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Abstract. The aim of the present study was to investigate the
protective effects of yak-activated protein on hematopoiesis and
cytokine function in radiation-induced injury in mice. A total
of 180 Kunming mice were randomly divided into three groups
(A, B and C). Of these, 60 were randomly divided into a normal
control group, a radiation model group, a positive control group
and 3 yak-activated protein groups (high, medium and low dose
groups; 10, 5 and 2.5 mg/kg, respectively). The other 120 mice
were used for the subsequent experiments on days 7 and 14
following radiation. Yak-activated protein was administered
orally to mice in the treatment groups and an equal volume of
saline was administered orally to mice in the normal control
and radiation model groups for 14 days. The positive control
group received amifostine (150 mg/kg) via intraperitoneal
injection. With the exception of the control group, the groups
of mice received a 5 Gy quantity of X-radiation evenly over
their whole body once. Changes in the peripheral hemogram,
thymus and spleen indices, DNA content in the bone marrow,
interleukin (IL)-2 and IL-6 levels, and the expression levels
of B cell lymphoma 2 (Bcl-2) and Bcl-2-associated X protein
(Bax) following irradiation were assessed. The low dose of
yak-activated protein significantly increased Spleen indices
in mice 14 days after irradiation and the high and middle
dose of yak-activated protein significantly increased Thymus
indices in mice 14 days after irradiation (P<0.05) compared
with the control group. In addition, hemogram results increased
gradually in the low-yak-activated protein dose group and were
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significantly higher 7 days after irradiation compared with the
radiation model group (P<0.05). The DNA content in the bone
marrow was markedly increased in the yak-activated protein
groups, and increased significantly in the low dose group at
7 days post-irradiation compared with the radiation model
group (P<0.05). The IL-2 content was significantly increased in
the yak-activated protein groups (P<0.05). Furthermore, Bcl-2
expression was increased and Bax expression was decreased
(P<0.05). These results suggest that yak-activated protein exerts
protective effects against radiation-induced injury in mice. The
optimal effects of yak-activated protein were observed in the
medium dose group 14 days after irradiation.

Introduction

Tonizing radiation has positive applications in agricultural
production, medicine and health, scientific research and
national defense (1). However, it also damages many aspects
of human physiology, including the peripheral blood cells,
bone marrow DNA (2), immune-related organs (3) and anti-
oxidant enzymes (4,5). The United States Army Research
Institute developed the first anti-radiation drug, amifostine,
which was approved by the United States Food and Drug
Administration (6). Amifostine is able to significantly reduce
the death of normal cells following radiotherapy; however,
side effects including hypotension, nausea, vomiting and
other adverse reactions have restricted its use (7). Therefore,
studies are warranted to identify an effective, natural non-toxic
medicine that protects against radiation and reduces radia-
tion damage. Previous studies have documented that plant
proteins (8,9) and non-heme iron-binding proteins (10-12)
exert protective effects against radiation. In addition, argi-
nine, glutamine, glycine, mycosporine-like amino acids and
essential amino acids may promote weight recovery, improve
protein nutritional conditions and exert anti-oxidant effects
in rats exposed to X-ray irradiation (13-15).

A previous study from the authors revealed that
Yak-activated proteins are extracted from the healthy tissue
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of yaks from the Qinghai-Tibetan Plateau, and have been
found to contain a large number of small peptides (not
published). Yak-activated protein was initially identified
following treatment of isolated yak tissues with a combination
of radiotherapy and chemotherapy, whereby the mature white
blood cell count was found to be normal, while the activity of
T cells, natural killer cells, monocytes and neutrophils was
unusually high. Isolated yak tissue is typically prepared using
extraction, separation and purification methods with applied
modern biotechnology and biological engineering technolo-
gies, allowing it to be absorbed directly without digestion in
the intestinal tract. There are many sources of yak-activated
protein in the Qinghai-Tibetan Plateau. Yak-activated protein
provides rich nutrition without toxicity, does not accumu-
late in the body and acts as a multifunctional factor (16).
Furthermore, it is able to inhibit tumor growth, increase
the number of white blood cells and regulate the immune
system (17).

The aim of the present study was to evaluate the effect
of yak-activated protein on peripheral blood cells, immune
function, bone marrow DNA content, antioxidant enzyme
activity and the expression of apoptosis-related proteins in
radiation-induced injury in mice. The underlying mechanisms
regarding the potential protective effects of yak-activated
protein were also investigated. Results of the current study
may indicate novel methods of studying radiation-protective
agents and the clinical applications of yak-activated protein.

Materials and methods

Materials and reagents. Yak-activated protein was purchased
from Tibet Buzhengtang Bio-tech Engineering Co. Ltd.,
(Lhasa, China). High performance liquid chromatography
(HPLC)-grade acetonitrile was obtained from Shandong
Yuwang Industrial Co., Ltd. (Yucheng, China). Amifostine
(cat. no. 130306) was purchased from Tianjin Zhongrui
Pharmaceutical Co., Ltd. (Tianjin, China). ELISA kits
for measurements of mouse B cell lymphoma 2 (Bcl-2;
cat. no. 20141227.60284M), mouse Bcl-2-associated X
protein (Bax; cat. no. 20141227.60283M), mouse inter-
leukin 2 (IL-2; cat. no. 20141227.60019M), and mouse IL-6
(cat. no. 20141227.60023M) were purchased from Beijing
RigorBio Science Development Co., Ltd. (Beijing, China).
Blood cell hemolysis reagent (cat. no. 2013111101), class III
probe cleaning fluid (cat. no. 2013112101) and dilution buffer
for blood cell analysis (M-23D; cat. no. 2013110701) were
purchased from Shenzhen Mindray Bio-Medical Electronics
Co., Ltd. (Shenzhen, China). All other standard laboratory
reagents were chemically pure and the water used was purified.
HPLC was performed using a Waters 515 High Performance
Liquid Chromatograph (Waters Corporation, Milford, MA,
USA), a medical electronic linear accelerator (23EX; Varian
Medical Systems, Inc., Palo Alto, CA, USA) and a UV-2550
ultraviolet spectrophotometer (Labtech International, Ltd.,
Uckfield, UK). A TGL-16 B high speed-freezing centrifuge
was obtained from the Shanghai Anting Scientific Instrument
Factory (Shanghai, China). An RT-2100C enzyme-labeled
meter was sourced from Rayto Life and Analytical Sciences
Co., Ltd. (Shenzhen, China) and an XW-80A Vortex mixer
was purchased from Shanghai Medical Instruments Ltd., Corp.
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(Shanghai, China). A BC-2300quasi automatic three-clas-
sification blood cell analyzer was purchased from Shenzhen
Mindray Bio-Medical Electronics C. Ltd.

Sample hydrolysis. Yak-activated protein (33.5 mg) was placed
in a 10-ml ampere bottle and 6 ml HCI (6 mol/l) was added.
The vial was sealed and incubated for 24 h at 110°C for sample
hydrolysis. The sample was then cooled at room temperature
for 40 min, filtered (pore size, 0.5 ym) and the filter liquor was
added to a 15-ml tube. The tube was vacuum dried at 90°C
in a Multivapor evaporator. Following drying, the residue was
dissolved in water and the aforementioned step was repeated.
Finally, the evaporated residue was dissolved in 5 ml HCI
(20 mmol). The sample had undegone hydrolysis when the
vial was sealed and incubated for 24 h at 110°C. Following
filtration to remove impurities, the sample was contained in
the filter liquor, and then HCI (20 mmol) was added to dissolve
the sample.

Sample derivatization. Samples (0.4 ml) were added to 1 ml
sodium bicarbonate (0.5 mol/l) and 0.4 ml fluorobenzene
acetonitrile solution (1%) in a volumetric flask (10 ml). The
flask was incubated at 60°C for 1 h and a potassium dihydrogen
phosphate buffer solution (0.1 mol/l, pH 7) was added. The
mixture was filtered through a microporous membrane (pores
0.22 ym), then immediately subjected to high-performance
liquid chromatography, as follows.

Chromatographic detection conditions. The following chro-
matographic conditions were used: Column, Phenomenex
Gemini 5 y C18 (250x4.6 mm; Phenomenex, Inc., Torrance,
CA, USA); detection wavelength, 360 nm; column tempera-
ture, 37°C; flow rate, 1 ml/min, sample load, 8 ul; and a
gradient elution of mobile phase A (0.05 mol/l sodium
acetate; pH 6.4) and mobile phase B (acetonitrile: water=1:1;
Table I).

Animals groups and dose regimens. A total of 180 male
Kunming mice (6-8 weeks old, 22-25 g) were purchased
from the Experimental Animal Center of Gansu University of
Traditional Chinese Medicine (Lanzhou, China). The animals
were adapted for a week at 23+2°C with a constant humidity
of 55+5% under a 12-h light-dark cycle and with ad libitum
access to water and food pellets. There were 10 animals
housed per cage. A total of 60 mice were randomly divided
into normal control, irradiated control, positive control
(amifostine, 150 mg/kg) and high, medium and low dose
yak-activated protein groups (10, 5 and 2.5 mg/kg, respec-
tively; n=10). The other 120 mice were used for subsequent
experiments on days 7 and 14 after radiation, respectively, in
order to assess the changes in various indicators at different
time points. The normal control and irradiated control groups
received normal saline orally, and all other treatment groups
were administered yak-activated protein (10, 5 or 2.5 mg/kg)
orally for 14 days. The mice in the positive control group
were treated with an intraperitoneal injection of amifostine
(150 mg/kg) 30 min prior to irradiation. Mice were anes-
thetized with 50 mg/kg enterocoelia injection of 1% sodium
pentobarbital (Propbs Bio-tech Co. Ltd, Beijing, China) prior
to experiments.
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Radiation damage model. The QingHai University Affiliated
Hospital was used for the irradiation experiment. All mice, with
the exception of the control group, were restrained in special
boxes and exposed to 5.0 Gy total-body X-radiation at a does
rate of 300 cGy/min once. The source-to-animal distance was
100 cm. Radiation time: 100 sec (18,19). Following exposure to
radiation, 180 mice were used on days 3,7 and 14.

Sample collection. Mice were anesthetized with enterocoelia
injection of 50 mg/kg 1% sodium pentobarbital prior to
experiments. Ocular blood was harvested from the mice in
all treatment groups 7 days after irradiation. Each sample
was mixed with EDTA-2Na (Mingyuan Industry Co., Ltd,
Zhengzhou, China) to prevent coagulation, and the remainder
was coagulated to separate the serum by centrifugation at
1,000 x g for 10 min at 4°C. All mice were sacrificed with
enterocoelia injection of 50 mg/kg 5% sodium pentobarbital
at 3, 7 and 14 days following irradiation (n=60 for all groups).
After sacrifice, the thymus and spleen (without fat) were
harvested, rinsed with saline to remove blood, dried using
filter paper and weighed.

Cell counts and organ indices. Blood cell diluents (catalogue
no. M-23D, lot 2013110701; Mindray Bio-Medical Electronics
Co., Ltd, Shenzhen, China) were added in to 20 gl ocular
blood following the manufacturers protocol. Blood cell count
(leucocytes-WBC, erythrocytes-RBC, hemoglobin-HGB
and thrombocytes-PLT) was determined using BC-2300
blood cell analyzer (Mindray Bio-Medical Electronics Co.,
Ltd.). The organ indices were calculated using the following
formula: Organ index (%) = Organ weight (g)/animal weight
(g) x 100 (20).

DNA content of bone marrow. Mice were sacrificed following
the harvest of ocular blood. The right femur was isolated and
muscle tissue and blood were removed. One side of the femoral
head was cut and 10 ml CaCl, (0.005 mol/l) was used to flush
the bone marrow into a centrifuge tube. The bone marrow was
placed in a refrigerator at 4°C for 30 min, then centrifuged
at 693 x g for 15 min at 4°C. The supernatant was discarded
and 5 ml 0.2 mol/l HCIO, was used to acidify the precipitate.
The precipitate was then agitated, heated to 90°C for 15 min,
cooled, centrifuged at 1,350 x g for 10 min at 4°C and filtered
(pores 50 um). The absorbance (A) of the supernatant was
determined using a UV spectrophotometer at 268 nm. DNA
content was calculated according to the following formula:
DNA (ng)=40x50xA (21).

IL-2 and IL-6 content and Bcl-2 and Bax expression.
ELISA kits (Bcl-2; cat. no. 20141227.60284M; Bax; cat.
no. 20141227.60283M; IL-2; cat. no. 20141227.60019M;
IL-6; cat. no. 20141227.60023M; Beijing RigorBio Science
Development Co., Ltd.) were used to measure the levels of
IL-2, IL-6, Bcl-2 and Bax in the serum, according to the
manufacturer's protocol.

Statistical analysis. All quantitative data are expressed as
the mean + standard deviation. The data were analyzed using
one-way analysis of variance with SPSS 17.0 software (SPSS,
Inc., Chicago, IL, USA), and the differences between the
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Table I. Amino acid samples separated by gradient elution
chromatography.

Solvent A (0.05 mol/l

Time, min sodium acetate; pH 6.4), %
0-5 74-65
5-15 65-60
15-20 60-45
20-25 45-30
25-30 30-20
30-35 20-2
35-40 2-2
40-42 2-74
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Figure 1. High performance liquid chromatogram of the (A) standards
and (B) samples. 1, Asp; 2, Ser; 3, Glu; 4, Gly; 5, His; 6, Arg; 7, Thr; 8, Ala;
9, Pro; 10, Cys; 11, Tyr; 12, Val; 13, Met; 14, Lys; 15, Ile; 16, Leu; 17, Phe.

means of two groups were compared using a least significant
difference test. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Amino acid content of yak-activated protein. Amino acid
content of yak-activated protein: ASP (1.5%), Glu (2.04%), Ser
(0.73%), Arg (1.30%), Thr (1.03%), Pro (1.06%), Ala (0.98%),
Val (0.52%), Met (0.06%), Cys (0.09%), Ile (0.36%), Leu
(0.57%), Phe (0.72%), His (0.34%), Lys (1.61%) and Tyr (0.15%)
as presented in Fig. 1. The methods are accurate, convenient,
reliable and may be replicated, for the determination of amino
acid content of yak-activated protein. The amino acid content
of yak-activated protein is presented in Table II, and the
chromatogram is displayed in Fig. 1.

Effect of yak-activated protein on the peripheral hemograms
of mice following irradiation. The peripheral hemograms
of irradiated mice are presented in Fig. 2. In the radiation
model group, it was observed that WBC and PLT declined
significantly on days 3 and 7, respectively, compared with
the normal control group (P<0.05; Fig. 2). Furthermore, RBC
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Figure 2. Effect of yak-activated protein on the peripheral hemograms of irradiated mice. Data are expressed as the mean + standard error of the mean. n=10
per group. ‘P<0.05 vs. normal control group, “P<0.05 vs. model group. NC, normal control; M, radiation model; P, positive control; YH, high dose (10 mg/kg)
yak-activated protein; YM, medium-dose (5 mg/kg) yak-activated protein; YL, low-dose (2.5 mg/kg) yak-activated protein; WBC, white blood cell; HGB,

hemoglobin; RBC, red blood cell; PLT, platelet.

Table II. Amino acid content of yak-activated protein.

Amino acid Content (%)
Asp 1.50
Glu 2.04
Ser 0.73
Gly 0.73
Arg 1.30
Thr 1.03
Pro 1.06
Ala 0.98
Val 0.52
Met 0.06
Cys 0.09
Ile 0.36
Leu 0.57
Phe 0.72
His 0.34
Lys 1.61
Tyr 0.15

count and HGB levels declined significantly and reached a
minimum 7 days after irradiation (P<0.05 vs. normal control
group). These results suggest that the radiation damage model
was successfully established. The WBC, RBC, HGB and
PLT count no significant different was observed between
the positive control group and yak-activated protein groups
(low, medium and high dose) 3 or 7 days after irradiation
(P>0.05; Fig. 2). On day 14 after irradiation, the WBC of the
positive group was significantly higher than yak-activated
protein groups (low, medium and high dose groups; P<0.05;
Fig. 2); The RBC of the positive group was significantly higher

than the medium dose of yak-activated protein (P<0.05; Fig. 2).
No significant difference was observed between the positive
group and yak-activated protein groups (low, medium and high
dose groups) in HBG (P>0.05; Fig. 2); The PLT of the positive
group was significantly higher than yak-activated protein low
dose group (P<0.05; Fig. 2). Fig. 2 indicates that, compared
with the WBC count of the control group the WBC counts
of mice in the model group on days 3, 7 and 14 after irra-
diation were significantly reduced (P<0.05; Fig. 2). The WBC
count of yak-activated protein groups were higher than model
group on day 14 after irradiation, but no significant difference
was observed (P>0.05; Fig. 2). The HGB of the positive and
yak-activated protein groups was significantly higher than
the model group on day 7 after irradiation (P<0.05; Fig. 2).
On the 7th day after irradiation, the RBC count of mice in
positive group and yak-activated protein groups (low, medium
and high) compared with model was significantly increased
(P<0.05; Fig. 2). The RBC count of mice in positive, high and
low dose yak-activated protein groups compared with model
was significantly increased on day 14 (P<0.05; Fig. 2). On
day 7 after irradiation, the PLT count of mice in high dose
yak-activated protein groups compared with model was signif-
icantly increased (P<0.05; Fig. 2). The PLT count of mice in
positive, high and medium dose yak-activated protein groups
compared with model was significantly increased (P<0.05;
Fig. 2) on day 14. These results suggest that Yak-activated
protein significantly improved the hematopoietic system in
radiation-injured mice.

Effect of yak-activated protein on the thymus and spleen
indices of irradiated mice. The thymus and spleen indices of
irradiated mice are presented in Fig. 3. Significant immune
organ atrophy was observed in irradiated model mice
compared with normal control mice at all time points (all
P<0.05; Fig. 3), thus indicating that the radiation damage model
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Figure 3. Effect of yak-activated protein on the thymus and spleen indices of
irradiated mice. Data are expressed as the mean + standard error of the mean.
n=10 per group. "P<0.05 vs. normal control group, “P<0.05 vs. model group.
NC, normal control; M, radiation model; P, positive control; YH, high dose
(10 mg/kg) yak-activated protein; YM, middle-dose (5 mg/kg) yak-activated
protein; YL, low-dose (2.5 mg/kg) yak-activated protein.
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Figure 4. Effect of yak-activated protein on the bone marrow DNA content of
irradiated mice. Data are expressed as the mean + standard error of the mean.
n=10 per group. "P<0.05 vs. normal control group, “P<0.05 vs. model group.
NC, normal control; M, radiation model; P, positive control; YH, high dose
(10 mg/kg) yak-activated protein; YM, middle-dose (5 mg/kg) yak-activated
protein; YL, low-dose (2.5 mg/kg) yak-activated protein.

was successfully established. The spleen indices of the posi-
tive group and yak-activated protein groups were significantly
higher than model group on day 3 after irradiation (P<0.05;
Fig. 3). On day 7 after irradiation, no significant difference
was observed between the spleen indices in the positive or
yak-activated protein with the model groups (P>0.05; Fig. 3).
On day 14 after irradiation, the spleen indices of mice in the
low dose yak-activated protein groups compared with model
were significantly increased (P<0.05; Fig. 3). On day 7 after
irradiation, the thymus indices of mice in high and medium
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dose yak-activated protein groups compared with model
was significantly increased (P<0.05; Fig. 3). On day 14 after
irradiation, the thymus indices of mice in the positive, high
and medium dose yak-activated protein groups compared
with model was significantly increased (P<0.05; Fig. 3). These
data indicate that yak-activated protein may promote immune
organ recovery.

Effect of yak-activated protein on the bone marrow DNA
content of irradiated mice. The DNA content in the bone
marrow of irradiated mice is presented in Fig. 4. It was observed
that the DNA content in the drug and radiation model groups
was significantly decreased compared to that in the normal
control group (P<0.05; Fig. 4). The DNA content of all groups
reached a minimum on day 3 post-irradiation. On day 3 after
irradiation, the DNA content of mice in the positive and high
dose yak-activated protein groups compared with model was
significantly increased (P<0.05; Fig. 4). The DNA content in
the bone marrow of mice in the low yak-activated protein and
positive control groups was increased significantly compared
with the irradiation control group on day 7 after irradiation
(P<0.05; Fig. 4). On day 14 after irradiation, the DNA content
of mice in positive control and high dose yak-activated protein
groups compared with model was significantly increased
(P<0.05; Fig. 4). This suggests that yak-activated protein and
the positive control agent (amifostine) increased the bone
marrow DNA content and improved the hematopoietic system
following radiation.

IL-2 and IL-6 content. The IL-2 content was significantly
higher in the radiation model group compared with the normal
control group at all time points following irradiation (P<0.05;
Fig. 5). On day 3, the IL-2 content was significantly increased
in the low and medium dose yak-activated protein groups (both
P<0.05; Fig. 5). By contrast, IL-2 content was significantly
increased in only the high-dose yak-activated protein group on
day 7 (P<0.05; Fig. 5). These data suggest that yak-activated
protein may promote the expression and secretion of IL-2 in
X-ray irradiated mice. IL-2 content in the medium and low
dose groups trended toward recovery on day 7, and a similar
trend was observed in all yak-activated protein groups by day
14. These data suggest that yak-activated protein may regulate
IL-2 in radiation injury.

On day 3 post-irradiation, IL-6 content was significantly
lower in the radiation model group compared with the
normal control group (P<0.05; Fig. 6), while on day 7, it was
significantly higher compared with the normal control group
(P<0.05; Fig. 6). Levels of IL-6 did not differ significantly
between the normal control and radiation model groups on
day 14. On day 3, the IL-6 content was significantly increased
in the medium dose yak-activated protein group compared
with the radiation model group (P<0.05; Fig. 6), suggesting
that yak-activated protein promoted the expression and secre-
tion of IL-6 in irradiated mice. On day 7, IL-6 levels were
decreased significantly in all yak-activated protein-treated
groups and in the positive control group (all P<0.05 vs. model
group; Fig. 6). On day 14, IL-6 content was significantly
increased in the low dose yak-activated protein and positive
control groups compared with the model group (both P<0.05;
Fig. 6).



5302

ONC
Lt
oP
B8 YH
a8 YM
aYL

IL-2 (ng/1)

Time after irradiation (days)

Figure 5. Effect of yak-activated protein on the serum IL-2 content of irradi-
ated mice. Data are expressed as the mean + standard error of the mean.
n=10 per group. "P<0.05 vs. normal control group, “P<0.05 vs. model group.
IL, interleukin; NC, normal control; M, radiation model; P, positive control;
YH, high dose (10 mg/kg) yak-activated protein; YM, middle-dose (5 mg/kg)
yak-activated protein; YL, low-dose (2.5 mg/kg) yak-activated protein.
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Figure 6. Effect of yak-activated protein on the serum IL-6 content of irradi-
ated mice. Data are expressed as the mean + standard error of the mean.
n=10 per group. "P<0.05 vs. normal control group, “P<0.05 vs. model group.
IL, interleukin; NC, normal control; M, radiation model; P, positive control;
YH, high dose (10 mg/kg) yak-activated protein; YM, middle-dose (5 mg/kg)
yak-activated protein; YL, low-dose (2.5 mg/kg) yak-activated protein.
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Figure 7. Effect of yak-activated protein on the expression of Bcl-2 in irradi-
ated mice. Data are expressed as the mean + standard error of the mean. n=10
per group. “P<0.05 vs. normal control group, “P<0.05 vs. model group. Bcl-2,
B cell lymphoma 2; NC, normal control; M, radiation model; P, positive
control; YH, high dose (10 mg/kg) yak-activated protein; YM, middle-dose
(5 mg/kg) yak-activated protein; YL, low-dose (2.5 mg/kg) yak-activated
protein.

Bcl-2 and Bax expression. The expression of Bcl-2 was signifi-
cantly reduced in the irradiation model group compared with
the normal group at all time points (P<0.05; Fig. 7). On day 3,
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Figure 8. Effect of yak-activated protein on the expression of Bax in irradi-
ated mice. Data are expressed as the mean + standard error of the mean.
n=10. "P<0.05 vs. normal control group, “P<0.05 vs. model group. Bax, B
cell lymphoma 2-associated X protein; NC, normal control; M, radiation
model; P, positive control; YH, high dose (10 mg/kg) yak-activated protein;
YM, middle-dose (5 mg/kg) yak-activated protein; YL, low-dose (2.5 mg/kg)
yak-activated protein.

the expression of Bcl-2 was significantly higher in the medium
dose yak-activated protein group compared with the model
group (P<0.05; Fig. 7), and on day 7, levels of Bcl-2 were
significantly increased in the positive control and medium and
high dose yak-activated protein groups (all P<0.05 vs. model
group; Fig. 7). On day 14 following irradiation, Bcl-2 expres-
sion in the positive control and yak-activated protein groups
did not differ significantly to that observed in the model group.

The expression of Bax was significantly increased in the
irradiation group compared with the normal group at all
time points (P<0.05; Fig. 8). Relative to the radiation model
group, Bax expression was significantly decreased in the posi-
tive control group on day 7 (P<0.05) and the medium-dose
yak-activated protein group on day 14 (P<0.05; Fig. 8). Marked
decreases in Bax were also observed in the other treatment
groups compared to the radiation model group following
irradiation.

Discussion

The thymus and spleen are the most sensitive organs to ionizing
radiation, and indices of the thymus and spleen may be used
as indicators of immune system function (22). The results
of the present study indicated that the spleen and thymus
were significantly reduced in the radiation model group.
Specifically, they were smaller in size and weight, and their
indices were decreased compared with the normal control
group, which is consistent with previous reports (23,24). These
results suggest that the radiation injury mouse model was
successfully established. The administration of yak-activated
protein lead to significant increases in the thymus and spleen
indices, although they did not return to normal levels in the
relatively short time assessed. It should be result of radiation,
which leads to a long-term weakened immune system (25-27).

In the present study, levels of bone marrow DNA were
measured to assess whether yak-activated protein protected
mice from radiation. X-ray radiation affects DNA, biological
membranes and water molecules in the body, and produces free
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radicals that interact with unsaturated fatty acids in the lipid
bilayers of biological membranes (28). This leads to the destruc-
tion of macromolecular structures and single or double strand
breaks in DNA, which blocks DNA synthesis and promotes
gene mutations and apoptosis (29). In turn, these disruptions
result in a decreased content of DNA and slower cell division,
particularly for stem cells in the bone marrow (30). The results
of the present study demonstrated that yak-activated protein
significantly increased the content of DNA following irradia-
tion, particularly in the high dose group on days 3 and 14 and
the low dose group on day 7. This suggests that yak-activated
protein may protect the DNA content in the bone marrow of
irradiated mice, potentially through the prevention of DNA
damage and stimulation of DNA synthesis.

Peripheral hemograms are considered to be key indicators
of normal body function following radiation damage (31).
Blood cells are the terminal cells of the blood system; there-
fore, changes in hematopoietic tissues reflect the degree of
damage to the body, and X-ray irradiation typically decreases
the number of blood cells in the body (32). In the present study,
the numbers of WBCs, RBCs, HGBs and PLTs were assessed
to evaluate the effects of yak-activated protein on the periph-
eral hemograms of radiation-injured mice. WBC, RBC, HGB
and PLT counts declined following X-ray radiation; however,
yak-activated protein inhibited this decrease and increased
levels of RBCs, HGBs, and PLTs significantly. This suggests
that yak-activated protein serves a key role in protecting the
hematopoietic system against radiation-induced injury in mice.

IL-2 is a non-specific cytokine that is produced by helper
T cells (33). It affects the activity and promotes the prolif-
eration of activated T cells, stimulates B cells to produce
antibodies, and significantly upregulates numerous factors,
including monocytes and macrophages, associated with the
immune system (33). Results of the present study demon-
strated that X-ray radiation reduced the self-regulatory
capacity of the immune system, as indicated by reductions
in IL-2 expression. However, yak-activated protein increased
levels of IL-2 and potentially enhanced the humoral immune
response following irradiation. The effects of yak-activated
protein were most evident in the low and middle dose groups
on day 3, and in the high dose group on day 7. As indices of
the thymus and spleen were also improved by yak-activated
protein, these results suggest that yak-activated protein may
stimulate T lymphocytes to produce IL-2 and facilitate
recovery of the thymus and spleen. IL-6 is a positive regu-
latory factor that exerts many biological effects, including
stimulatory effects on cell proliferation and inhibitory effects
on apoptosis (34). IL-6 is primarily associated with the regu-
lation of hematopoiesis, inflammation and cellular immune
responses in the body (34). Results of the present study
demonstrated that levels of IL-6 were decreased in the model
group compared with the normal group on day 3 following
irradiation, suggesting that ionizing radiation inhibited cell
proliferation, accelerated cell apoptosis and reduced the
secretion and expression of IL-6. However, similar to previous
results (35), IL-6 content was significantly higher in the model
group compared with the normal control group days 7 and 14
after radiation. IL-6 content in each of the drug groups was
higher than in the control and model groups. Levels of IL-6
were also significantly higher in the low-dose yak-activated
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protein group compared with the model group on days 7
and 14, suggesting that yak-activated protein may serve both
positive and negative roles in the regulation of IL-6 following
X-ray irradiation.

Apoptosis is a primary pathway by which radiation-induced
cell death occurs (36). Cellular apoptosis is regulated by
complex and specific signal transduction pathways (36). The
Bcl-2 family serves a key role in apoptosis, and the expression
of Bcl-2 inhibits apoptosis and potentially promotes survival
signaling to prolong cell longevity (37). Upon receipt of a
death signal, the expression of Bax is upregulated in cells,
leading to the formation of Bax multimers, altered membrane
permeability and the release of pro-apoptotic factors into the
cytoplasm to initiate apoptosis (30). Results of the present
study indicated that X-ray irradiation significantly increased
and decreased the expression of Bax and Bcl-2, respectively.
However, treatment with yak-activated protein lead to an
upregulation in Bcl-2 and downregulation in Bax, suggesting
that yak-activated protein may scavenge free radicals and
inhibit increases in membrane permeability, thus reducing
apoptosis. Therefore, yak-activated protein may exert radio-
protective effects through the regulation of Bcl-2 and Bax.

In conclusion, results of the present study indicated that
yak-activated protein may reduce damage induced by X-ray
irradiation to peripheral blood cell counts, spleen and thymus
indices, and bone marrow DNA content. Yak-activated protein
may also improve the immune response and regulate the
expression of anti- and pro-apoptotic proteins. Yak-activated
protein is a high-efficiency and low-toxicity agent, which
appears to protect against radiation. These results may serve
as an experimental basis for further studies into radiation
protection and the clinical applications of yak-activated
protein.
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