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HIGHLIGHTS
¢ Low vascular endothelial growth factor expression is observed in the elderly.
e Exercise leads to hypoxia in the splanchnic region.
¢ Mild intensity exercise induces vascular endothelial growth factor in the elderly.
¢ In older subjects, mild intensity exercise increases antioxidant capacity in the stomach.
¢ Hypoxic involvement due to exercise is more pronounced in the large intestine compared to other

parts of the digestive tract.

Abstract: Hypoxia occurs in the splanchnic region during exercise associated with sympathetic activity. In
the elderly, vascular insufficiency and low vascular endothelial growth factor (VEGF) expression are
observed. Compared to young people, sympathetic signals of older individuals are blunted and more resistant
to splanchnic blood flow alterations during exercise. VEGF induces vasodilation responses and hence may
retain blood in the splanchnic vascular bed. We hypothesized that regular mild-intensity exercise triggers
weak VEGF expression in the digestive tract of the elderly. The effects of exercise on the levels of VEGF,
superoxide dismutase (SOD), glutathione peroxidase (GPx), malondialdehyde (MDA) and total antioxidant
capacity (T-AOC) in the stomach, jejunum, ileum and colon tissues were evaluated. With exercise, the VEGF
levels in the stomach and colon increased. Although the SOD, GPx, and MDA levels decreased in the
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stomach, they increased in the colon. T-AOC increased in the stomach and there was no change in the
jejunum, ileum and colon. The hypoperfusion during exercise was not equal in all regions of the
gastrointestinal tract in the aged subjects. Hypoxia and other exercise-related mechanisms could have led to
this VEGF induction. The stomach, jejunum, and ileum might have developed resistance to ischemia. The
induction of VEGF may be beneficial in aging-associated impaired gastrointestinal homeostasis and
neovascularization.

Keywords: exercise; gastrointestinal; hypoxia; VEGF.

INTRODUCTION

Adequate blood flow to the gastrointestinal tract is essential for the supply of nutrients and oxygen and
the removal of toxic metabolic products. In the gastrointestinal tract, a reduction in blood flow up to 75%
during and after exercise related with increased sympathetic activity and gastrointestinal complaints, has
been reported [1,2]. The degree of ischemia is associated with exercise intensity. Severe and prolonged
exercise can lead to endothelial dysfunction and enterocyte injury [3,4]. However, mild and moderate exercise
effects on gastrointestinal tractus are more slight, and may yield beneficial effects such as decreasing gastric
secretion and increasing immune resistance [3,5].

Gastrointestinal symptoms and diseases gradually increase with advancing age [6]. Symptoms arising
from structural deterioration of the digestive canal wall, impaired motility function, and decreased blood flow
may occur in the elderly [7]. Mesenteric vasculopathy (such as endothelial dysfunction, atherosclerosis) has
been reported in more than 50% of the elderly [8]. As a result of vasculopathy, the digestive system of the
elderly may be more sensitive to the decrease in splanchnic blood flow during exercise. Studies have
indicated that the splanchnic blood flow in the elderly during moderate-intensity exercise is less impaired than
in the young [9]. The effects of mild exercise and the possible impacts in vasculopathy in the digestive
systems of the elderly are not clear.

VEGF induces the growth of pre-existing vessels (angiogenesis) or de novo vessels (vasculogenesis) to
provide adequate oxygen to the tissues [10]. VEGF over-expression in the postnatal murine duodenum was
found to lead to an increase in mucosal angiogenesis and vascular permeability, in addition to a rise in villus
height and the enhancement in the proliferation of epithelial cells [11]. The importance of VEGF in the
gastrointestinal tract has been highlighted in the pathogenesis of necrotizing enterocolitis (NEC) and intestinal
complications (such as edema, hemorrhage, perforation) of anti-VEGF treatments [12,13].

Research has shown that the VEGF expression in human dermal microvascular endothelial cells
(HMVECSs) and gastric mucosal endothelial cells derived from elderly individuals had decreased [14]. Due to
its role in endothelial cell function, new vessel formation and in the repair processes, VEGF expression is
critical in gastrointestinal homeostasis. The expressions of VEGF are regulated by hypoxia and the oxidants
at the transcriptional level [15]. VEGF has been known to be triggered by Hypoxia-inducible factor-1 alpha
(HIF-1a) and Reactive oxygen species (ROS) [16]. HIF-1a regulates VEGF gene expression and provides
the adaptation responses necessary for the maintenance of gastrointestinal homeostasis in hypoxia [17].
When various cells are exposed to superoxide or hydrogen peroxide in vivo and in vitro, VEGF mRNA
expressions were elevated [18]. VEGF can also be stimulated by exercise with the stimulation of lactate
receptors without the occurrence of hypoxia [19]. Increases in VEGF expression in the blood have also been
observed in some elderly exercise studies [20]. It was reported that VEGF expression was stimulated in
striated muscle by mild exercise [21]. These results support the tenet that mild exercise may be effective in
triggering VEGF in the gastrointestinal tracts of elderly subjects by hypoxic or non-hypoxic mechanisms.

Elderly individuals are prone to mucosal chronic infection (inflamm-aging) and the development of
mucosal lesions. The healing of these pathologies is not only difficult, but the functions of the endothelial cells
are also impaired and their mucosal microcirculation is poor [22,23]. Changes in microbiota caused by
advancing age disrupt immune homeostasis [24]. The role of mucosal blood flow is fundamental in the
development or recovery of many age-related increased gastrointestinal diseases such as gastric ulcers,
atrophic gastritis, mucosal dysplasia, mesenteric ischemia, diverticular disease, inflammatory bowel disease,
and colorectal cancer [25]. Literature supports the positive effects of low-intensity exercise on the physical
and cognitive health of the elderly [26]. However, the effects of low-intensity exercise on the blood flow in the
digestive tracts should be further investigated. Consequently, the question to be considered is whether
regular low-intensity exercise should be recommended to the elderly, especially those with digestive
complaints.
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We hypothesized that in elderly subjects, regular aerobic mild-intensity exercise would stimulate VEGF
responses in the digestive tract. The aim of the study is to evaluate the changes in VEGF expressions in the
gastrointestinal tract in mild exercise, and the relationship of this change as regards redox status.

MATERIAL AND METHODS

The tissue materials that were used in the current protocol were obtained from another protocol: The
Institutional Review Board/Ethical Review Board No. 48-2018 entitled “Investigation of the effects of regular
aerobic exercise on cognitive function in elderly rats”. The study had been previously approved by the
institutional ethics committee. All experimental procedures were performed by the experimental study team
in accordance with the Guide for the Care and Use of Laboratory Animals.

Old male Sprague Dawley rats aged 22—23 months were housed in individual cages with free access to
water and laboratory chow (general animal data are shown in the Table 1). Standard rodent chow was
provided in oval pellet form (containing crude protein at least 23.0 %, crude fiber no more than 7.0 %, crude
fat at least 3.0 %, 265 kcal/100 gr). The animals were kept in a 12 h light-12 h dark cycle. Room temperature
(22° = 1 °C) and humidity (60%) were kept constant. One week of handling was performed to enable the rats
to adapt to the experimental environment.

Table 1. General animal data of the animals (The values are presented with mean and standard deviation)
Body weight Body weight at the Average chow Average water intake

before end of the 6th week (g) intake (rat/day) (g) (rat/day) (mL)
experiment (g)
Exercise group 470+32 435430 72+22 70+10
Control group 442+41 437448 65+14 65+15

Experimental Design

The experiments were conducted in the institutional Physiology Laboratory between 08:00 to 12:00 a.m.
daily. The rats were divided into two groups: (1) exercise group (n = 7) and (2) control group (n = 7).

During exercise, the treadmill device for rodents (May TME 0804 Animal Treadmill, Commant Ltd,
Ankara, Turkey), on which speed and slope can be adjusted to enable the animals to walk on the rolling belts,
was used. The exercise group underwent 1 week of treadmill training to learn and adapt at 5 m/min 0° slope,
10 min/day, 5 days/week. The rats were then trained on the treadmill 30 minutes/day, 3 days/week at a speed
of 8 m/min with mild exercise intensity for 6 weeks. This exercise protocol is considered mild intensity for
elderly rats [27]. We selected a mild exercise intensity protocol which can be regularly implemented by the
elderly and may yield beneficial effects (such as providing immune support and gastric acid regulation) [3,5].
The control group was brought to the experimental room and subjected to identical handling. All the analyses
were performed for both groups.

Two days after the completion of the exercise phase, the rats were sacrificed under CO; inhalation
anesthesia, which has a rapid and short-term anesthetic effect [28]. The animals were euthanized by
decapitation. Tissue samples were obtained from the distal sections of the stomach antrum, proximal ileum
segment, proximal jejunum segment, and distal sigmoid loops of the large intestine. Tissue samples were
harvested on the ice ground and placed in the refrigerator (-80 °C) immediately after collecting.

Biochemical Measurements

The gastrointestinal tissues were weighed and homogenized with steel beads by using a BioSpec Mini-
Beadbeater-16 (BioSpec Products Inc., Bartlesville, OK, USA) in 10 volumes of Phosphate-buffered saline
(PBS) (pH=7.4). The tissue homogenates were centrifuged at 5,000 g for 15 min at 4 °C in refrigerated
centrifuge. The supernatants were used for all biochemical analyses.

Tissue enzyme-linked immunosorbent assay (ELISA) measurements for VEGF, SOD, GPx, and MDA
were performed in accordance with the kit protocol. The VEGF levels were measured with commercially
available rat-specific ELISA kits (VEGF Catalog No. EK0540, Boster Immunoleader, Pleasanton, USA, with
an assay sensitivity of <1 pg/mL and range of 15.6—1000 pg/mL). Rat-specific SOD kit (Catalog No. E0168Ra,
Bioassay Technology Laboratory, Shanghai, China, with an assay sensitivity of <0.022 ng/mL and detection
range of 0.05—-20 ng/mL) were also used in addition to a rat-specific GPx kit (Catalog No. E1242Ra, Bioassay
Technology Laboratory, Shanghai, China, with an assay sensitivity of <0.24 ng/mL and detection range of
0.5-200 ng/mL), and a rat-specific MDA kit (Catalog No. E0156Ra, Bioassay Technology Laboratory,
Shanghai, China, with an assay sensitivity of <0.01 nmol/mL and detection range of 0.05-10 nmol/mL). All
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results were expressed as per mg of tissue protein. Protein analysis was performed in accordance with the
manufacturer’s guidelines for the BCA protein assay kit (Catalog No. 23227, Pierce™ BCA Protein Assay Kit,
Thermo Fisher Scientific, Waltham, MA, USA). The absorbency changes were measured with a microplate
reader (ELx800, BioTek Instruments, Inc., Winooski, VT, USA) at 450 nm for the ELISA kits and 560 nm for
the protein assay Kit.

Total Antioxidant Capacity (T-AOC) Assay Kit (FRAP method) (Catalog No: E-BC-K225-M, Elabscience,
Wuhan, China) were used in accordance with the kit protocol. In this method principle of detection is that
Fe3*-2,4,6-tripyridyl-s-triazine (TPTZ) complex can be reduced by antioxidants and produce blue Fe?*-TPTZ
under acid condition. The antioxidant capacity of sample can be calculated by detection the absorbance value
at 590 -600 nm. The absorbency changes were measured with a microplate reader (Synergy HT, BioTek
Instruments, Winooski, VT, USA) at 595 nm for T-AOC Kkit.

Statistical Analysis

Statistical analyses were performed with IBM SPSS Statistics for Windows, Version 22.0 (IBM, Turkey).
The Mann-Whitney U test was used to analyze the statistical significance of the differences between the
groups. The correlations between the chemical parameters were calculated with Spearman's rank correlation
coefficients. The results are presented as median, minimum, maximum values and percentiles; p values of
< 0.05 were considered statistically significant.

RESULTS

The comparison with the control group indicated that in both the stomach and the colon, the VEGF levels
had increased in the exercise group (for the stomach p = 0.0017; for the colon p = 0.0017 [Fig. 1]). There
was no difference in the VEGF levels in the jejunum and ileum tissues (p > 0.05; Fig.1) related to exercise.
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Figure 1. Vascular endothelial growth factor (VEGF) levels in the gastrointestinal tract. Compared to the control group
in the exercising group, VEGF levels were higher in the stomach and colon (*p<0.01, #p<0.01).
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In the exercise group, the SOD levels in the stomach were significantly lower than those in the control
group. However, they increased in the colon (p = 0.0016 for the stomach, p = 0.006 for the colon [Figure 2-
A, 2-B]). Similarly, the comparison with the control group indicated that in the exercise group, the GPx and
MDA levels had decreased in the gastric tissues; however, they were elevated in the colon tissues (for GPx
in the stomach, p = 0.0017; for MDA in the stomach, p = 0.0017; for GPx in the colon, p = 0.012; and for MDA
in the colon, p = 0.0026 [Figure 2-A, 2-B]). There was no difference between groups in terms of the MDA and
antioxidant enzyme levels in the jejunum and ileum tissues (Fig. 2-C, 2-D).
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Figure 2. Malondialdehyde (MDA) and Superoxide dismutase (SOD), Glutathione Peroxidase (GPx) enzyme levels
in gastrointestinal tract. A. The comparison with the control group indicated that the SOD, GPx, MDA enzyme levels
were significantly lower in the stomach tissues of the exercise group (*,#,6p<0.01). B. The SOD, GPx and MDA levels
of colonic tissues in the exercise group were higher than those in the colonic tissues of the control group (*p<0.01,
#p<0.05, §p<0,01). C and D. MDA and antioxidant enzyme levels were similar in groups jejunum and ileum tissues
(p>0.05).
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T-AOC was significantly increased in the stomach and unchanged in the jejunum and ileum (p = 0.003
for the stomach; Fig.3). Although T-AOC decreased in the colon, this difference was not significant (p =
0.055).

? groups
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Figure 3. Total antioxidant capacity (T-AOC) in the stomach, jejunum, ileum and colon tissues. T-AOC measurements
were higher in the stomach tissues of the exercise group (*p<0.01).

The VEGF levels in the stomach did not exhibit correlations with the SOD, GPx, and MDA levels.
However, the VEGF levels highlighted a strong positive correlation with the SOD, GPx, and MDA levels in
the colon (r = 0.800, p = 0.002 for SOD; r = 0.736, p = 0.003 for GPx; and r = 0.855, p < 0.0001 for MDA,
respectively, as indicated in Fig. 4-B). The MDA levels were strongly correlated with the SOD and GPx in
both the stomach and the colon (for the stomach, r = 0.812, p < 0.0001 related to SOD; r = 0.893, p < 0.0001
related to GPx, for the colon, r = 0.800, p = 0.002 regarding SOD and r = 0.732, p = 0.003 regarding GPx
respectively).
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Figure 4. Correlation analysis of biochemical values in the stomach and colon. A. MDA levels exhibited a positive
correlation with both the superoxide dismutase (SOD) and the glutathione peroxidase (GPx) enzyme levels (p<0.0001
for SOD and GPx) in the stomach tissues. B. The vascular endothelial growth factor (VEGF) levels exhibited a positive
correlation with the oxidative markers (p<0.01 for SOD, GPx and p<0.0001 MDA). The malondialdehyde (MDA)
exhibited a positive correlation with both the superoxide dismutase (SOD) and the glutathione peroxidase (GPx) (p<0.01
for SOD and GPx).
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DISCUSSION

In this elderly rat study, regular low-intensity aerobic exercise increased the VEGF levels in the stomach
and colon. In addition, there was a shift towards the anti-oxidation state in the stomach and to an oxidation
state in the sigmoid colon as regards redox balance.

The circulation in the gastrointestinal tract is normally responsible for 25% of the total resting cardiac
output and total body oxygen consumption [29]. This amount is reduced by the redistribution of cardiac output,
and the directing of the blood flow to the muscle during exercise [1]. The severity of the reduction in blood
flow to the splanchnic region is influenced by several factors, such as exercise intensity, fasting status,
weight, and age [30]. Compared to younger people, the decrease in splanchnic blood flow during exercise is
less pronounced in the elderly [9]. The sympathetic responses of the elderly to the redistribution of blood flow
to the skeletal muscles were diminished. Therefore, the decrease in blood flow to the splanchnic region during
exercise is affected less [31]. The induction of VEGF associated with exercise we detected, may contribute
to the retention of blood in the splanchnic region because of the vasodilator effect. VEGF expression yield
vasorelaxation responses through nitric oxide (NO) production, decreases blood pressure and regulates the
bloodstream [32-34]. Vasodilation effects of VEGF on the digestive tract of old rats during exercise might
contribute in the preservation of blood circulation to this region.

We detected a tendency of anti-oxidation in redox status in the stomach with exercise. This situation
following exercise may demonstrate that blood flow did not decrease in this region, nor was the stomach
affected by hypoxia. The stomach is an organ which possesses strong adaptation mechanisms against stress
stimuli. The exposure of the stomach to recurrent mild stressors can engender protective—curative responses,
i.e., “adaptive cytoprotection” [35]. The prostaglandins, vasoactive mediators, and nitric oxide can produce
adaptive responses by regulating blood flow and supporting mucosal stability in the stomach [36]. Repetitive
ischemia stress may create adaptation responses. There is no evidence of impaired adaptive cytoprotecting
responses due to advanced age [37]. Studies have shown the production of HIF-1a and ROS (02", H»O,,
HOCI) triggered in gastric ischemia—reperfusion injuries have been prevented with repeated ischemia. In
addition, apoptosis, lipid peroxidation, and post-ischemic oxidative damage were alleviated [38,39]. In our
present study, it is possible the recurrent exercise-induced hypoxia for the 6-week duration promoted the
development of tolerance to ischemia and diminished ROS production. MDA, the product of lipid peroxidation,
and antioxidant enzyme levels decreased following exercise in the stomach. In a similar study, the
effectiveness of exercise in reducing the expression of the lipid peroxidation product Thiobarbituric Acid
Reactive Substances (TBARS) was demonstrated [40]. MDA production might be associated with the
decreased ROS created by the gastric mucosal epithelium, neutrophil, or other cellular sources. It is well
known that in a healthy body, there is a certain balance between free radicals and antioxidants. When the
free radicals are increased, antioxidant production is triggered, and the free radicals are removed [41]. The
reduction in free radicals may also lead to the suppression of intracellular enzymatic antioxidants. We
recorded the decreased levels of SOD and GPx in parallel with the MDA levels in the stomach and a positive
correlation between the two. T-AOC levels measured for determination of antioxidant status in the stomach
tissue increased in the exercise group. T-AOC is known to indicate the effectiveness of all intracellular,
extracellular, enzymatic and nonenzymatic antioxidants. While intracellular enzymatic antioxidants
decreased, the levels of total antioxidants increased with exercise. It is reported that the increases in SOD
and GPx levels are indicative of some disease progression (such as autoimmune skin-mucous membrane
disease and inflammatory bowel disease) associated with oxidative stress [42,43]. In these diseases, SOD
and GPx levels and TAOC levels have been shown to be inversely related [42,44]. Our results regarding mild
exercise demonstrated that there was no pronounced hypoxia in the stomach nor a shift in the balance in the
oxidative status in the antioxidant direction. Since hypoxia markers do not increase in the stomach, VEGF
expression should be stimulated in the stomach by mechanisms independent of hypoxia. Exercise can yield
VEGF stimulating effects in older people [20]. Peroxisome proliferator-activated receptor-y coactivator 1a
(PGC-1a), known as the modulator of mitochondrial biogenesis, and other possible mechanisms (such as
lactate) could provoke VEGF [19,45]. Research has indicated that through exercise, there has been
increased PGC-1a expression and mitochondrial biogenesis, and that mitochondrial functions have improved
in the elderly [46]. The mitochondrial functions are important in the ROS production associated with aging
[47]. The rising lactate and/or PGC-1a levels and improved mitochondrial functions may help to elevate VEGF
levels. The induction of VEGF in the stomach may have contributed to the maintenance of blood flow.

In contrast to the stomach, the sigmoid colon of old rats may be negatively affected by exercise as
regards oxidative status. A study conducted on dogs indicated that the regeneration capacity of the large
intestine was weaker than that of the small intestine [48]. The weak regeneration capacity of the large
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intestine in this study was linked to the relatively poorer vascular support. An experimental rat study
demonstrated that the fractional evaluation of blood flow in different parts of the gastrointestinal tract was 0,4
mL/minute/gram in the stomach and 0.2 mL/minute/gram in the rectosigmoid [49]. Another study highlighted
the gradual decrease in mucosal capillary density towards the end of the large intestine [50]. Compared to
other regions of the gastrointestinal tract, this region -the final section of the large intestine- appears to have
a weaker blood supply. In addition, as a result of aging, vascular support gradually worsens. Both in the
young and elderly, the effect of exercise on blood flow in this region is unclear in the literature. The increase
in the MDA and defensive increase in the intracellular enzymatic antioxidants that were detected in the
present study may be related to the vascular sparseness of the sigmoid colon and the substantial reduction
in the exercise-related blood flow in old subjects. When compared to the non-exercising group, although the
T-AOC level in the sigmoid colon decreased in the exercise group, there was no statistically significant
difference. An inverse relationship has been shown in the TNBS-induced colitis model between T-AOC and
MDA [51]. We could not detect a decrease in T-AOC levels even though hypoxia related lipid peroxidation
increased. Preserving antioxidant capacity in the colon tissues may be the result of triggered mechanisms
associated with exercise.

We observed a strong positive correlation between the VEGF and the oxidative markers in the sigmoid
colon. This situation indicates that hypoxic influences may be partially effective in triggering VEGF
expression. Our findings suggest that hypoxia is more pronounced in the sigmoid colon compared to other
proximal parts of the digestive tract. However, the hypoxic effect may not be very harmful due to the
preservation of the antioxidant capacity.

In our study with regular mild exercise, we detected no changes in the balance of oxidative status and
VEGEF levels in the small intestine (both the jejunum and ileum). In a previous study, the fractional blood flow
of the small intestine was found to be higher than the other splanchnic regions [52]. In addition, the small
intestine has similar ischemia-tolerance mechanisms like the stomach called ischemic preconditioning [53].
A study reported that in the small intestines of rats, repeated intermittent periods of ischemia attenuated
intestinal injuries [39]. Stable VEGF and oxidative status in the small intestine may be associated with regular
blood flow to this area during exercise.

In this study, the effects of mild exercise on older subjects were examined. The limitation of the study is
that compared to the young individuals, changes could not be demonstrated. In the digestive tract the
morphological and functional results caused by exercise are also uncertain. Oxidative status and VEGF
induction changes in the digestive tract and the clinical consequences of these changes in old subjects can
be supported by further studies.

CONCLUSION

In different sections of the digestive tracts of aged subjects, vascular distribution, adaptation responses,
and ischemia tolerance vary, and the effects of exercise on each section is different. It can be speculated
that hypoxia does not occur in the proximal part of the gastrointestinal tractus, or adaptive responses against
hypoxia are preserved in the stomach, jejunum and ileum tissues of old subjects during regular mild exercise.
The stomach was positively affected by mild regular exercise; however, hypoxia was evident in the final
section of the large intestine. In this case, regular mild exercise may be recommended to the elderly with
complaints for the upper gastrointestinal tract (such as reflux esophagitis, peptic ulcer, gastritis). However,
exercise recommendations should be more cautious for the elderly who have complaints concerning the last
sections of the digestive tract (such as colonic fibrosis, anal incontinence, rectal polyps and constipation).
Although there is a marker of lipid peroxidation in the large intestine, the VEGF induction like the stomach
occurs. The VEGF has positive effects on gastrointestinal homeostasis. The cumulative effects of exercise-
induced oxidants/antioxidant and VEGF on the morphology and functions of the digestive tract are open to
research.
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