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Abstract

Exhaustive exercise results in inflammation and oxidative stress, which can damage tissue. Previous
studies have shown that vitamin D has both anti-inflammatory and antiperoxidative activity. Therefore,
we aimed to test if vitamin D could reduce the damage caused by exhaustive exercise. Rats were
randomized to one of four groups: control, vitamin D, exercise, and vitamin D+exercise. Exercised rats
received an intravenous injection of vitamin D (I ng/mL) or normal saline after exhaustive exercise.
Blood pressure, heart rate, and blood samples were collected for biochemical testing. Histological
examination and immunohistochemical (IHC) analyses were performed on lungs and kidneys after the
animals were sacrificed. In comparison to the exercise group, blood markers of skeletal muscle damage,
creatine kinase and lactate dehydrogenase, were significantly (P < 0.05) lower in the vitamin D+exercise
group. The exercise group also had more severe tissue injury scores in the lungs (average of 2.4 + 0.71)
and kidneys (average of 3.3 + 0.6) than the vitamin D-treated exercise group did (1.08 + 0.57 and 1.16
* 0.55). IHC staining showed that vitamin D reduced the oxidative product 4-Hydroxynonenal in ex-
ercised animals from 20.6% to 13.8% in the lungs and from 29.4% to 16.7% in the kidneys. In summary,
postexercise intravenous injection of vitamin D can reduce the peroxidation induced by exhaustive
exercise and ameliorate tissue damage, particularly in the kidneys and lungs.
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Introduction

Various types of exercise can be practiced. Reg-
ular, nonexhaustive physical exercise is well known to
benefit human health. Many studies have proven the
effectiveness of regular exercise in preventing several
types of disease; for example, regular exercise has
been shown to prevent cardiovascular disease, res-
piratory disease, hemodynamic disorder, hyperten-
sion, and obesity [1, 2]. However, the beneficial effects
of exercise are limited, and these effects are lost if ex-
ercise is practiced until exhaustion. Studies have re-
ported that, in addition to energy loss, stress such as
inflammatory or oxidative pressure occurs during

exhaustive exercise [3, 4]. This stress damages human
organs such as the kidneys as well as the organs in the
respiratory and cardiovascular systems [5]. To ad-
dress this problem, scientists have used a variant of an
antioxidant agent in exercise studies [6-8].

Vitamin D is a nutrient contained in natural
foods; after intake, it requires skin exposure to ultra-
violet B (290-315 nm) radiation and a series of bio-
chemical reactions to modify 7-dehydrocholesterol
into a biofunctional form of vitamin D, which is called
vitamin Ds or calcitriol (1,25-dihydroxycholecal-
ciferol) [9]. Vitamin Dj is crucial in calcium absorp-
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tion, blood-calcium balance, and bone-density regu-
lation; additional studies have demonstrated that
vitamin D deficiency was found exercisers between
2008 and 2010 [10-12]. Thus, if vitamin D ameliorates
damage caused by exercise, then an appropriate in-
take of vitamin D for exercisers offers multiple bene-
fits: It alleviates bone-density and calcium-balance
problems caused by vitamin D deficiency as well as
damage caused by exercise. In 1993, Wiseman first
demonstrated that vitamin D is an antioxidant vita-
min, can prevent iron-dependent lipid peroxidation in
the cell membrane, and acts similarly to the cancer
drug Tamoxifen [13]. Since then, many more studies
have been conducted, and the mechanisms of vitamin
D have become increasingly clear. Nevertheless, how
vitamin D affects exercise has not been thoroughly
discussed. Currently, we know that muscle perfor-
mance significantly (P < 0.05) lowers vitamin D defi-
ciency in exercisers [14]. These results indirectly
demonstrate that vitamin D potentially affects exer-
cise performance; however, whether vitamin D re-
duces exercise-induced damage or the oxidative stress
caused by exercise requires confirmation. Therefore,
in this study, we attempted to clarify the connection
between exercise-induced damage and vitamin D as
well as whether vitamin D can reduce the oxidative
stress caused by exercise.

Materials and Methods

Experimental Protocol

WKY rats were randomly grouped as follows:
control group (NS), vitamin D group (vit D), exercise
group (E), and exercise + vitamin D group (E+D). The
NS and vit D groups were treated without exercise
but received intravenous (IV) injections of various
drugs: 1 mL of normal saline for the NS group and 1
ml Ing/mL of vitamin D (Calcitriol, 2 mcg/mlL;
United Biomedical, Inc., Taiwan, ROC) for the vit D
group. The E and E+D groups were treated with ex-
ercise but received 1V injections of different drugs: the
E+D group was injected with 1 mL of vitamin D (Cal-
citriol, 2 mcg/mL; United Biomedical, Inc., Taiwan,
ROC), and the E group received an IV injection of 1
mL of normal saline as a control. After the exercise
was performed, femoral-artery and vein catheters
were inserted; each rat was intravenously injected
with vitamin D or normal saline, depending on their
group. During this time, blood pressure and heart rate
data were collected from the femoral-artery catheters.
Blood samples for biochemical testing were also col-
lected, and biopsies were performed after the animals
were sacrificed. All experimental protocol was ap-
proved by the Tzu-Chi University Institutional Ani-
mal Care and Use Committee (Approval No. 101083).

Exercise Procedure

The WKY rats were ordered from an animal
center with body weights between 260 and 280 g. Be-
fore the beginning of the 14-d experiment, the rats
were trained to exercise on a treadmill (Shingshieying
Instruments; Hualien, Taiwan). During this period,
the rats exercised 20 min/d at a speed of 10 m/min
with no incline. After 14 d, the rats were transitioned
to exercising on a treadmill, and exhaustive exercise
was conducted. The exhaustive exercise began at a
speed of 10 m/min and increased in increments of 1
m/min every 1 min, up to a maximal running speed
of 15 m/min (with no incline). Maximal running times
were attained for each rat (when a rat reached ex-
haustion which was defined by followed the protocol
in the published literature [31]).

Femoral Artery and Vein Catheter Insertions

After the exhaustive exercise was performed, the
rats were anesthetized through ether inhalation dur-
ing a surgical procedure of approximately 15 min.
During this period, polyethylene catheters (PE-50)
were inserted into the right femoral artery and vein to
collect blood samples and perform IV injections [15].
The femoral-artery catheters were also connected to
an electrophysiological amplifier (Gould Instruments,
Cleveland, OH, USA) to record arterial pressure and
heart rate. The operation incision was less than 0.5
cm?, and all surgical procedures were performed un-
der sterile conditions. After the operation, the animals
were placed in a metabolic cage and awakened soon
thereafter. The rats were allowed free access to food
and water.

Blood Biochemistry Examinations (Creatine
Kinase and Lactate Dehydrogenase)

When blood sample were collected, these sam-
ples were immediately placed into heparinized tubes
and centrifuged at 3,000 g for 10 min. After centrifuge,
plasma was collected, and the level of creatine kinase
(CK) and lactate dehydrogenase (LDH) were meas-
ured within 1 h by using an automatic biochemical
analyzer (COBAS INTEGRA 800; Roche Diagnostics,
Basel, Switzerland).

Histological Examination

The sacrifice was conducted 48 h after IV injec-
tions. At that time, the heart, lungs, liver, spleen,
kidneys, and intestines were removed immediately.
These tissue specimens were fixed overnight in 4%
buffered formaldehyde, processed using standard
methods, and stained with hematoxylin and eosin
(HE stain). An observer blind to the group allocations
performed the tissue analyses in this study and scored
the organs. The severity of renal tubular injuries was
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scored by estimating the percentage of tubules in the
cortex or the outer medulla that showed epithelial
necrosis or had luminal necrotic debris, tubular dila-
tion, and hemorrhage, as follows: 0, none; 1, < 5%; 2,
5-25%; 3, 25-75%; and 4, > 75% [16]. The severity of
heart injuries observed in the tissue sections was also
scored from 0 (minimal or no evidence of injury) to 4
(> 75% damaged). Lung injury was scored as follows:
0, no evidence of injury; 1, mild injury; 2, moderate
injury; and 3, severe injury with lung edema, intersti-
tial inflammatory cell infiltration, and hemorrhage
[15]. Moreover, the severity of liver injuries observed
in the tissue sections was scored as follows: 0, mini-
mal or no evidence of injury; 1, mild injury consisting
of cytoplasmic vacuolation and focal nuclear pyk-
nosis; 2, moderate to severe injury with extensive nu-
clear pyknosis, cytoplasmic hypereosinophilia, and
loss of intercellular borders; and 3, severe necrosis
with disintegration of the hepatic cords, hemorrhage,
and neutrophil infiltration [17]. Furthermore, the se-
verity of small intestine injuries was scored from 0 to 3
as follows: 0, normal with no damage; 1, mild with
focal epithelial edema and necrosis; 2, moderate with
diffuse swelling or necrosis of the villi; 3, severe with
diffuse necrosis of the villi and evidence of neutrophil
infiltration in the submucosa or hemorrhage. All
evaluations were performed on five fields per section
and five sections per organ.

Immunohistochemistry Stain

After the sacrifice and pathology biopsies, we
used a rabbit anti-4 Hydroxynonenal (4-HNE) poly-
clonal antibody to detect the oxidative product
(4-HNE) [18] by using a standard IHC staining
method. IHC images were semiquantified using IHC
Profiler automated scoring software [19].

Statistical Analysis

The PASWStatistics18 software package (SPSS
Inc.), was used for statistical analysis. Unpaired Stu-
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dent’s t test was used for assess statistical significance
to comparison of preoperative and postoperative da-
ta. The level of statistical significance was set as p <
0.05.

Results
Blood Biochemistry Examinations

Blood Level of CK

After the exercise treatment and before the IV
injections, the original CK level of the no-exercise
group (the NS and vit D groups) was between 200 and
280. The original CK levels of both exercise groups
were between 2,000 and 3,000, with no significant (P <
0.05) difference between these groups (Fig. 1A). After
the IV injections were started, in Hour 1, the E+D
group showed a lower concentration of plasma CK
than the E group did, which continued from Hour 1 to
Hour 9. The difference of CK level between the E and
E+D groups was highest at Hour 6. At Hour 12, no
significant (P < 0.05) difference was found between
the E and E+D groups. The no-exercise group main-
tained a CK level of 200 to 280 until the experiment
ended at Hour 24.

Blood Level of LDH

After the exercise treatment and before the IV
injections, the original LDH level of the no-exercise
group (the NS and vit D groups) was between 219 and
257, with no significant (P < 0.05) difference between
the NS and vit D groups. The original LDH levels of
both exercise groups were between 612 and 692, with
no significant (P < 0.05) difference between the E and
E+D groups (Fig. 1B). After 0.5 h, the LDH level of the
E group was an average of 3,687 u/L, and the LDH
level of the E+D group was an average of 836 u/L,
significantly (P < 0.05) lower than it was in the E
group, which continued until Hour 6.
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Figure 1. Biochemical markers for tissue damage. A: CK; B: LDH. *E group differed significantly from the E+D group (P < 0.05). *E+D group differed

significantly from the NS and vit D groups (P < 0.05).
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Histological Examination

The HE staining results showed severe tissue
injuries in the lungs and kidneys of the E+NS group,
with average respective scores of 2.4 and 3.32; the
E+D group exhibited much lower scores for the lungs

(1.2) and kidneys (1.08) (Fig. 2M and N). Other tissues
such as the heart, liver, and intestine were not signif-
icantly (P < 0.05) injured. All injury scores of the E and
E+D groups for these three tissues were below 1 and
nonsignificant (P < 0.05) (Fig. 2K, L, and O).
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Figure 2. Tissue damage caused by exercise and the rescue effect of vitamin D. A, K, F: heart; B, G, L: liver; C, H, M: lungs; D, |, N: kidneys; E,

J, O: intestines. *E+D group differed significantly from the E group (P < 0.05).
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Figure 3. Distribution of oxidative stress marker 4-HNE in each organ. A, K, F: heart; B, G, L: liver; C, H, M: lungs; D, I, N: kidneys; E, |, O:

intestines. *E+D group differed significantly from the E group (P < 0.05).

IHC Staining Findings

Regarding 4-HNE-positive cells in severely in-
jured tissues, 20.6% of cells in the lungs and 29.4% of
cells in the kidneys of the E group were 4-HNE posi-
tive. The levels of 4-HNE-positive cells were signifi-
cantly (P < 0.05) lower in the E+D group, with 13.8%
in the lungs and 16.7% in the kidneys (Fig. 3M and N).
In other organs such as the heart and liver, no injured
tissues occurred; no difference was found between the

E and E+D groups (Fig. 3K and L). The intestines were
not injured but exhibited lower levels of
4-HNE-positive cells in the E+D group. The positive
cells in the intestines were distributed on mucus, not
in cells (Fig. 3E and J).

Discussion

In this study, exhaustive exercise induced dif-
ferent types of organ damage. CK, a biochemical
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muscle marker, was elevated after exercise; the kidney
biopsies and tissue injury scores showed severe kid-
ney damage (Fig. 2D, I, and N). After exercise, partic-
ularly strenuous muscle contractions initiate me-
chanical muscle damage of varying degrees. As the
muscle cell degenerates, large amounts of myoglobin,
CK, LDH, aspartate transaminase, and urate are re-
leased into the circulation [20, 21]. Factors such as
extreme temperature or strenuous exercise, which can
occur during ultramarathons, for example, can result
in more severe damage. When the muscle tissue
strongly disintegrated, and also a higher serum CK
level [22]. CK are released, indicating disruption of
the sarcomere architecture and surface membrane
damage [23]. In other recent studies, organ injuries
have been discovered after exhaustive exercise
through observation of human or animal biochemical
parameters [24-26]. These data indicate that elevated
biochemical markers and exercise-induced tissue
damage are often found after exhaustive exercise. Our
findings in this study were similar.

Exercise is well known to cause oxidative pres-
sure. In 1978, scientists first determined that physical
exercise can lead to an increase in lipid peroxidation
[27]. Other studies have shown that organ damage
and lipid peroxidation appear in humans after a
downhill run [28]. In our study, the 4-HNE lipid pe-
roxidation marker was also observed in tissues
through IHC staining (Fig. 3). In other research, the
IHC results showed that 4-HNE-modified proteins
accumulated in damaged muscle obtained from mice
after acute running [23], which matches our findings.
Our results showed that the organ damage scores
were comparable with the percentages of
4-HNE-positive cells. For example, the damage scores
for heart tissues were low and showed no significant
(P < 0.05) differences between the E and E+D groups;
the percentages of 4-HNE-positive cells also showed
no significant (P < 0.05) differences in these groups
(Fig. 2K and 3K). However, the organ damage scores
showed that significantly (P < 0.05) damaged tissues
such as the lung and kidney tissues also had higher
percentages of 4-HNE-positive cells (Fig. 2M, 3M, 2N,
and 3N). According to these results, tissue damage
was positively correlated with lipid peroxidation.
This also indicates that reactive oxygen species (ROS)
play a role in exhaustive exercise-induced damage.

Our results revealed that the lungs and kidneys
were damaged from exhaustive exercise; however,
exercise-induced damage was reduced in the group
treated with vitamin D (Fig. 2M and N). In addition,
the peroxidation markers were also lower (Fig. 3M
and N). According to these results, we could deter-
mine that vitamin D can reduce tissue damage by
lowering peroxidation stress. A mechanism associated

with muscle may also pertain to this study. Muscle
accounts for approximately 40% of total body mass
and can be damaged by various types of toxicity, is-
chemia, infection, and inflammation as well as by
metabolites [29]. The results of these diverse attacks
may be muscle fiber dissolution, or rhabdomyolysis.
As rhabdomyolysis accrues, broken-down products of
damaged muscle cells are released into the blood-
stream; some of these, such as protein myoglobin, are
harmful to the kidneys and may cause kidney failure
[30]. Myoglobin can generate primary ROS and en-
hance the reactivity of ROS [7], indicating another
possible mechanism of the exercise-induced ROS
damage in this study.

Conclusion

In this study, the results show that exer-
cise-induced tissue damage and lipid peroxidation
were significantly (P < 0.05) lower by vitamin D. This
provides a possible solution for two common health
problems in athletes; vitamin D can remedy calcium
deficiency and oxidative damage problems. Further-
more, vitamin D is a nutrient that can be provided to
athletes for a long period without any life-threatening
side effects. In summary, the findings in this study are
useful in exercise medicine applications and contrib-
ute to the health of athletes.
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