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Abstract

Background: Exercise induces blood flow redistribution among tissues, leading to splanchnic hypoperfusion. Intestinal epithelial cells are posi-
tioned between the anaerobic lumen and the highly metabolic lamina propria with an oxygen gradient. Hypoxia-inducible factor (HIF)-1« is piv-
otal in the transcriptional response to the oxygen flux.

Methods: In this study, the pimonidazole hydrochloride staining was applied to observe the tissue hypoxia in different organs, which might be
affected by the blood flow redistribution. The HIF-1a luciferase reporter ROSA26 oxygen-dependent degradation domain (ODD)-Luc/" mouse
model (ODD domain-Luc; female, n =3 —6/group) was used to detect the HIF-1o expression in the intestine. We used 3 swimming models: mod-
erate exercise for 30 min, heavy-intensity exercise bearing 5% bodyweight for 1.5 h, and long-time exercise for 3 h.

Results: We found that 1 session of swimming at different intensities could induce tissue hypoxia redistribution in the small intestine, colon, liver
and kidney, but not in the spleen, heart, and skeletal muscle. Our data showed that exercise exacerbated the extent of physiological hypoxia in the
small intestine. Next, using ODD-Luc mice, we found that moderate exercise increased the in vivo HIF-1a level in the small intestine. The post-
exercise HIF-1a level was gradually decreased in a time-dependent manner. Interestingly, the redistribution of tissue hypoxia and the increase of
HIF-1a expression were not related to the exercise intensity and duration.

Conclusion: This study provided evidence that the small intestine is the primary target organ for exercise-induced tissue hypoxia and HIF-1«
redistribution, suggesting that HIF-1o may be a potential target for the regulation of gastrointestinal functions after exercise.

2095-2546/© 2020 Published by Elsevier B.V. on behalf of Shanghai University of Sport. This is an open access article under the CC BY-NC-ND
license. (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction GI hypoperfusion, which increases the level of tissue hypoxia
in the abdominal organs.®

Hypoxia-inducible factor (HIF) is pivotal in the transcrip-
tional response to hypoxia.” HIF is composed of a hypoxia-
inducible « subunit and a constitutively expressed 8 subunit. In
normoxic conditions, the HIFx is degraded through the prolyl
hydroxylases (PHDs). Under hypoxic conditions, the activity of
PHD:s is inhibited, resulting in the accumulation of HIFx and
initiation of downstream transcription. HIF« has 3 isoforms: the
ubiquitous HIF-1e, the tissue-specific HIF-2oc and HIF-3c.'”
HIF-1a activates several important signaling pathways related
to metabolism and inflammation.'' However, the HIF-1a pro-
tein is unstable in normoxic conditions, with a short half-life of

The lower gastrointestinal (GI) system is the center of nutri-
ent absorption and the first line of defense against pathogens in
the lumen.' Previous studies from our laboratory and others
have shown that moderate exercise has a protective effect
against stress or GI disease-induced gut barrier dysfunction.”~
However, other studies have shown that heavy or strenuous
exercise disrupts the intestinal immune homeostasis, thus
increasing circulating bacteria, which can lead to whole-body
inflammation.”> Exercise decreases the splanchnic blood flow
in both humans and rodents.®’ Splanchnic ischemia induces
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5 min,'> which increases the difficulty of in situ and in vivo
detection of tissue hypoxia and HIF-1« expression.

Using HIF-1« luciferase reporter mice, we recently found
that a single bout of moderate exercise could increase the
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Intestine hypoxia and HIF-1 after exercise

abdominal HIF-1a level.” In the present study, we hypothe-
sized that exercise could induce tissue hypoxia and HIF-1«
accumulation in the lower GI system. Pimonidazole hydro-
chloride (HCI) was used to detect in situ tissue hypoxia in the
organs, which might be affected by the blood flow redistribu-
tion. Oxygen-dependent degradation domain (ODD)-Luc
mice were also used in this study for detailed in vivo exami-
nation of HIF-la expression. Using 3 exercise models, we
find that exercise induced the tissue hypoxia redistribution
and an increase in HIF-la in the small intestine, but these
results are not affected by the exercise intensity or duration.
These observations, which suggest that HIF-lo may be a
potential target for the regulation of GI functions after mod-
erate exercise, may contribute to understanding of the role of
exercise interventions in the protection against GI diseases.

2. Methods
2.1. Ethical approval

All experiments were performed in compliance with and
approved by the Shanghai University of Sport Ethical Review
Board (2014003). Animal care was performed in accordance
with the China Laboratory Animal Management Regulations and
the Guide for the Care and Use of Laboratory Animals (Institute
for Laboratory Animal Research, Washington, DC, USA).

2.2. Mice

HIF-1a luciferase reporter ROSA26 ODD-Luc/® mice
(ODD-Luc, #006206, Jackson Laboratory, Bar Harbor, ME,
USA) and their background control Friend Virus B NIH Jack-
son (FVB/NJ) mice (FVB, #001800, Jackson Laboratory)
were used in this study. ODD-Luc mice ubiquitously express a
bioluminescent reporter consisting of firefly luciferase fused to
the ODD region of HIF-la.'” Because female mice are less
aggressive than males during the heavy-intensity and long-
time exercise interventions, we used 8- to 10-week-old female
ODD-Luc mice and FVB mice for all studies (body
weight =26—28 g, n=3—6/group). The mice were kept on a
12-h light/dark cycle (temperature 22°C 4 1°C with 55% % 10%
humidity) and given ad libitum access to food and water.

2.3. Exercise protocols

Different intensities and durations of swimming were
selected as the exercise interventions in this study, in accor-
dance with Resource Book for the Design of Animal Exercise
Protocols (American Physiological Society, 2006). The mice
were placed in tanks (42 cm x 26 cm x 18 cm) filled with
warm sterile water (37°C £ 1°C) with a depth of 15—-20 cm.
Three exercise models were used: (1) Moderate Exercise (ME,
SWIM): mice voluntarily swimming for 30 min, (2) Heavy-
intensity Exercise (HE): mice swimming for 1.5 h with 5%
body-weight loads attached to their tails, and (3) Long-time
Exercise (LE): mice voluntarily swimming for 3 h or until
fatigued. The mice were determined to be fatigued when they
failed to rise to the surface of the water to breathe within 5 s.
Sedentary mice (SED) were used as controls (CON).
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2.4. Tissue hypoxia detection

Pimonidazole HCl is a hypoxia marker and forms stable pro-
tein adducts under in vivo conditions with a partial pressure of
oxygen (PO,) of 10 mmHg or lower."* These adducts are detect-
able with a specific monoclonal antibody (Hypoxyprobe-1, Hypo-
xyprobe Inc., Burlington, MA, USA). One hour after
intraperitoneal (i.p.) injection of pimonidazole HCl solution
(60 mg/kg body weight) in phosphate-buffered saline buffer
(Sigma, St. Louis, MO, USA) and after exercise, the ODD-Luc
mice were anesthetized with isoflurane (Yipin Pharmaceutical
Co. Ltd., Shijiazhuang, Hebei, China) and humanely killed by cer-
vical dislocation. Intestine (jejunum), colon, skeletal muscle,
heart, liver, spleen and kidney specimens were fixed in 4% para-
formaldehyde (Sigma). Then, immunohistochemical staining was
performed following the manufacturer’s instructions (Hypoxyp-
robe Inc.; 3 slices per animal). The results were observed with a
microscope and recorded with imaging software (DP80, Olym-
pus, Tokyo, Japan).

2.5. PX-478 treatment

S-2-Amino-3- [4'-N,N,-bis(2-chloroethyl) amino] phenyl
propionic acid N-oxide dihydrochloride (PX-478; Selleck
Chemicals, Houston, TX, USA) is a small-molecule inhibitor.
PX-478 decreases HIF-1« mRNA levels and inhibits the trans-
lation and protein expression of HIF-la.'”'® The mice
received an i.p. injection of PX-478 at a dose of 100 mg/kg
body weight in a phosphate-buffered saline buffer.

2.6. Bioluminescence imaging

Immediately after exercise, the fur of the ODD-Luc mice
was dried with a towel, and the mice were given an i.p. injection
containing of d-luciferin (Promega, Madison, WI, USA) in
phosphate-buffered saline buffer (150 mg/kg body weight). The
mice were kept warm until the experiment was completed. Fif-
teen min later, the mice were anesthetized with isoflurane. Fluo-
rescence imaging was performed using the IVIS Lumina system
with Living Image software 4.5 (Caliper Life Sciences, Hopkin-
ton, MA, USA). The positive control (9% O,) mice were placed
in a hypoxic chamber containing 9% O, for 4 h.'* Meanwhile,
the normoxic control (SED) mice and FVB mice were exposed
to 21% O,.

2.7. Statistical analysis

Data are presented as the mean &= SEM. Data were analyzed
using Prism 6.0 (GraphPad Software, Inc., San Diego, CA,
USA). The Hypoxyprobe values were obtained in arbitrary
units, and the mean optical density represented the intensity of
staining in specific immunoreactive areas, calculated by the
Image J image analysis software Version 1.52 (National Insti-
tutes of Health, Bethesda, MD, USA; http://rsb.info.nih.gov/ij/)
and associated plugins. Levene’s test was performed to evaluate
the homogeneity of variance, and one-way analysis of variance
(ANOVA) with the Bonferroni post hoc test was used when the
variance was homogeneous. The nonparametric Mann-Whitney
U test or Kruskal-Wallis test was used to analyze data without a
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normal distribution. A p value of less than 0.05 was considered
statistically significant.

3. Results

3.1. Exercise-induced tissue hypoxia redistribution in the
small intestine

The hypoxia probe pimonidazole HCI was used to determine
whether exercise could induce tissue hypoxia redistribution in
the small intestine. Three swimming models were conducted to
examine the effect of exercise intensity and duration on tissue
hypoxia distribution (Fig. 1A). In the control SED group, the
top of the villi in the small intestine were intensely stained,
whereas the crypt was weakly stained, showing that the small
intestine has a physiological O, gradient from the top of villi to
the crypt (Fig. 1B). One session of exercise altered the tissue
hypoxia distribution in the small intestine. Positive staining in
the crypts was markedly increased after exercise (Fig. 1B).
However, the staining in the crypts of the LE group was less
intense than that of the HE and ME groups (Fig. 1B and 1C).
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Fig. 1. Exercise-induced hypoxia redistribution in the small intestine. Pimoni-
dazole HCl was used to detect the tissue hypoxia in the small intestine of
ODD-Luc mice. (A) Horizontal bars indicate the time-points of experiments.
(B) The immunostaining (arrows) show low PO, in the villus of the SED
mice. Exercise markedly increased the staining in the crypts. However, the
intensified staining in the crypts was observed in the ME and HE groups but
not in the LE group. (C) The MOD indicated the intensity of staining in specif-
ically immunoreactive areas in the intestine of the SED, ME, HE, and LE
groups. n = 6/group; Scale bars=100 um. ** p < 0.01. HCI = hydrochloride;
HE = heavy-intensity exercise; i.p. = intraperitoneal; LE =long-time exercise;
ME = moderate exercise; MOD = mean optical density; ODD = oxygen-depen-
dent degradation domain; PO, = partial pressure of oxygen; SED = sedentary
control.
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Taken together, the results show that moderate- and heavy-
intensity exercise can induce tissue hypoxia redistribution in the
small intestine, indicating that the small intestine is susceptible
to exercise-induced tissue hypoxia.

3.2. Exercise-induced tissue hypoxia redistribution in other
organs

The post-exercise distributions of pimonidazole HCI
immunostaining were enhanced in other abdominal organs.
As shown in Fig. 2, the ME group displayed a greater extent
of positive staining in the kidney, liver, and colon than the
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Fig. 2. Moderate but not heavy-intensity or long-time exercise induced tissue
hypoxia in the kidney, liver, and colon. (A) Pimonidazole HCI was used to
detect the tissue hypoxia in the kidney, liver, and colon of ODD-Luc mice. We
found increased immunostaining in the kidney, liver, and colon of the ME
group but not in the HE or LE group, compared to the SED group; The arrows
show the areas of the renal tubules, the central veins and the crypt, which
showed positive staining after 1 session of moderate exercise. (B) The MOD
indicated the intensity of staining in specifically immunoreactive areas of the
kidney, liver, and colon in the SED, ME, HE, and LE groups. n = 6/group;
Scale bars =100 um. **p < 0.01. HC1 =hydrochloride; HE = heavy-intensity
exercise; LE =long-time exercise; ME =moderate exercise; MOD =mean
optical density; ODD = oxygen-dependent degradation domain; SED = seden-
tary control.
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control SED group. The renal tubules of the kidney showed
positive staining for hypoxia. In the liver, the positive stain-
ing radiated outward from the central veins. In the colon, pos-
itive staining was retained from the crypt to the willi.
Interestingly, the enhancement of pimonidazole HCI staining
in the HE and LE groups was not as strong as we expected,
suggesting that the exercise-induced tissue hypoxia redistri-
bution is not affected by the exercise intensity or duration.
We also examined the tissue hypoxia distribution in the heart,
skeletal muscle, and spleen, which are organs thought to
maintain or increase blood volume during exercise. No posi-
tive staining in these organs was found in either the exercised
and sedentary mice (Fig. 3).

3.3. Exercise increased the HIF-1o level in the small intestine

We examined in vivo HIF-1a expression in the abdomi-
nal area of ODD-Luc mice to confirm that the HIF-1« level
was increased by the exercise-induced tissue hypoxia
(Fig. 4A). In Fig. 4B, greater abdominal luciferase activity
was found in the positive control ODD-Luc mice which
were placed in 9% O, hypoxic chambers for 4 h than that
in the normoxia control ODD-Luc mice (9% O, vs. CON,
p=0.006). No luciferase activity was detected in the back-
ground control FVB/NJ mice. The mice that were i.p.
injected with the HIF-1« inhibitor PX-478 showed no lucif-
erase activity after moderate exercise (SWIM+PX-478 vs.
SWIM, p=0.0003). In Fig. 4C, the luciferase activity was
increased after exercise (ME vs. CON, p=0.0053; HE vs.

Heart Spleen

Skeletal muscle

SED

ME

HE

LE

Fig. 3. Exercise did not induce hypoxia in the heart, skeletal muscle or spleen
tissue. Pimonidazole HCl was used to detect the tissue hypoxia. No positive
staining was observed in the heart, skeletal muscle, and spleen of the ODD-Luc
mice with or without exercise intervention. n = 6/group; Scale bars =100 pm.
HCl1=hydrochloride; HE =heavy-intensity exercise; LE =long-time exercise;
ME =moderate exercise; ODD =oxygen-dependent degradation domain;
SED = sedentary control.
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CON, p=0.0223; LE vs. CON, p=0.0005). However, no
differences were found among the 3 exercise groups (ME
vs. HE, p > 0.99; ME vs. LE, p > 0.99; HE vs. LE, p >
0.99). Next, we observed the expression of HIF-le in the
abdominal organs to determine which organs were most
susceptible to exercise-induced tissue hypoxia. As shown
in Fig. 5, the stomach, small intestine, colon, and liver of
ODD-Luc mice were immediately harvested after one ses-
sion of moderate exercise and luciferase activity was then
detected. We found that the small intestine had a higher
photon level than the colon and liver, suggesting that the
small intestine is the target organ of exercise-induced tissue
hypoxia and HIF-1« redistribution (p < 0.01).

3.4. The post-exercise HIF-1a level was altered in a time-
dependent manner

To understand the expression pattern of HIF-1¢ in the small
intestine after exercise, we measured the in vivo HIF-1a expres-
sion in the abdominal area of the ODD-Luc mice at rest, to
obtain the baseline values, and at the Oth, 2nd, 4th, 6th, 8th,
12th, 16th, 20th, and 24th h after a moderate exercise bout. As
shown in Fig. 6, a time-course analysis of photons indicated
that HIF-1o expression significantly increased after exercise
and gradually decreased to the baseline level. The photon level
was increased at the Oth h after exercise in the ODD-Luc mice
compared to the sedentary group (p < 0.0001). The photon level
then decreased over time, and the levels at the 2nd, 4th and 6th
post-exercise hours were still greater than those of the control
group (2nd h vs. CON, p < 0.0001; 4th h vs. CON, p=0.0037;
6th h vs. CON, p=0.0326) and returned to the baseline in the
next 24 h (24th h vs. CON, p > 0.99). In summary, these find-
ings demonstrate that exercise altered the HIF-1« distribution in
the small intestine in a time-dependent manner.

4. Discussion

Exercise results in a remarkable redistribution of blood flow,
which increases in active skeletal muscles but decreases in the
splanchnic circulation.'” The regional blood flow in the kidney,
spleen, stomach, and intestine was measured by using the micro-
sphere technique in rats. Regional vascular resistance of the
intestine was 29.5 mmHg/mL/min/g before exercise and
increased to 84.5 mmHg/mL/min/g after exercise, and the results
showed that the intestinal blood flow was decreased by exer-
cise.'™!"” The effect of exercise on gastric mucosal perfusion ade-
quacy has been investigated using air tonometry in athletes, with
the results suggesting that GI system ischemia was present in all
athletes during maximum intensity exercise and in 50% of the
athletes during submaximal exercise.” Athletes with GI symp-
toms, such as stomach pain, diarrhea, and constipation, had an
increased susceptibility to developing ischemia during exercise.’
However, the relationship between exercise-induced lower blood
perfusion and hypoxia has rarely been studied in mouse models.

Sufficient blood perfusion is important to maintain GI system
function, deliver oxygen, and nutrients, and remove the prod-
ucts of metabolism. The small intestine has a unique oxygen-
ation characteristic, that is, regular fluctuations in blood
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Fig. 4. Exercise increased HIF-1« in the abdominal area. Bioluminescent imaging was used to detect HIF-1« expression in vivo. Bioluminescent imaging was used
to detect HIF-1a expression in vivo. (A) Horizontal bars show the time-points of experiments. (B) Photons in the abdominal area of mice (/eff). FVB=FVBN/J
mice were exposed to normoxic conditions, n = 3/group; CON = ODD-Luc mice were exposed to normoxic conditions, n = 3/group; 9% O, = ODD-Luc mice were
exposed to 9% O, for 4 h, n=3/group; SWIM = ODD-Luc mice swam for 30 min, n = 5/group; SWIM+PX-478 = ODD-Luc mice injected with PX-478 and swam
for 30 min, n = 3/group. The average photon radiance of the region of interest was also calculated (right). (C) Photons in the abdominal area of mice that underwent
different exercise interventions (/eff). FVB = FVBN/J mice were exposed to normoxic conditions, n =3/group; CON = ODD-Luc mice were exposed to normoxic
conditions, n = 3/group; ME = ODD-Luc mice swam for 30 min, n =4/group; HE = heavy-intensity exercise of ODD-Luc mice, n = 3/group; LE = long-time exer-
cise of ODD-Luc mice, n=4/group. The average photon radiance of the region of interest was also calculated (right). The color bar indicates the photon level
(cm?/s/steradian) and the minimum and maximum threshold values. *p < 0.05. HE = heavy-intensity exercise; HIF = hypoxia-inducible factor; LE =long-time
exercise; ME = moderate exercise; ODD = oxygen-dependent degradation domain.

perfusion.”” Additionally, in the small intestine, a steep O, gra-
dient is present from the villi to the crypt and from the anaerobic
lumen to the epithelial mucosa, leading to graded hypoxia.*’
Intestinal epithelial cells are positioned between the anaerobic
lumen and the highly metabolic lamina propria and therefore
are located in a physiologically hypoxic environment with a
steep O, gradient.”’ In the lumen, PO, is less than 1 mmHg.*’
In the present study, we investigated tissue hypoxia distribu-
tion in the internal organs of exercised mice and sedentary
mice. The local PO, was detected using pimonidazole HCL.** In
the control group, the pimonidazole HCI staining results were
consistent with those of other studies”** and showed an oxygen
gradient in the small intestine (Fig. 1) and tissue hypoxia in the
liver and the kidney (Fig. 2). A single bout of moderate exercise
exacerbated the hypoxia in small intestine the kidney, liver, and

colon (Figs. 1 and 2). In the small intestine, both the location
and extent of hypoxic tissue were altered (Fig. 1). However,
positive staining was not found before or after exercise in the
heart, skeletal muscle, and spleen tissues (Fig. 3).

HIF-1a is pivotal for survival, metabolism, and oxygen
homeostasis.”” PHDs hydroxylate a prolyl residue in the amino-
and the carboxy-terminal ODD domains.”® Factor-inhibiting
HIF hydroxylates an asparagine in the carboxy-terminal
activation domain. The regulation of both PHDs and factor-
inhibiting HIF results in the destruction of the HIFx subunit
and inactivation of transcriptional activity.”’ During hyp-
oxia, these processes are inhibited, and a transcriptionally
active complex is formed. Under normoxic conditions,
PHDs, which are HIF hydroxylases, are activated. The HIF-
la protein level in the brains of mice exposed to 6% O, for
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Fig. 5. Moderate exercise-induced HIF-1la expression in the small intestine. (A) ODD-Luc mice were immediately anesthetized and sacrificed after a bout of
30 min of swimming, n = 3/group. Their abdominal cavity viscera were removed for bioluminescence imaging to detect HIF-1o expression. The small intestine
generated a greater level of photons (arrows) than the colon, liver, and stomach. (B) The photon levels in the colon, small intestine, and liver of ODD-Luc mice
were recorded after a moderate exercise bout, 7 =3/group. **p < 0.01. The color bar indicates the photon level (cm?/s/steradian) and the minimum and maximum
threshold values. CON = ODD-Luc mice were exposed to normoxic conditions; HIF =hypoxia-inducible factor; ODD = oxygen-dependent degradation domain.

75 min was half of its maximum level 15 min after the mice
were returned to normoxic conditions and decreased to nor-
moxic levels 60 min later, indicating a rapid degradation
rate of HIF-la in vivo.”® Another study showed that the
HIF-1« protein is unstable because it has a short half-life of
5 min,'”? which increases the difficulty of detecting HIF-1la
under normoxic conditions. Therefore, we used ODD-Luc
mice that provided a bioluminescent reporter consisting of
firefly luciferase fused to a region of HIF-1«. Many applica-
tions of HIF-1« have been described, including gene regula-
tion, tumor growth, and inflammation.””~*°

In this study, a HIF-1o reporter mouse was used to further
study the influence of exercise on HIF-lo distribution. We
found that moderate exercise increased HIF-1« in the abdomi-
nal area in vivo (Fig. 4), and we further confirmed that the
expression of HIF-lo was increased in the small intestine

(Figs. 5A and 5B). We evaluated the expression of HIF-1¢ in
the small intestine by using 3 exercise models. However, the
increase in HIF-1a level was not affected by the exercise inten-
sity (Fig. 4). Additionally, we measured the photon output at
different times after exercise and found a gradual reduction.
The level of photons emitted at the Oth h, 2nd h, 4th h, and 6th h
was greater in the ME group than that in the control group
(Fig. 6). Previous studies have shown that the duration of hyp-
oxia influences the reoxygenation response.”' The delay in HIF-
la protein degradation after exercise may reflect the necessity
of retaining this protein until its target genes are upregulated,
whereas the HIF-1a and HIF-18 mRNA levels were unaffected
by changes in oxygen tension.”” Considering the role of PHDs
in HIF-1o degradation under normoxic conditions, one possible
reason for the time-dependent change in HIF-1« level after an
increases in PO, could be the recovery rate of PHD activity.
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tions; FVB = FVBN/J mice were exposed to normoxic conditions; HIF = hypoxia-inducible factor; ODD = oxygen-dependent degradation domain.

There are, however, a few limitations to our study. The
observed alterations in our study could be the effect of exer-
cise intensity, exercise duration, or the collective effect of
exercise duration and intensity. Because the duration and
exercise intensities are different among the 3 groups, deter-
mining the exact cause for the observed alterations is prob-
lematic. This limitation could be addressed in future
research.

5. Conclusion

Our study demonstrated that the small intestine is the pri-
mary target organ for exercise-induced tissue hypoxia and
HIF-1a redistribution. These observations suggest that exer-
cise affects HIF-1o and the regulation of GI functions. The
study may help us understand the protective role that moderate

exercise plays in the prevention of stress or GI symptom-
induced gut barrier dysfunction.
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