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Low temperature-aged garlic extract suppresses
psychological stress by modulation of stress
hormones and oxidative stress response in brain
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Abstract \
Background: Garlic is a folk medicine known for its multiple physiological activities, but the neuro-modulatory effect of garlic
against psychological stress has rarely been explored. The current study was conducted to determine the potential antipsychologi-
cal stress effect of low temperature-aged garlic (LTAG).

Methods: After acute restraint stress exposure, mice were administered with raw garlic (RG, 500 mg/kg, p.o.) or LTAG (500mg/
kg, p.o.). We investigated corticosterone, cortisol, and monoamines levels, and the mMRNA expression of genes relevant to oxida-
tive stress.

Results: RG and LTAG treatment significantly decreased stress-related hormones such as corticotropin-releasing factor, adreno-
corticotropic hormone, corticosterone, and cortisol. Moreover, RG and LTAG administration significantly restored acute restraint
stress-induced changes in concentrations of brain neurotransmitters (serotonin, norepinephrine, dopamine, and epinephrine). In
addition, RG and LTAG improved the antioxidant defense system by causing an increase in mRNA expression of superoxide dis-
mutase, catalase, and glutathione peroxidase in the brain.

Conclusion: This study suggests an antipsychological stress and neuroprotective effect of RG and LTAG under stress conditions.

Keywords: Aged garlic; Corticosterone; Cortisol; Monoamines; Oxidative stress; Psychological stress

1. INTRODUCTION

Stress is a term for various physical and psychological factors
that cause tension when applied to the body. Excessive stimula-
tion may cause an imbalance of the body’s homeostasis by break-
ing down adaptation mechanisms.! Stresses, such as failure to
adapt to environmental change, fear of the future, anxiety, and
environmental pollution caused by chemical substances, are seri-
ously threatening to health, leading to insomnia and depression.?

The secretion of neurotransmitters and hormones by the hypo-
thalamus is controlled in response to external stimuli and stress.
The secretion of neurotransmitters such as dopamine (DA), nor-
epinephrine (NE), and serotonin (5-hydroxytryptamine [5-HT])
from the hypothalamus through the central nervous system
regulates physiological activities such as emotional state, heart
rate, blood pressure, and increased blood flow in the skeletal
muscle. Hormone secretion into the blood is carried out through
the hypothalamic—pituitary—adrenal (HPA) axis system, ie, the
hormone circulation system from the hypothalamus to the
pituitary and adrenal glands. When subjected to any external
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stimulus or stress, the HPA axis releases corticotropin-releasing
factor (CRF) from the hypothalamus. When the hormone binds
to a receptor that specifically binds to the CRF of the pituitary
gland, it secretes adrenocorticotropic hormone (ACTH). ACTH
reaches the adrenal gland through the blood and lymph nodes,
releasing corticosterone-like steroid hormones and catechola-
mine neurotransmitters into the blood, thereby regulating the
heart rate, blood pressure, and energy metabolism. The negative
feedback system regulates the secretion of these factors.>*

Currently, in clinical practice, medication and long-term psy-
chotherapy are combined to treat mental stress such as anxiety
and depression. Benzodiazepine-type drugs, such as diazepam,
lorazepam, clonazepam, and alprazolam, and azapirone-type
drugs, such as buspirone, which selectively acts on 5-HT recep-
tors, are used to relieve anxiety.’ In recent years, studies on
stress control substances derived from natural products that can
complement the side effects of these drugs have been actively
conducted, and DA and 5-HT have been studied as the main
regulators.®”

Garlic is a perennial plant of the Allium genus and the
Liliaceae family. It is widely used as a raw material of functional
foods and medicines because of its antibacterial, anticancer,
antioxidant, blood pressure lowering, and immunity enhancing
properties.'> However, due to the strong aroma and pungent
taste of raw garlic, it is unpleasant to consume. To overcome
this, there have been many studies to alleviate the strong aroma
and taste while maintaining the physiological activity function of
garlic, such as heat treatment or changing the aging period.'*¢
Although there are several studies regarding the physiological
activities of aged garlic extract,'”" there have been few stud-
ies on the antipsychological stress effect of low temperature-
aged garlic (LTAG) extract. Therefore, the current study was
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conducted to determine the potential antipsychological stress
effect of LTAG.

2. METHODS

2.1. Sample preparation

Garlic was purchased from Uiseong-Gun, Gyeongsangbuk-do,
Korea. The garlic was sealed in a container and aged for 60 days
at 60°C. The aged garlic was peeled, lyophilized, and pulver-
ized with a Philips mini blender (HR 2860, Ya Horng Electronic
Co., China) for 10 minutes. LTAG powder (5g) was added
to 200mL of 70% EtOH and ultrasonic extraction was per-
formed for 30 minutes. After standing at room temperature
for 1 hour, the supernatant was recovered. This was repeated
three times and the recovered supernatant was filtered with
No. 2 filter paper, evaporated under vacuum (EYELA N-1000,
Tokyo Riakikai Co., Ltd., Japan), and then lyophilized with a
Bondiro Lyophpride freeze dryer (Ilshine Lab Co. Ltd., Korea)
at -70°C under reduced pressure (<20 Pa). The dry residue was
stored at -70°C.

2.2. Animals and treatment

The 6-week-old male ICR mice were purchased from Orient
Bio (Seong-Nam, Korea). All animal experiments were
approved according to the guidelines of the Institutional
Animal Care and Use Committee of the National Institute
of Agricultural Sciences (NIAS201602), and all procedures
were conducted in accordance with the Animal Experiments
Guidelines of the National Institute of Agricultural Science.
The mice were housed under controlled temperature (23°C =
3°C) with a relative humidity of 40% to 60% and 12-hour
light/dark cycles. Food and water were provided ad libitum.
After one week of acclimatization, the mice were divided into
groups (n = 5) and treated as shown in Table 1. Raw garlic
(RG) and LTAG doses (500 mg/kg, p.o.) were selected based
on pilot dose-response experiments. For the pilot study, nor-
mal (nonstressed) mice were administered with a single dose
of 250, 500, or 1000 mg/kg (p.o.). At 250 mg/kg dosage, there
was a tendency toward improved mental stress but this was
not significant; however, there was a significant effect on the
improvement of mental stress at 500 mg/kg and 1000 mg/kg
doses, and there was no significant difference between the con-
centrations (data not shown). Therefore, we used 500 mg/kg
dose in this study. RG and LTAG were prepared in 0.5% (w/v)
carboxymethyl cellulose in phosphate buffered saline (PBS).
All the mice in groups 2 to 4 were subjected to acute restraint
stress.

2.3. Acute restraint stress procedure in mice

Mice were immobilized for 1 hour using an individual rodent
restraint device, restraining all physical movement without
causing pain.'”!® LTAG (500mg/kg) and RG (500 mg/kg) were
administered p.o. 1 hour before acute restraint stress procedure.

2.4. Biochemical investigation

One hour after the acute restraint stress, mice were euthanized
with CO,. Blood samples were collected from the abdominal
aorta with heparinized syringes, centrifuged at 3000 x g for 15
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minutes, and stored at —70°C until further analysis. After blood
collection, the whole brain was isolated, washed with PBS, and
homogenized (1:10 w/v) in PBS. The homogenates were centri-
fuged at 15 000 x g, at 4°C for 15 minutes, and supernatants
were used for neurochemical and biochemical analysis.

2.5. Plasma cortisol and corticosterone estimation

Plasma cortisol (Cusabio technology LLC. Houston, TX, USA)
and corticosterone (Abcam, Cambridge, MA, USA) were esti-
mated by using enzyme-linked immunosorbent assay (ELISA) as
per the procedure described by the kit manufacturer. The results
are expressed as pg/mL.

2.6. Monoamine estimation

The monoamines, 5-HT and NE, were determined in the brain
homogenates using an ELISA method according to the manu-
facturer’s instructions (Abcam). The results are expressed as
ng/mg protein.

2.7. Real-time reverse transcription polymerase chain
reaction analyses

Real-time reverse transcription polymerase chain reaction,
using a real-time thermal cycler (Qiagen rotorgene Q, Qiagen,
Valencia, CA, USA) was performed according to the manufac-
turer’s instructions. Total RNA was extracted from brain tissue
by using an RNeasy mini plus kit (Qiagen), according to the
manufacturer’s instructions, and ¢cDNA was synthesized from
the isolated total RNA. The real-time PCR reaction was per-
formed using 2x SYBR Green mix (Qiagen). All results were
normalized to glyceraldehyde 3-phosphate dehydrogenase
expression.

2.8. Statistical analysis

Statistical analysis was performed using SPSS (version 21.0;
SPSS Inc., Chicago, IL, USA). Descriptive statistics were used to
calculate the mean and SEM. One-way analysis of variance was
performed, and when significance (p < 0.05) was found, the dif-
ferences of mean values were identified with Duncan’s multiple
range tests.

3. RESULTS

3.1. Effect of LTAG on stress hormone levels in acute
restraint stress-induced mice

Corticosterone and cortisol levels were measured because changes
in the level of plasma glucocorticoids are commonly used as a
measure of stress in animals.!” In the normal group, the plasma
corticosterone level was 142.02 pg/mL. In the control group, the
corticosterone level was significantly increased to 1388.02 pg/mL,
9.77-fold higher than that in the normal group. In the RG and
LTAG groups, the corticosterone level was significantly decreased:
itwas 39.4% and 43.2%, respectively, of that in the control group,
and was not significantly different between RG and LTAG groups
(Fig. 1A). Similarly, the plasma cortisol level was 42.46 pg/mL
in the normal group, and was significantly increased in the con-
trol group, while the RG and LTAG groups had significantly
decreased cortisol levels compared to those in the control group
(Fig. 1B).

Experimental groups and treatments in mice

No. Groups Mice condition Treatment and dose, mg/kg, p.o.
1 Normal Nonstressed 0.5% CMC in PBS
2 Control ARS 0.5% CMC in PBS
3 RG ARS Raw garlic (500)
4 LTAG ARS Low temperature-aged garlic (500)

ARS = acute restraint stress; CMC = carboxymethyl cellulose; LTAG = low temperature-aged garlic; PBS = phosphate buffered saline; RG = raw garlic.
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Fig. 1 Effect of LTAG on plasma corticosterone (A) and cortisol (B) levels in acute restraint stress mice. Mice were immobilized for a further 1 h after administration
of RG or LTAG (600mg/kg, p.o.). Data represent mean + SEM. Values expressed by different letters are significantly different at p < 0.05. LTAG, low temperature-

aged garlic; RG, raw garlic.

CRF and ACTH are known to release corticosterone-like
steroid hormones and catecholamine neurotransmitters into the
blood.** We measured the CRF and ACTH levels in the plasma.
As shown in (Supplementary Fig. 1, available at http:/links.lww.
com/JCMA/A20), acute restraint stress significantly increased
the CRF and ACTH levels compared with those in the normal
group. Treatment with RG or LTAG resulted in a significant
decrease in CRF and ACTH levels.

3.2. Effect of LTAG on monoamine levels in acute restraint
stress-induced mice

The results of the monoamine (5-HT, NE, DA, and epinephrine)
levels in the brain tissue from each group are shown in Fig. 2 and
3 and (Supplementary Fig. 2, available at http:/links.lww.com/
JCMA/A20). As a central neurotransmitter, 5-HT is involved in
various functional changes in the brain.?® As shown in Fig. 2, 5-HT
levels decreased with restraint stress by 55.6 % compared with that
in the normal group but were increased by 2.09- to 2.11-fold after
the administration of RG and LTAG, respectively. There was no
significant difference between the RG group and the LTAG group.

NE levels in the normal, control, RG, and LTAG groups were
595.82,382.53,493.53, and 569.79 ng/mg protein, respectively;
significantly lower in the control group than in the normal
group, but significantly increased by RG and LTAG treatments
when compared to control (Fig. 3).

After acute restraint stress, DA and epinephrine levels were
reduced in the control group compared to the normal group.
However, treatment with LTAG increased DA and epinephrine
(Supplementary Fig. 2, available at http:/links.lww.com/JCMA/
A20).
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Fig. 2 Effect of LTAG on serotonin (5-HT) levels in brain tissue of acute restraint
stress mice. Mice were immobilized for a further 1h after administration of RG
or LTAG (600mg/kg, p.o.). Data represent mean + SEM. Values expressed by
different letters are significantly different at p < 0.05. LTAG, low temperature-
aged garlic; RG, raw garlic.

3.3. Effect of LTAG on ROS production and oxidative
stress-related enzyme activities in acute restraint
stress-induced mice

Restraint stress has been indicated to induce oxidative damage
in tissues.?! Thus, we examined whether LTAG exerts inhibitory
effects on the production of reactive oxygen species (ROS) using
DCF-DA in the brain tissue. When the mice were subjected to
acute restraint stress, a 5-fold increase in the generation of ROS
compared to that in the normal group was observed. Treatment
with RG or LTAG significantly decreased the acute restraint
stress-induced production of ROS in the brain (Supplementary
Fig. 3, available at http://links.lww.com/JCMA/A20).

To investigate whether the LTAG effect is mediated by its abil-
ity to increase the activity of cellular antioxidant enzymes, we
measured the activity of cellular antioxidant enzymes, including
superoxide dismutase (SOD), catalase (CAT), and glutathione
peroxidase (GPx), in the brain tissue. In the control group, the
activities of SOD, CAT, and GPx were significantly decreased
compared to the normal group. However, treatment with RG or
LTAG increased the activities of these enzymes (Supplementary
Fig. 4, available at http://links.lww.com/JCMA/A20).

In addition, we studied the effects of LTAG on mRNA
expression of the antioxidant enzymes in the brain. As shown
in Fig. 4A-C, restraint stress caused a significant decline in the
mRNA expression of SOD, CAT, and GPx compared to the
normal group. Both RG and LTAG administration resulted in
a significant increase in the mRNA expression of antioxidant
enzymes compared to control. However, LTAG was more effec-
tive than RG in restoring the stress-induced loss in SOD, CAT,
and GPx mRNA expression. In addition, we evaluated the
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Fig. 3 Effect of LTAG on norepinephrine (NE) levels in brain tissue of
acute restraint stress mice. Mice were immobilized for a further 1h after
administration of RG or LTAG (500mg/kg, p.o.). Data represent mean + SEM.
Values expressed by different letters are significantly different at p < 0.05.
LTAG, low temperature-aged garlic; RG, raw garlic.
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Fig. 4 Effect of LTAG on mRNA expression of antioxidant enzyme genes, SOD (A), CAT (B), GPx (C), and Nrf2 (D), in acute restraint stress mice. Mice were
immobilized for a further 1h after administration of RG or LTAG (500 mg/kg, p.o.). Data represent mean + SEM. Values expressed by different letters are
significantly different at p < 0.05. LTAG, low temperature-aged garlic; RG, raw garlic.

mRNA expression of Nrf2, which is a key transcription factor
that regulates antioxidant enzymes.?> RG and LTAG treatments
significantly increased Nrf2 expression compared to control
(Fig. 4D) with LTAG having the greatest effect.

Taken together, these data indicate that LTAG extract could
increase the expression and activities of antioxidant enzymes,
indicating that LTAG helps overcome psychological stress.

4. DISCUSSION

Exposure to stress activates the nervous and endocrine system in
vivo, also affecting the immune response.?® If stress is neglected,
headache, insomnia, anxiety disorder, stressful hypertension,
irritable bowel syndrome, cardiac arrhythmia, bronchial asthma,
and/or chronic pain may occur.?* Therefore, relieving stress is
essential for improving mental and physical health, and the qual-
ity of life.

In vivo restraint stress is a mental stress model commonly used
because it is similar to mental stress in humans and does not
cause more direct pain than other stress-inducing methods.?~’
In this study, mice were restraint-stressed and the effect of RG
and LTAG extract treatment was observed. When exposed to
stress, multiple reactions occur within the body through the HPA
axis, which stimulates hypothalamic-derived CRF secretion by
sensing external stimuli. The secreted CRF stimulates the secre-
tion of ACTH from the pituitary gland, and ACTH stimulates
the adrenal cortex to secrete cortisol. In addition, sympathetic
nerves are stimulated to secrete epinephrine and NE from the
adrenal gland and peripheral nerves, increasing blood pressure,
heart rate, and blood sugar, and thus, protecting against stress.>*
In the stress situation, corticosterone and cortisol are secreted
from the adrenal cortex. These hormones break down proteins
and fats to raise blood sugar to supply energy to cope with the
stress. Excessive corticosterone and cortisol secretion, due to per-
sistent stress, causes problems such as excessive protein degrada-
tion, nitrogen balance inhibition, and immune function loss.?® In
mice, corticosterone release is dependent on CRF and ACTH.?
CRF, ACTH, corticosterone, and cortisol content in the plasma
was increased in the control group compared to the normal
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group, and the CRF, ACTH, corticosterone, and cortisol levels in
the RG and LTAG groups were significantly decreased compared
to the control group (Fig. 1 and Supplementary Fig. 1). In addi-
tion, we observed a tendency of blood sugar to decrease in acute
restraint stress mice (Supplementary Fig. 5, available at http:/
links.lww.com/JCMA/A20). The mechanism whereby RG and
LTAG decrease corticosterone levels is not well established. It is
known that S-allyl cysteine, a main compound in RG and LTAG,
inhibits corticosterone production,® and therefore, it may have
an effect on suppressing psychological stress. Moreover, RG
and LTAG extracts regulate cholesterol synthesis,>*> and this
can inhibit the corticosterone synthesis pathway. Thus, we sug-
gest that these two mechanisms could be associated with the
decreased plasma corticosterone and cortisol levels in RG and
LTAG-dosed restraint-stressed mice.

The effective role of monoamines in the pathophysiology
of depressive disorder has been extensively investigated and
depletion of monoamine neurotransmitters leads to depres-
sive disorder.’>** The monoamine hypothesis has demonstrated
that 5-HT, DA, NE, and epinephrine are important neurotrans-
mitters involved in the etiology of depression.’* In the current
study, neurotransmitters, including 5-HT, NE, DA, and epineph-
rine were evaluated in brain tissues of mice and it was found
that these neurotransmitters were suppressed by restraint stress
exposure. However, treatment with RG or LTAG increased these
neurotransmitters. This study is in line with previous studies in
which monoamine neurotransmitter levels were increased by the
application of antidepressant drugs.3¢

The major mechanism against oxidative stress in the brain
is the glutathione system.?” Studies have shown that mental
stress can impair the function of this system.*® Furthermore, the
restraint stress procedure decreased SOD and CAT activities in
both cerebral cortex and hippocampus. In another study, a simi-
lar decrease in the SOD and CAT defense system was observed in
the brain due to stress.>® Moreover, Lucca et al.** demonstrated a
decrease in CAT and SOD activities in the prefrontal cortex and
hippocampus of stressed mice, suggesting that an alteration in
the endogenous antioxidant defense system is responsible for the
induction of depression-like behavior in mice. Hence, the pre-
sent experimental findings, the decreased SOD, CAT, and GPx
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mRNA expression and decreased enzyme activities in the brain,
suggested mental stress. Treatment with RG or LTAG restored
their expression and activities.

In conclusion, our results indicate that restraint stress impairs

the antioxidant defense system in the brain, whereas RG or
LTAG extract restore it, reestablishing the glutathione system
in the brain of stressed mice. Furthermore, both RG and LTAG
decreased the corticosterone, cortisol, and monoamine levels,
and this could be linked to antioxidant system improvement in
the brain, suggesting that both of these extracts may function as
antistress agents.
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