSH, and SOD expressions, and
BGE supplementation prevented or increased this decrease. Based on the
findings obtained, it can be said that the ethanol extract of black garlic has
antioxidative and anti-inflammatory effects, prevents cell damage, and has
positive effects on apoptosis in rat brain tissue.

Introduction

been discovered that some heat-treated foods such as

Acrylamide (ACR), which is widely exposed in daily life
through environmental pollution and nutrition, is a
crystalline, vinylic small molecule, a synthetic substance
with high water solubility, and no specific color and odor.
It was classified as a probable carcinogenic compound for
humans by the International Agency for Research on
Cancer in 1994 (15). As a result of various studies, it has

bread, coffee, and French fries contain high amounts of
Acrylamide. The main way Acrylamide is formed in foods
is the Maillard reaction between reducing sugars and the
amino acid asparagine during heat treatments such as
frying, baking, and roasting at temperatures above 120°C
(6). Many health problems, including immunotoxic,
hepatotoxic, neurotoxic, genotoxic, carcinogenic, and



teratogenic effects, can develop because of acrylamide
toxicity (14). It has been observed that plant-based
compounds with antioxidant, anti-inflammatory, and
antiapoptotic effects are used to minimize the harmful
effects of ACR or to treat the damage, and garlic extract
has strong anti-inflammatory, antioxidant, and
antiapoptotic effects (20).

Fresh garlic contains large amounts of sulfur
compounds such as alliin, allicin and S-allyl cysteine
(SAC) (3). In recent years we have witnessed the
implementation of methods like heat treatment, drying,
and fermentation to eliminate the unpleasant odor and
taste associated with garlic (38). Thanks to these methods,
irritating properties are eliminated, and the garlic is given
a more delicious form. The product called "black garlic"
was obtained by exposing the garlic heads to high
temperatures (60°C and above), maintaining 85-90%
relative humidity for 30-40 days, and then softening and
darkening the garlic heads. During fermentation, the
enzyme alliinase is broken down, thereby alliin cannot be
converted into allicin (8). As a result of this event, the
specific odor of garlic decreases. Alliin is converted into
SAC and odorless components are formed. While the
amount of SAC increases in the formation of black garlic,
alliin, allicin, and polysaccharides decrease. In this way,
the bitterness and pungent odor of garlic is reduced (5).

Erk1/2 plays significant roles in cell proliferation,
differentiation, and survival, signaling from the cell
surface to the nucleus and detecting cellular stress. It
exerts crucial effects on inflammation, and there is
communication between cell receptors and different
nuclear transcription factors (48). p-ERK1/2 is a member
of the MAPK family and contains an ERK protein within
this family (32). c-fos is a protooncogene that is a member
of the IEG (Immediate Early Gene) group, and the
increase of its accumulation depends on the effect of
various stimuli (24). Bcl-2 is one of the most important
regulators of the intrinsic apoptosis pathway (45).
Caspase-3, located at the end of caspase cascades
activated by apoptotic pathways acts as a primary protein
for apoptosis (30). ATF6 is an endoplasmic reticulum
transmembrane glycoprotein, transcription factor, and ER
stress sensor. It detects protein misfolding in the
endoplasmic reticulum and triggers the Unfolded protein
response (UPR) to maintain homeostasis (36). CREB, a
general transcription factor, acts as an inhibitor for the cell
survival mechanism, thus leading the cell to programmed
death (44). NfkB-p65 is an essential transcription factor
and translocates from the cytosol to the nucleus upon
activation and controls the expression of numerous genes
related to cell cycle, growth, viability, specialization,
movement, bonding, and inflammation (9). MDA, a
widely recognized result of lipid peroxidation, elevates in

http://vetjournal.ankara.edu.tr/en/

Ankara Univ Vet Fak Derg, 71 e 4, 2024

response to heightened levels of free radicals. Hence, the
concentration of MDA serves as an indicator of oxidative
stress. Within the category of antioxidants, SOD, GSH,
and CAT are substances that impede the formation of free
radicals (4). TNF-a is a transmembrane protein and a
crucial proinflammatory cytokine produced by various
cells. Dysregulation of TNF-a has been linked to such
several pathological conditions as autoimmune disease,
atherosclerosis, cancer, Alzheimer’s disease, infection,
and inflammatory bowel disease. TNF-a also has various
functions in the regulation of different developmental and
immunological processes, such as inflammation,
differentiation, lipid metabolism, and apoptosis (28). IL-
1-B is a cytokine that has a potent proinflammatory effect
when inducing inflammation. IL-1p damages neuronal
synapses during inflammation and causes neurodegeneration
(40). IL-6 is a proinflammatory cytokine that triggers
inflammation; the uncontrolled, heightened, and
continuous production of IL-6 has adverse effects on both
acute systemic inflammatory response syndrome and
chronic immune-mediated disorders (11).

After being consumed through food products,
acrylamide can be rapidly absorbed from the
gastrointestinal system and transferred to all body tissues
(such as the liver, thymus, brain, heart, and kidneys)
through the bloodstream. Therefore, this experimental
study aims to determine the effects of BGE on oxidative
stress, inflammation, and apoptosis in ameliorating the
adverse effects of ACR on brain tissue.

Material and Methods

Collection and Extract Preparation of BGE: The black
garlic used in the study was obtained from Edovital
(Kastamonu, Tiirkiye). The peeled black garlic cloves
were cut into small pieces and dried on blotting papers in
a dark area with air circulation and out of the sun. The
dried black garlic parts were ground with the help of a
grinder. The soxhlet device cartridge was washed with
extraction solvent by taking 50 g of the ground garlic
samples and placing them in a 500 ml soxhlet extractor.
Ethanol was used as an extraction solvent. 650 ml of
ethanol solvent was added to the boiling flask. The solvent
was subjected to extraction (using 10-15 siphons) for
roughly 10 hours until the solvent became transparent. At
the end of the 10™ hour, the liquid extracts obtained were
filtered through blue band filter paper and the particles
were removed. The filtrated extract sample underwent
evaporation using a rotary evaporator at temperatures
between 35-45°C. The garlic extract left in the flask was
placed inside a desiccator for 12 hours. After removing all
traces of solvent from the garlic extract, it was weighed
with a precision of 0.1 mg, transferred to an extraction
container, and stored at +4°C for subsequent analysis (43).
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Animal and Experimental Groups: The study utilized rats
sourced from the Kafkas University Medical
Experimental Research and Application Center, where the
experimental phase of the study was also conducted. The
research adhered to the principles outlined in the
Declaration of Helsinki. A total of 24 female Wistar albino
rats were utilized in the study; these rats were in the
estrous phase, aged 3-4 months, and weighed between
250-350 grams. It was calculated with the G*Power
program that at least 24 rats for 4 groups (at least 6 rats for
each group) should be included in the study at 80% power
and 95% confidence level for the case where there is an
effect size (f = 0.45) compared to the reference study (27).
The groups were randomly formed. They were fed ad
libitum with tap water in an environment with 12 hours of
darkness and 12 hours of lighting and kept in standard
cages. Control group were given 1 ml of saline by oral
gavage for 14 days. Rats in the BGE group were
administered 5mg/200g black garlic extract dissolved in
saline by oral gavage for 14 days (26). The rats in the ACR
group were administered 40 mg/kg acrylamide dissolved
in saline i.p. once a day for 14 days (39). Rats in the
BGE+ACR group were administered 5 mg/200 g black
garlic extract by oral gavage and 40 mg/kg Acrylamide i.p.
as a daily dose for 14 days.

Following the conclusion of the experiment, rats
were deeply sedated using sevoflurane (Sevorane®,
Abbott Lab. Istanbul, Turkey), cervical dislocation was
then performed, and brain tissue samples were collected.
Some of the obtained brain tissues were stored at -80°C for
ELISA and Western blot examinations. Brain tissue
specimens were immersed in a 10% buffered neutral
formalin solution, and following standard histological
processes, they were embedded in paraffin wax.

Histopathological Examination: The 5pm sections taken
on polylysine slides were stained with hematoxylin-eosin
(H&E) and semiquantitatively evaluated as absent (-),
mild (+), moderate (++), and severe (+++) in terms of
pyknotic and degenerative changes seen in neurons in the
cortex parts (22).

Immunohistochemical examination: The Sum sections
taken on polylysine slides were passed through xylol and
alcohol series, washed with PBS, and then kept in 3%
H,0, for 10 min to inactivate endogenous peroxidase. To
release the antigen in the tissues, they were treated with
antigen retrieval solution at 500 watts for 2x5 min. The
tissues were then washed with PBS and incubated with
Erk1/2 (Santa Cruz, Catalog No. sc-514302), p-ERK1/2
(Affbiotech, Catalog No. AF1015), and c-fos (Santa Cruz,
Catalog No. sc-166940) primary antibodies at a dilution
ratio of 1/150 at +4°C overnight. As secondary; The Large
Volume Detection System employed anti-polyvalent,

HRP (Thermofischer, Catalog no: TP-125-HL) as per the
manufacturer's instructions. DAB (3,3'-diaminobenzidine)
served as the chromogen. Subsequently, following
counterstaining with Mayer's hematoxylin, the slides were
sealed with entellan and inspected using a light
microscope. In the examination, immunopositivity was
evaluated semiquantitatively as absent (-), mild (+),
moderate (++), severe (++++), and very severe (++++)
(21).

Western Blot Analysis: The brain tissue samples were
weighted and crushed in nitrogen gas, treated with
radioimmunoprecipitation (RIPA buffer, Ecotech Bio,
Turkey) supplemented with protease and phosphatase
inhibitors, and homogenized using a tissue lyser device
(Qiagen, USA) at 30 Hz for 30 sec to determine the
relative protein expressions of Bcl-2, Caspase-3, ATF6,
CREB, and NfkB-p65. A protein assay kit was used to
quantify brain tissue’s total protein (Pierce BCA, Thermo
Sci., USA). 25 ug of protein were then put into the PVDF
membrane after being separated by 10% SDS-PAGE.
First, at room temperature, 5% bovine serum albumin was
used to block the membranes for 90 minutes. Then, the
membranes were incubated at 4°C overnight with the
appropriate primary antibodies NfkB-p65 (AF5006,
Affinity Biotech), ATF6 (DF6009, Affinity Biotech),
CREB antibody (AF6188, Affinity Biotech), Caspase-3
(sc-56053, Santa Cruz), Bcl-2 (sc-7382, Santa Cruz), and
Beta-actin (sc-47778, Santa Cruz). After primary antibody
incubation, the PVDF membranes were washed with
TBST and then incubated for an additional 90 minutes at
room temperature with the second antibody (Santa Cruz,
sc-2004/sc-2005) coupled to horseradish peroxidase.
Afterward, the protein bands were recorded using the
Western ECL substrate, an enhanced chemiluminescence
reagent (Thermo, 3405), visualized and analyzed by
Image Lab™ Software (Bio-Rad, Hercules, CA, USA).

Biochemical Examination: Brain tissue homogenates
required for oxidative stress and inflammation biomarkers
analyses were obtained as described in our previous study.
Malondialdehyde (MDA), glutathione (GSH) levels,
superoxide dismutase (SOD), and catalase (CAT) activity
were determined in brain tissue. Moreover, the
concentrations of interleukin-6 (IL-6), interleukin-1 (IL-
1B), and tumor necrosis factor-alpha (TNF-o) were
evaluated. Oxidative stress parameters and cytokine levels
in brain tissue supernatants obtained from rats were
guantified using a rat ELISA kit following the provided
guidelines from the manufacturer. The assessments were
conducted utilizing an ELISA Plate Reader (Bio-Tek,
Winooski, VT, USA) following the standard instructions
provided by the manufacturer, and the absorbance was
recorded at 450 nm.
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Statistical Analysis: Statistical analysis was performed
using the SPSS (version 25.0; IBM SPSS Inc, Chicago, IL,
USA) package program. The normality of data was
determined with the Kolmogorov-Smirnov  test.
Descriptive statistical analyses (mean+tstandard deviation)
were used. One-way ANOVA test and post-hoc Tukey test
were performed to compare groups. P values less than 0.05
at the 95% confidence interval were considered
statistically significant.
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Resuits

Histopathological Results: Histopathologic evaluation
revealed statistically significant differences between the
groups (Table 1, P<0.05).

The neurons in the cortex of the brain of rats in the
control and BGE groups had a normal histologic
appearance. While severe pyknotic and degenerative
changes were observed in neurons in the ACR group, these

Table 1. Pyknotic and degenerative changes in neurons.

Groups Cortex

Control 0.33+0.212
BGE 0.33+0.21°
ACR 2.83+0.16°
BGE+ACR 1.66 +0.21°¢

abe The difference between groups in the same column (P<0.05).
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changes were found to be moderate in the BGE+ACR
group. Microscopically, the nuclei were dark and
shrunken in pyknotic and degenerative neurons (Figure 1).

Immunochistochemical Results: Immunohistochemical
staining for Erk1l/2, p-ERK1/2, and c-Fos revealed
statistically significant differences between the groups
(Table 2), (P<0.05).

While Erk1/2 immunopositivity was very severe in
the control and BGE group, it was mild in the ACR group.
There was a correlation between p-ERK1/2 and c-Fos
immunopositivity and Erk1/2 immunopositivity in the
same direction. p-ERK1/2 and c-Fos immunopositivity
were mild in the control and BGE groups, severe in the
ACR group, and moderate in the BGE+ACR group
(Figure 2). Immunohistochemical staining with Erk1/2, p-
ERK1/2, and c-Fos showed neuron localization (Figure 2,
3,4).

Table 2. Comparison of the groups in terms of Erk1/2, p-ERK1/2
and c-Fos.

Groups Erk1/2 p-ERK1/2 c-Fos

Control 1.16 = 0.402 1.00 £0.00*  0.83 £0.402
BGE 1.66 +0.512 1.16 £0.40*  1.00 +0.00?
ACR 3.83+£040°  2.83+0.40° 2.83+0.40°
BGE+ACR 2.83 £0.40° 1.83 £0.40°  2.00 +0.00°

abe The difference between groups in the same column (P<0.05).
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Figure 1. Histological changes in rat brain cortex.
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A) Control group, B) BGE group; in normal histologic appearance, C) ACR group; severely pyknotic and degenerative neurons, D) BGE+ACR group;

moderately pyknotic and degenerative neurons (arrows). Bar: 50 um, H&E.
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Figure 2. Erk1/2 immunohistochemistry.

A) Control group; mild level, B) BGE group; mild level, C) ACR group; very severe level, D) BGE+ACR group; moderate level Erk1/2
immunopositivity (arrows). Bar: 50 pm, IHC.

Figure 3. p-ERK1/2 immunohistochemistry.
A) Control group; mild level, B) BGE group; mild level, C) ACR group; severe level, D) BGE+ACR group; moderate level p-ERK1/2 immunopositivity
(arrows). Bar: 50 pm, THC.
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Figure 4. c-Fos immunohistochemistry.
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(arrows). Bar: 50 pm, IHC.

Relative expressions of Bcl-2, Caspase-3, ATF6, CREB,
and NfkB-p65 proteins: In the relative protein expression
analysis, the CREB and Bcl-2 protein expression levels
were found as the highest in the control group, while a
dramatic decrease was detected in the ACR group.
However, an increase was observed in the BGE+ACR
group compared to the ACR group. In the analysis of Nf-
kB, Caspase-3, and ATF6 protein expression levels, a
significant increase was seen in the ACR group, while a
relative decrease was achieved in the BGE+ACR groups.
The lowest protein expression level was determined in the
Control and BGE groups compared to other groups.
Protein gel images and analysis graphics for all groups are
presented in (Figure 5).

Biochemical Results

Effects of Black Garlic Ethanol Extract on ACR-
Induced Brain Tissue Oxidative Stress: The effects of
BGE administration on ACR-induced brain tissue
oxidative stress are summarized in Figure 6. The MDA

level was significantly higher in the ACR group than in
the control group (P<0.05). BGE significantly (P<0.05)
prevented ACR-induced lipid peroxidation. BGE
administration alone did not cause any change in MDA
level (P>0.05). SOD and CAT enzyme activities were
significantly decreased in the ACR group compared to the
control, BGE+ACR and BGE groups (P<0.05). In
addition, GSH levels decreased in the ACR group
compared to the BGE+ACR group, but this decrease was
not statistically significant (P>0.05).

Effects of Black Garlic Ethanol Extract on ACR-
Induced Inflammation in Brain Tissue: The effects of
BGE administration on inflammation in ACR-induced
brain tissue are summarized in (Figure 7). TNF-a, IL-1-p,
and IL-6 levels were significantly increased in the ACR
group compared to control, BGE, and BGE+ACR groups
(P<0.05). BGE administration appears to prevent ACR-
induced cytokine increase.

DOI: 10.33988/auvfd.1384531
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The values are given as mean + SD (n=6) and analyzed by one-way ANOVA followed by the Tukey test. Distinct letters denote statistically significant
variances, (P<0.05).
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Discussion and Conclusion

ACR, despite its toxic effects, finds application as an
industrial chemical in various fields, including polymers,
paper, cosmetics, fabrics, wastewater treatment, and the
manufacture of laboratory gels. It is also formed during
the high-temperature cooking of starchy foods (15). ACR
exposure has been recorded through consumption of
ACR-containing foods, drinking water contaminated with
polyacrylamide coagulants, and occupational exposure
through dermal contact or inhalation of industrial
production dust (42). Adults typically have an average
daily ACR intake of 1 ng/kg body weight/day. Exposure
to ACR has been documented to induce diverse toxic
effects in experimental animals (23). Exposure to ACR
can notably trigger apoptosis and oxidative stress in
pertinent tissues and cells and has been suggested to
disrupt the intracellular oxidant and antioxidant balance
system in cells (20). Various doses of ACR have been
demonstrated to lead to neurotoxicity, reproductive
toxicity, genotoxicity, and embryonic toxicity (47).

It has been documented that ACR results in severe
damage to brain tissue, and the utilization of substances
possessing antioxidant and anti-inflammatory properties
are increasingly prevalent to mitigate or address this
damage (46). In line with this information, in this study,
we investigated the protective effects of BGE
administration against ACR-induced neurotoxicity in rats.

It was determined that ACR caused abnormal
histopathological findings in the cerebral cortex and
meninges in rats. It was reported that there was significant
occlusion in the submeningeal blood vessels and
degeneration in the cerebral cortex (12). In our study,
ACR application caused severe pyknotic-degenerative
changes in neurons and BGE had a protective effect.
Hermawati et al. (26) reported that BGE was protective
against monosodium glutamate (MSG)-induced brain
damage. The fact that BGE administration was effective
against ACR-induced brain tissue damage in the
histopathological findings we obtained in our study
suggests that BGE may have a multifaceted protective
effect when evaluated with the findings of Hermawati et
al. (26). Because it has been reported that BGE may be
protective against neurodegenerative diseases in the brain.
For example, it has been reported that BGE application
against oxidative stress caused by MSG in experimentally
induced Alzheimer’s disease is a powerful antioxidant that
has a positive effect on memory (34) and helps to increase
pyramidal neurons in hippocampus regions (7).

Immunohistochemically, the levels of Erkl1/2, p-
ERKZ1/2, and c-fos in the brain were examined. It was
found that while these protein levels increased with ACR
application, their levels decreased with BGE application.
It is known that high ROS activates the MAPK pathway

and thus Erkl/2 in response to glutamate-induced
oxidative stress (32). Furthermore, Erk1/2 activation has
been demonstrated in response to neurological injuries
(35) and phosphorylated as p-ERK1/2 to provide
neuroprotection. BGE significantly enhances Erk
signaling suppressed by acrylamide in the hippocampus
(13). The present study revealed that ACR administration
increased Erk1/2, p-ERK1/2, and c-Fos expression in
brain tissue and that BGE administration prevented this
increase.

There is a close relationship between oxidative stress
caused by ROS and the apoptosis mechanism. ROS has a
significant role in stimulating the apoptotic mechanism in
the cell (19). Apoptosis occurs through a mechanism
induced by members of the Bcl-2 protein family, including
Caspase-3 and Bcl-2 (10). In ACR-induced brain toxicity,
increased Caspase-3 expression and decreased Bcl-2
expression were reported. BGE has been reported to
suppress apoptosis by decreasing Caspase-3 expression
and increasing Bcl-2 expression in various tissues (49). In
this study, ACR significantly increased Caspase-3
expression and decreased Bcl-2 expression in brain tissue,
while BGE decreased Caspase-3 expression and increased
Bcl-2 expression. CREB serves as a significant nuclear
transcription factor involved in the nervous system. CREB
activation serves as a protective factor of brain tissue
against damage (17, 31). It has been reported that ACR
treatment decreased CREB expression in human
neuroblastoma cell lines (29), while garlic extract
increased CREB levels (13). The data we obtained in our
study are consistent with this and show that while ACR
application decreases CREB expression in brain tissue,
BGE application prevents this decrease. It has been
reported that garlic extract dropped the elevated NfkB-p65
level in Alzheimer’s disease (37) and decreased ATF 6
level in this Alzheimer’s disease increased with garlic
extract (41).

In addition, the effect of BGE against inflammation
induced by ACR was examined in the present study.
Inflammation is associated with many chronic diseases,
especially  cancer, diabetes, cardiovascular, and
neurological diseases. It has been emphasized that ACR
induces inflammation by increasing proinflammatory
cytokine levels and decreasing anti-inflammatory
cytokine levels (1). Garlic has been found to reduce
proinflammatory cytokines such as IL-1p, IL-6, and TNF-
a (41). In addition, BGE was found to prevent/reduce
inflammation experimentally (2). It was determined that
neuronal inflammation induced by ACR increased
proinflammatory cytokine levels and decreased anti-
inflammatory cytokine levels. BGE prevented ACR-
induced neuronal inflammation with an anti-inflammatory
effect.
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Studies in experimental animals have reported that
ACR causes oxidative stress and cell damage (18, 33). Gur
et al. found that SOD, CAT activity, and GSH levels
decreased, and MDA levels increased in ACR-induced
brain damage (25). It was reported that ACR application
significantly decreased SOD and GSH activities and
significantly increased MDA levels (16). BGE
administration significantly reduced ACR-induced lipid
peroxidation by decreasing MDA levels and increased
SOD, GSH, and CAT expression levels (13). In our study,
we determined that ACR administration stimulated
oxidative stress in brain tissue, MDA level increased,
GSH levels, SOD and CAT activities decreased as a result
of induction of lipid peroxidation. BGE is an agent with a
proven protective effect against various tissue toxicities
caused by numerous agents on the brain (7, 26). We found
that BGE administration significantly prevented ACR-
induced oxidative stress in rats in our study. These
findings were consistent with the literature.

The findings of the current study provide robust
evidence for the anti-inflammatory properties of BGE,
given its ability to suppress both NFKB and pro-
inflammatory cytokines. We found that BGE attenuates
oxidative damage after ACR exposure, resulting in
reduced neuroinflammation and signaling expression, and
neurological improvement. It provides an effective
intervention strategy against neurotoxins and neurological
diseases by providing anthocyanin-enriched foods. Our
results suggest that BGE is a promising agent to eliminate
ROS and thus may alleviate brain injuries mediated by
oxidative stress. We think the findings will contribute to
future research, but further studies are needed.

http://vetjournal.ankara.edu.tr/en/
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