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B-glucan reduces exercise-induced stress through downregulation
of c-Fos and c-Jun expression in the brains of exhausted rats
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Abstract. Immediate-early genes are involved in acute stress
responses in the central nervous system. f-glucan stimulates
innate immune defenses, exerts an anti-tumor response and
increases resistance to a wide variety of types of infection. To
date, the effect of B-glucan on the expression of immediate-early
genes under stressful conditions has not been elucidated. In the
present study, the effects of f-glucan on the expression of the
oncogenes c-Fos and c-Jun in the hypothalamus, dentate gyrus
and dorsal raphe in rats following exhaustive treadmill running
were investigated. Male Sprague Dawley rats were randomly
divided into five groups (n=10 in each group) as follows:
Control, exercise, exercise and 50 mg/kg f-glucan treatment,
exercise and 100 mg/kg B-glucan treatment, and exercise and
200 mg/kg p-glucan treatment. Rats in the B-glucan-treated
groups were administered 3-glucan at the respective dose once
per day for seven days. Rats in the exercise groups performed
treadmill running once per day for six days. On the seventh
day of the experiment, the time to exhaustion in response to
treadmill running was determined for the exercise groups.
The expression of c-Fos and c-Jun in the hypothalamus,
dorsal raphe and hippocampus was enhanced by exhaustive
treadmill running. Administration of -glucan resulted in an
increase in the time to exhaustion and the suppression of the
exercise-induced increment in c-Fos and c-Jun expression.
In conclusion, B-glucan may exert an alleviating effect on
exercise-induced stress through the suppression of c-Fos and
c-Jun expression in the brains of exhausted rats.

Introduction

Immediate-early genes are involved in acute stress responses
in the central nervous system (1). Stress results in the high
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expression of immediate-early genes, including c-Fos, c-Jun,
JunB and JunD, in the hypothalamic paraventricular nucleus
and the central amygdaloid nucleus, suggesting that stress
may affect neurotransmitter gene expression through Fos and
Jun proteins in these nuclei (2). Stress affects the hypotha-
lamic-pituitary-adrenal axis, resulting in constant secretion
of corticosterone from the adrenal gland (3). Immediate-early
genes have been considered to be reliable markers for the iden-
tification of activated cells under stressful conditions (4,5).
Running at moderate or high intensity leads to a significant
elevation in the number of c-Fos-positive cells in the paraven-
tricular nucleus (6). c-Fos and c-Jun are known to participate
in cell growth, mitosis (7,8), differentiation, development (9,10)
and the regulation of the expression of other genes (11,12).
Immediate-early genes have an important role in the regulation
of the nervous system in response to stress, and the expression
of these genes is used as a marker for neuronal activity in the
brain following exposure to stressful stimuli (13,14).

Exercise can be employed as a model of the temporary
immunosuppression that occurs following severe physical stress,
resulting in deterioration of the immune system and leading to
infection or cancer (15,16). Prolonged exhaustive exercise leads
to central fatigue and this type of fatigue limits endurance exer-
cise performance through limitation of brain function (17,18).
As a result, exhaustive treadmill running has been used as an
animal model of stressful conditions, and alleviation of brain
stress has been shown to result in an increase in the time to
exhaustion in response to treadmill running (19,20).

[B-glucan is the major structural component of the cell wall
in yeast and fungi, including mushrooms. §-glucan prevents
oxidative injury, stimulates innate immune defenses, exerts
anti-tumor responses and increases resistance to a wide variety
of infections (21-23). B-glucan also exhibits hypocholesterol-
emic and anti-coagulant properties, making it a promising
candidate for a pharmacological promoter of health (21).
Orally administered water-soluble glucan is translocated from
the gastrointestinal tract into the systemic circulation and
induces protection against infection (22).

Numerous pharmacological effects of 3-glucan have been
reported; however, the effects of 3-glucan on the expression of
immediate-early genes under stressful conditions have yet to
be elucidated. In the present study, the effects of f-glucan on
the expression of c-Fos and c-Jun in the hypothalamus, dentate
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gyrus and dorsal raphe following exhaustive treadmill running
were assessed.

Materials and methods

Animals. Adult male Sprague Dawley rats, weighing
203.7+12.8 g (seven weeks old) were obtained from a commer-
cial breeder (Dae Han Bio Link Co., Chungbuk, Korea). The
animals were housed at a controlled temperature (20+2°C)
with a 12-h light/dark cycle (light from 7.00 a.m. to 7.00 p.m.).
Food and water were available ad libitum. All experimental
procedures were performed in accordance with the Animal
Care Guidelines of the National Institutes of Health and the
Korean Academy of Medical Sciences (Seoul, Korea).
Animals were randomly divided into five groups: Control,
exercise, exercise and 50 mg/kg (3-glucan treatment, exercise
and 100 mg/kg B-glucan treatment, and exercise and 200 mg/kg
[-glucan treatment (n=10 in each group). The water-soluble glucan
(Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) used in this
study was f3-1,3-glucan in microparticulate form. The -glucan
solution was diluted with drinking water to concentrations of
50, 100 and 200 mg/kg and was made fresh daily. Rats in the
[B-glucan treatment groups were administered (3-glucan at three
different doses (50, 100 and 200 mg/kg of body weight, respec-
tively) per day for seven days. The treatment was administered
60 min prior to the start of exercise, which was conducted
as described below. Rats in the control and exercise groups
received water by oral gavage once per day for seven days.

Exercise protocols. The physical exercise load applied in the
present study consisted of running on a motor-driven treadmill
without inclination. Rats in the exercise groups were forced to
run on a treadmill for 30 min once per day during a period of
six consecutive days, whereas rats in the control group were
left on the treadmill without running for 30 min. The exercise
load consisted of forced running at a speed of 10 m/min for
10 min, followed by 16 m/min for 10 min and then 21 m/min
for a final 10 min.

On the seventh day of the experiment, the time to exhaus-
tion during treadmill running was determined for the exercise
groups. The time to exhaustion was defined as the time between
the commencement of exercise and the first occurrence of a
failure to keep up with the treadmill for a period of =3 min.
The speeds used for the determination of the time to exhaus-
tion were 10 m/min for 5 min, followed by 16, 18, 21, 24, 26,
29, 32, 34 and 37 m/min for 3 min each and then 40 m/min
until exhaustion, as described in a previous study (19).

Brain preparation. The animals were sacrificed on the seventh
day of the experiments immediately following determina-
tion of the exhaustion time. For preparation of the brains, the
animals were fully anesthetized with Zoletil 50® (10 mg/kg,
intraperitoneal; Vibac, Carros, France). The rats then received
a transcardial perfusion with 50 mM phosphate-buffered saline
(PBS) and were fixed with a freshly prepared solution of 4%
paraformaldehyde in 100 mM phosphate buffer (pH 7.4). The
brains were then removed, post-fixed in the same fixative
overnight and transferred to a 30% sucrose solution for cryo-
protection. Coronal sections with a thickness of 40 ym were
prepared using a frozen microtome (Leica, Nussloch, Germany).
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Figure 1. Treadmill running time to exhaustion in response to treatment
with B-glucan. (A) Exercise; (B) exercise and 50 mg/kg p-glucan treat-
ment; (C) exercise and 100 mg/kg B-glucan treatment and (D) exercise and
200 mg/kg B-glucan treatment. Values are expressed as the mean + standard
error of the mean. "P<0.05 as compared with the exercise group.

Immunohistochemical detection of c-Jun and c-Fos. Immu-
nohistochemistry was performed for evaluation of c-Fos- and
c-Jun-positive cells in the dorsal raphe (bregma, from -7.08 to
-7.56 mm), the hypothalamus (bregma, from -1.80 to -1.92 mm)
and the hippocampus (bregma, from -2.92 to -3.24 mm),
according to the previously described method (14,24). The
sections were incubated in PBS for 10 min and then washed
three times in the same buffer. The sections were subsequently
incubated in 1% hydrogen peroxide (H,O,) for 30 min, prior
to being incubated overnight with rabbit anti-c-Fos antibody
(1:1,000; Santa Cruz Biotechnology, Inc., Santa Cruz, CA,
USA) and rabbit anti-c-Jun antibody (1:1,000; Santa Cruz
Biotechnology, Inc.). The sections were then incubated for
1 h with biotinylated anti-rabbit secondary antibody (1:200;
Vector Laboratories, Inc., Burlingame, CA, USA) for c¢-Fos and
c-Jun immunohistochemistry. The sections were subsequently
incubated with avidin-biotin-peroxidase complex (1:100;
Vector Laboratories, Inc.) for 1 h at room temperature. For
staining, the sections were incubated in a solution consisting
of 0.05% 3,3'-diaminobenzidine tetrahydrochloride and
0.03% H,0, in 50 mM Tris-HCI (pH 7.6) for ~5 min, washed
with PBS and mounted onto gelatin-coated slides. The slides
were air-dried overnight at room temperature and coverslips
were mounted using Permount mounting medium (Thermo
Fisher Scientific, Inc., Waltham, MA, USA). The numbers of
c-Fos- and c-Jun-positive cells in the dorsal raphe, the hypo-
thalamus and hippocampus were counted hemilaterally using
a microscope (Olympus, Tokyo, Japan).

Statistical analysis. Values are expressed as the mean + stan-
dard error of the mean. Data were analyzed by one-way
analysis of variance, followed by Duncan's post hoc test using
SPSS software (SPSS, Inc., Chicago, IL, USA). P<0.05 was
considered to indicate a statistically significant difference.

Results
Effect of B-glucan on time to exhaustion during treadmill

running. The effects of -glucan on time to exhaustion are
shown in Fig. 1. The average running time until fatigue
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Figure 2. c-Fos immunohistochemistry in the hypothalamus, dentate gyrus and dorsal raphe nucleus. The scale bar represents 250 ym (x4) for the hypo-
thalamus and dorsal raphe and 50 ym (x20) for the dentate gyrus. (A) Control; (B) exercise; (C) exercise and 50 mg/kg B-glucan treatment; (D) exercise and
100 mg/kg p-glucan treatment and (E) exercise and 200 mg/kg [3-glucan treatment.

was 69.88+5.16 min in the exercise, 81.66+2.34 min in
the 50 mg/kg B-glucan-treated, 88.66+5.42 min in the
100 mg/kg p-glucan-treated and 91.77+4.04 min in the
200 mg/kg p-glucan-treated groups. These findings indicate
that the time to exhaustion in response to treadmill running
increased following treatment with p-glucan (P<0.05). In
particular, treatment with 100 and 200 mg/kg B-glucan
resulted in a significant increase in the time to exhaustion
by treadmill running as compared with the exercise group
(P<0.05).

Effect of B-glucan on the expression of c-Fos in the hypo-
thalamus, dentate gyrus and dorsal raphe. Photomicrographs
of c-Fos-positive cells in the hypothalamus, dentate gyrus
and dorsal raphe are shown in Fig. 2. The number of
c-Fos-positive cells in the hypothalamus was 19.28+1.78
in the control, 190.71+30.56 in the exercise, 175.42+19.98

in the 50 mg/kg P-glucan-treated, 98.14+£18.54 in the
100 mg/kg B-glucan-treated and 133.57+10.35 in the
200 mg/kg B-glucan-treated groups. These results demonstrate
that treadmill exercise led to increased expression of c-Fos in
the hypothalamus (P<0.05) and that treatment with 3-glucan
resulted in the suppression of the exercise-induced expression
of c-Fos (P<0.05). In particular, treatment with $-glucan at
100 mg/kg resulted in the statistically significant suppression
of c-Fos expression in the hypothalamus as compared with the
exercise group (P<0.05) (Fig. 3).

The number of c-Fos-positive cells in the dentate gyrus
was 57.50+3.43 in the control, 1,218.66+65.97 in the exercise,
888.66+56.14 in the 50 mg/kg p-glucan-treated, 614.66+37.38
in the 100 mg/kg pB-glucan-treated and 688.83+73.88 in the
200 mg/kg B-glucan-treated groups. These results demonstrate
that treadmill exercise led to increased expression of c-Fos in
the dentate gyrus (P<0.05) and that treatment with 3-glucan
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Figure 3. Number of c-Fos-positive cells in the hypothalamus, dentate gyrus and dorsal raphe nucleus in each group. (A) Control; (B) exercise; (C) exercise and
50 mg/kg p-glucan treatment; (D) exercise and 100 mg/kg B-glucan treatment and (E) exercise and 200 mg/kg -glucan treatment. Values are expressed as the
mean = standard error of the mean. "P<0.05 as compared with the control group; “P<0.05 as compared with the exercise group.

resulted in the suppression of the exercise-induced expres-
sion of c-Fos (P<0.05). In particular, treatment with (3-glucan
at 100 and 200 mg/kg resulted in the statistically significant
suppression of c-Fos expression in the dentate gyrus as
compared with the exercise group (P<0.05) (Fig. 3).

The number of c-Fos-positive cells in the dorsal raphe
was 180.42+13.19 in the control, 705.00+19.11 in the exercise,
623.00+19.71 in the 50 mg/kg (-glucan-treated, 476.57+20.41
in the 100 mg/kg p-glucan-treated and 475.00+40.13 in the
200 mg/kg B-glucan-treated groups. These results demonstrate
that treadmill exercise led to increased expression of c-Fos in
the dorsal raphe (P<0.05) and that treatment with B-glucan
resulted in the suppression of the exercise-induced expression
of c-Fos (P<0.05). In particular, treatment with 3-glucan at 100
and 200 mg/kg resulted in the statistically significant suppres-
sion of c-Fos expression in the dorsal raphe as compared with
the exercise group (P<0.05) (Fig. 3).

Effect of B-glucan on expression of c-Jun in the hypothal-
amus, dentate gyrus and dorsal raphe. Photomicrographs
of c-Jun-positive cells in the hypothalamus, dentate gyrus
and dorsal raphe are shown in Fig. 4. The number of
c-Jun-positive cells in the hypothalamus was 26.88+2.45
in the control, 130.88+17.85 in the exercise, 117.22+13.73
in the 50 mg/kg p-glucan-treated, 70.55+10.34 in the
100 mg/kg B-glucan-treated and 97.22+5.65 in the 200 mg/kg
B-glucan-treated groups. These results demonstrate that tread-
mill exercise led to increased expression of c-Jun in the
hypothalamus (P<0.05) and that treatment with B-glucan
resulted in the suppression of the exercise-induced expression
of c-Jun (P<0.05). In particular, treatment with -glucan at
100 mg/kg resulted in the statistically significant suppression
of c-Jun expression in the hypothalamus as compared with the
exercise group (P<0.05) (Fig. 5).

The number of c-Jun-positive cells in the dentate gyrus
was 88.00+2.20 in the control, 122.40+4.61 in the exercise,
103.05+0.65 in the 50 mg/kg B-glucan-treated, 97.83+1.02
in the 100 mg/kg B-glucan-treated and 99.59+1.08 in the
200 mg/kg B-glucan-treated groups. These results demonstrate
that treadmill exercise led to increased expression of c-Jun in
the dentate gyrus (P<0.05) and that treatment with -glucan
resulted in the suppression of the exercise-induced expres-
sion of ¢-Jun (P<0.05). In particular, treatment with (3-glucan
resulted in the statistically significant suppression of c-Jun
expression in the dentate gyrus as compared with the exercise
group (P<0.05) (Fig. 5).

The number of c-Jun-positive cells in the dorsal raphe was
401.33+43.19 in the control, 763.50+51.96 in the exercise,
511.50+31.78 in the 50 mg/kg B-glucan-treated, 468.16+43.82
in the 100 mg/kg B-glucan-treated and 472.16+13.77 in the
200 mg/kg B-glucan-treated groups. These results demonstrate
that treadmill exercise led to increased expression of c-Jun in
the dorsal raphe (P<0.05) and that treatment with B-glucan
resulted in the suppression of the exercise-induced expres-
sion of c-Jun (P<0.05). In particular, treatment with -glucan
resulted in statistically significant suppression of c-Jun expres-
sion in the dorsal raphe as compared with the exercise group
(P<0.05) (Fig. 5).

Discussion

Previous studies have used the expression of c-Fos and c-Jun
as a marker for stimuli-induced changes in the metabolic
activity of neurons under various conditions (1,2,25,26).
The application of stressful stimuli resulted in the enhanced
expression of c-Fos and c-Jun (6,14,24,27). The expression of
four immediate-early genes (c-Fos, c-Jun, JunB and NGFI-B)
was increased following 30 min of global ischemia (24).
Rats receiving predator stress during pregnancy exhibited
anxiety-like behavior with higher expression of c-Fos in the
hypothalamus and locus coeruleus following delivery (14).
Running at a moderate speed (25 m/min) led to increased
induction of c-Fos in various hypothalamic regions; however,
running at a low speed (15 m/min) had no effect on the
expression of c-Fos (6). Expression of c-Fos in the brain areas
associated with micturition was enhanced by the induction
of stress urinary incontinence and the suppression of c-Fos
expression led to amelioration of the symptoms of stress
urinary incontinence (27). These results suggest that neuronal
activation in the micturition centers was induced by stress
urinary incontinence. The performance of acute exercise led to
upregulated expression of c-Fos and c-Jun through activation
of the mitogen-activated protein kinase signaling pathway (28).
According to the present study, expression of c-Fos and c-Jun
in the hypothalamus, dentate gyrus and dorsal raphe was
enhanced by exhaustive treadmill running (Figs. 3 and 5),
indicating that strenuous exercise acted as a form of physical
stress and resulted in the enhancement of c-Fos and c-Jun
expression in the brain.

Pharmacological agents acting as ergogenic aids through
a reduction in fatigue have been widely investigated (17-19).
Caffeine and Paeonia radix exhibited ergogenic effects during
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Hypothalamus Dentate gyrus Dorsal raphe

Figure 4. c-Jun immunohistochemistry in the hypothalamus, dentate gyrus and dorsal raphe nucleus. The scale bar represents 250 ym (x4) for the hypo-
thalamus and dorsal raphe and 50 ym (x20) for the dentate gyrus. (A) Control; (B) exercise; (C) exercise and 50 mg/kg f-glucan treatment; (D) exercise and
100 mg/kg p-glucan treatment and (E) exercise and 200 mg/kg [3-glucan treatment.
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Figure 5. Number of c-Jun-positive cells in the hypothalamus, dentate gyrus and dorsal raphe nucleus in each group. (A) Control; (B) exercise; (C) exercise and
50 mg/kg B-glucan treatment; (D) exercise and 100 mg/kg B-glucan treatment and (E) exercise and 200 mg/kg -glucan treatment. Values are expressed as the
mean + standard error of the mean. "P<0.05 as compared with the control group; “P<0.05 as compared with the exercise group.

exhaustive treadmill running (17,18). Seo et al (19) reported  used for the treatment of gastroenteric disorders, inflamma-
that Phellinus linteus enhanced the time to exhaustion in  tion and lymphatic diseases (29-31). f-glucan also originates
response to treadmill running. Phellinus linteus has been  from Phellinus linteus, and the immunological response
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to B-glucans isolated from medicinal mushrooms has been
well documented (32). Prolonged and high-intensity exercise
in endurance athletes leads to a deterioration in immune
function and increased risk of upper respiratory tract infec-
tions. The positive immunomodulatory effect of -glucan on
immunocompetent cells has been reported (33). Treatment
with (-glucan increased production of interleukin-2, -4 and -5
and interferon-y in blood leucocytes, suggesting that f3-glucan
may alter immune function following strenuous exercise (34).
B-glucan from dietary oats reduced the body weight and
increased the maximum running time compared with that
in control rats (35). In addition, B-glucan from dietary oats
decreased the levels of blood urea nitrogen, lactic acid and
creatine kinase activity in the serum and increased the levels
of non-esterified fatty acids and lactic dehydrogenase activity
in the serum as well as the content of liver glycogen. These
results suggest that B-glucan from dietary oats can enhance
the endurance capacity through the facilitation of recovery
from fatigue (35). In the present study, treatment with 3-glucan
resulted in enhanced time to exhaustion in treadmill running
(Fig. 1). Treatment with B-glucan also led to the alleviation
of the exercise-induced increase in c-Fos and c-Jun expres-
sion in the hypothalamus, dentate gyrus and dorsal raphe
(Figs. 3 and 5). These results suggest that $-glucan acted as an
ergogenic aid during strenuous exercise through the suppres-
sion of stress-related neuronal parameters, including c-Fos and
c-Jun, in the brain.

In conclusion, exposure to stressful stimuli, such as
strenuous exercise, results in the enhanced expression of c-Fos
and c-Jun in the brain. -glucan reduces exercise-induced
stress through downregulation of c-Fos and c-Jun following
exhaustive exercise.
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