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Abstract: Inflammatory bowel disease (IBD) induces immunological and autonomic im-
balances. Exercise is a beneficial strategy for controlling IBD symptoms. We investi-
gated the role of exercise on gastrointestinal (GI) motility changes and autonomic pa-
rameters in rats with ileitis. Rats were divided into control, ileitis, and exercise+ileitis
groups. lleitis was induced by TNBS (40 mM, intraileally). The exercise was swim-
ming (1 h/day/4 weeks, 5%/bw). We assessed eating behaviour and oxidative stress.
Body composition was assessed by bioimpedance. Autonomic balance and ECG pa-
rameters were measured by an electrocardiogram (ECG). Gastrointestinal motility was
evaluated using the phenol red technique. In terms of body composition, total body
water (TBW), body mass index (BMI), and fat-free mass (FFM) were higher in the
ileitis group (216.80 4= 11.44 mL; 24.09 + 2.15 g/cm?; 287.1 & 14.66 g) (p < 0.05) vs. con-
trol rats (130.06 4= 28.23 mL; 16.38 4- 2.50 g/cm?; 193 + 42.21 g) and exercise prevented
(91.33 +12.33 mL; 11.73 + 0.47 g/cm?; 133.8 + 16.82 g) (p < 0.05) these changes. The exer-
cise+ileitis group induces a reduction (p < 0.05) in gastric retention vs. ileitis and control
(11.22 £ 1.91% vs. 35.17 £ 1.01% and 33.96 + 1.77%). lleitis increased intestinal reten-
tion in the duodenum (46.3 + 2.56% vs. 24.98 £ 1.78%) and jejunum (34.22 + 2.33% and
34.72 £ 2.83% vs. 47.32 £ 1.48%) (p < 0.05) and decreased intestinal retention in the ileum
(p < 0.05) vs. the control group. Exercise-+ileitis prevented (p < 0.05) changes in the duode-
num (24.96 £ 1.66% vs. 46.3 £ 2.56%) and ileum (40.32 & 3.75% vs. 14.08 £ 0.88%). Ileitis
induces high MDA levels (p < 0.05) vs. control rats (4.43 £ 0.69 vs. 2.15 £ 0.12 nmol/mg of
the tissue). This effect was prevented (p < 0.05) in the exercise-+ileitis group (2.75 & 0.21 vs.
4.43 + 0.69 nmol/mg of the tissue). We observed a reduction in the LF component (p < 0.05)
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in the ileitis group vs. control group (31.32 £ 3.99 vs. 43.43 + 3.86). The correlation
indicated a stronger interrelationship between the autonomic parameter and intestinal
retention in the ileum (r: 0.68; p: 0.04). The current study suggests intestinal ileitis al-
ters GI motility and autonomic balance, and physical exercise can represent an essential
non-pharmacological approach to IBD treatment.

Keywords: eating behavior; autonomic nervous system; trinitrobenzenesulfonic acid; ileitis;
inflammatory bowel diseases; physical exercise

1. Introduction

Inflammatory bowel disease (IBD) arises from an inflammatory process within the
gastrointestinal tract (GIT), primarily ulcerative colitis (UC) and Crohn’s disease (CD), and
is characterized by debilitating and chronic relapsing and remitting inflammation [1,2].
These are multifaceted disorders stemming from various factors, including imbalances in
intestinal microbiota, dysregulated immune responses, autonomic dysfunction, appetite
dysregulation, and alterations in body composition [3,4].

The intestine communicates with the brain through the autonomic nervous system
(ANS)—including the sympathetic and parasympathetic divisions—and the enteric ner-
vous system (ENS) [4]. The sympathetic nervous system (SNS) regulates gastric and
immunological functions. In contrast, the parasympathetic nervous system (PNS) mod-
ulates anti-inflammatory pathways, gastrointestinal motility, and secretion within the
digestive tract through the vagus nerve, which innervates most organs, particularly the
gastrointestinal tract [5].

The interaction between the autonomic nervous system and intestinal immunological
responses is crucial for maintaining tissue homeostasis and regulating intestinal inflam-
matory responses. Within the GIT, vagal innervation plays a significant role by directly
modulating enteric neurons and indirectly interacting with splenic immune cells, thus
maintaining an anti-inflammatory environment [6]. Various strategies, including pharma-
cological interventions and lifestyle modifications, can be considered to treat intestinal
bowel disease.

Scientific evidence suggests that patients with IBDs can have an increased risk of car-
diovascular diseases such as myocardial infarction and stroke and overall higher mortality,
especially during active disease states [7]. In this context, heart rate variability can be used
to investigate changes in the autonomic nervous system in different disease types. Experi-
mental models, such as those of ulcerative colitis and Crohn’s disease, have been used to
study the effects of these diseases on sympathetic neurophysiology. In different regions
of the GI, such as the intestine, the inflammation has been associated with a decrease in
noradrenaline release from sympathetic varicosities [8].

On the other hand, the measurement of heart rate variability (HRV) has been used to
assess changes in the sympathovagal balance in rats with colitis by 2,4,6-trinitrobenzene
sulfonic acid solution (TNBS) [9]. Moreover, in clinical studies, the results and the use
of HRV for the correlation with the changes in intestinal bowel disease are controversial
because it is still unclear how HRYV is correlated with disease severity within diseased
populations or whether changes in HRV are associated with successful treatment or if HRV
differs between diseased and healthy states [10].

Changes in body composition have been noted in patients with IBDs, characterized
by muscle mass depletion and increased mesenteric adipose tissue [11]. Animal models
have investigated this issue to predict disease prognosis [12]. Experimental models of
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acute and chronic IBD have demonstrated a decrease in intestinal nutrient absorption
compared to healthy controls. Furthermore, metabolic recovery during the chronic phase
of the disease indicates an adaptive response to inflammation [13]. In addition, alterations
in food intake, body composition, and metabolic rate in different stages of the disease can
modulate inflammatory properties and the levels of oxidative stress in IBD [14].

Physical exercise has been investigated as a potential intervention to improve intestinal
inflammation by its effects on the microbiota, and it has been shown to improve body
composition while reducing oxidative stress and inflammation [15]. This is achieved by
releasing anti-inflammatory mediators by skeletal muscles, known as myokines, which can
exert effects within the GIT [16]. Swimming exercise in animal models leads to neuroen-
docrine changes. It modifies intestinal motility due to mechanisms involving cholinergic
transmission, affecting the resting membrane potential and showing beneficial effects on
the gastrointestinal tract [17].

Santos and colleagues [18] also investigated the effects of aerobic physical exercise
(swimming without overload for 1 h per day, for five days a week/8 weeks) and strength
training (jump 4 x 10 repetitions/5 days a week/8 week with progressive overload) as
treatments of animals with ulcerative colitis induced by acetic acid. Despite recent efforts
to elucidate the role of physical exercise in the inflammatory process, autonomic regula-
tion, and gastrointestinal functions, there is still a poor understanding of the underlying
mechanisms. Therefore, research aimed at elucidating the impact of physical exercise on
gastrointestinal and autonomic functions in rats with intestinal ileitis can significantly
contribute to the therapeutic management of the disease.

2. Materials and Methods
2.1. Animals and Ethical Approval

Male Wistar rats (n = 5-19/group) weighing between 260 and 300 g were utilized
in this study. The groups were divided into control, inflammatory ileitis (ileitis), and
exercise + inflammatory ileitis (exercise+ileitis). The rats were obtained from the Federal
University of Piaui, Brazil. They were housed in collective cages with ad libitum access
to water, and food consumption was controlled throughout the study period, both before
and after inflammatory ileitis induction. The housing environment was maintained at
a controlled temperature of 28 & 2 °C, with a 12/12 h light/dark cycle. All procedures
were conducted according to the recommendations in the “Guide to the Care and Use of
Laboratory Animals” and were approved by the Ethics Committee on Animal Use (CEUA)
of the Federal University of Piauf (Protocol 687/21). The experimental design is depicted
in Figure 1.
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Figure 1. The animals were divided into control, ileitis, and exercise+ileitis groups. The exercise-+ileitis
group underwent adaptation to the liquid environment for one week, and the following week began
the swimming exercise protocol that lasted 4 weeks. The ileitis and ileitis+exercise groups received
2,4,6-trinitrobenzene sulfonic acid (TNBS) in the ileum, and the control group was injected with saline.
In week 6 of the protocol, body weight and food consumption were evaluated after ileitis induction.
On the 7th day, the animals underwent BIA, ECG, and GI emptying, and biomarkers of oxidative
stress were analyzed in the ileal tissue. 2,4,6-trinitrobenzene sulfonic acid (TNBS), bioelectrical
impedance (BIA), electrocardiogram (ECG), and evaluation of the gastrointestinal (GI) tract.

2.2. Physical Exercise Protocol

The moderate-intensity exercise protocol was based on the methods described by
Soares et al. [19]. Before the training, all rats adapted to the liquid medium. In the
exercise+ileitis group, the exercise protocol was initiated four weeks before inflammatory
ileitis induction. The exercise regimen involved swimming with an overload of 5% of
body weight attached to the rats’ tails in collective tanks measuring 100 cm long x 80 cm
wide x 80 cm high, with the temperature maintained at approximately 30 &+ 2 °C. Each
tank accommodated a maximum of 4 rats, with the water depth set at 50 cm. The rats
engaged in swimming for 1 h per day, five days per week, and four weeks. Sedentary rats
were exposed to shallow water without physical exertion to eliminate any stress-related
bias from water contact.

2.3. Ileitis Induction Model

The inflammatory ileitis model was induced by the injection of 2,4,6-trinitrobenzene
sulfonic acid (TNBS) directly into the lumen of rats’ ileum, following previously described
procedures [20,21], as presented in Figure 2. A detailed description of the inflammatory
ileitis model used in the present study is provided by Pontell et al. [22]. After an 8 h fasting
period, the rats were anaesthetized with ketamine (80 mg/kg) and xylazine (20 mg/kg,
im.). A midline laparotomy was then performed to exteriorize the terminal ileal loop, and
approximately 10 cm of the ileocolonic junction was exposed. A solution was prepared to
consist of (40 uL. of the TNBS + 330 uL of ethanol and 730 puL of 0.9% saline for induction of
ileitis). The final solution (TNBS 40 uM) was administrated in the ileal lumen using a 27.5 G
1/2 needle. Control rats received 1 mL of 0.9% saline. After administration, the laparotomy
was sutured in continuous stitches in the opened muscular layer, with surgical suture
and stitch-by-stitch in the external layer. All rats were treated with ampicillin sodium
(200 mg/kg, i.m.).
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Figure 2. A midline laparotomy was performed, and the terminal ileal loop was exposed. Approx-
imately 10 cm of the ileocolonic junction was exposed for injection of 1 mL of a solution prepared
with TNBS into the ileal lumen, and the control animals were injected with 9% saline. The cecum of
the animal shown in 1 is located, and 2,4,6-trinitrobenzene sulfonic acid (TNBS) is injected 10 cm in
the ileocecal direction shown in 2 for induction of ileitis.

2.4. Assessment of Feed Intake Behavior

Feed consumption behavior was assessed seven days after initiating the ileitis in-
duction protocol. The animals were individually placed in cages, and feed intake was
monitored daily between 10 and 11 a.m. Each rat had free access to filtered water and 40.0 g
of standard pellet feed (Presence Rats and Mice®—Agribands Purina do Brazil Ltd.a, Pauli-
nia, SP, Brazil), and the amount consumed during a 24 h interval was quantified [23]. Based
on the proximate composition of the feed as 380 kcal/100 g, 63.0 g of carbohydrate/100 g,
23.0 g of protein/100 g, and 4.0 g of fat/100 g of feed, the following nutritional indices
were calculated [23]:

1.  Energy intake (EI, kcal/day) = average food consumption (g) x dietary metabolizable
energy (kcal);

2. Feed efficiency (FE, %) = (average body weight gain (g) x 100)/energy intake
(kcal/day);

3. Voluntary food intake (VFI, %) = (average food intake x 100)/average body weight.

2.5. Body Composition Assessment

In all groups (control, ileitis, and exercise+ileitis induction, we assessed body com-
position by the bioimpedance spectroscopy (BIS) method using an ImpediMED® device
(Australia/New Zealand), following a protocol previously reported by Santos et al. [24]
After the anesthesia with ketamine (80 mg/kg) and xylazine (20 mg/kg/100 g, i.m.), the
rats were placed in a supine position on a flat surface for the insertion of four electrodes
via hypodermic needles (two in the head and two in the tail). Subsequently, the electrodes
were connected to the spectroscope to assess parameters including fat mass (FM; in g),
fat-free mass (FFM; in g), total body water (TBW; in mL), extracellular fluid (ECF; in mL),
intracellular fluid (ICF; in mL), and body mass index (BMI; in g/cm?).

2.6. Assessment of Gastrointestinal Motility

The assessment of gastric emptying was conducted seven days after the 4 weeks train-
ing period of the control, ileitis, and exercise-+ileitis groups. One week after ileitis induction,
the groups underwent an 18 h fast. On each experimental day, the rats received a liquid test
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meal via gavage (1.5 mL of 50 mg/mL phenol red in a 5% glucose solution). After a 10 min
postprandial interval, the rats were euthanized with an overdose of thiopental (100 mg/kg,
i.p). The gastric retention was evaluated according to the method described by Reynell and
Spray [25]. The linear coefficient (c) of the dilution curve defined the concentration of the
solution (C = OD) and the amount of phenol red (m) that was recovered from each segment
(m = C x volume). The fractional values of gastric or intestinal dye recovery are expressed
as follows: dye recovery (%) =1 — (amount of phenol red recovered in the stomach or
intestinal portion/total amount of phenol red recovered from all segments) x 100.

2.7. Malondialdehyde (MDA) Assessment

Intestinal tissue samples (ileum) of the control, ileitis, and exercise+ileitis groups were
homogenized in a cold 1.15% KCl solution (1 mL per 100 mg of tissue). Briefly, 250 uL of
each homogenate was mixed with 1% phosphoric acid (H3zPO,) and 0.6% thiobarbituric
acid in aqueous solution. The mixture was stirred and heated in a boiling water bath for
45 min. Subsequently, it was rapidly cooled in an ice-water bath, and 4 mL of n-butanol
was added. The mixture was stirred, and the butanol layer was separated by centrifugation
at 1200 rpm for 15 min. Optical density was measured at both 535 nm and 520 nm, and the
difference between the two readings was recorded as the thiobarbituric acid value. The
results were quantified as nanomoles per milligram of tissue (nmol/mg tissue) [26].

2.8. Glutathione (GSH) Analysis

The GSH concentration in intestinal tissue samples (ileum) was determined in the
three groups using the method described by Olivera et al. [27]. This analysis involves
measuring non-protein sulthydryl groups (NPSH). Samples of 50 to 100 mg of the ileum
tissue from the animals were homogenized in 1 mL of 0.02 M EDTA per 100 mg of tissue.
Aliquots of 400 uL of the homogenate were mixed with 320 pL of distilled water, and 80 uL
of 50% trichloroacetic acid (TCA) was added for protein precipitation. The tubes were
centrifuged at 3000 rpm/4 °C for 15 min. Subsequently, 400 uL of the supernatant was
combined with 800 pL of 0.4 M Tris buffer (pH 8.9) and 20 puL of dithiol nitrobenzoic acid
(DTNB, or Ellman’s reagent). The mixture was stirred for 3 min, and the absorbance was
measured at 412 nm using a spectrophotometer. The concentrations of NPSH are expressed
as mg NPSH per mg of tissue.

2.9. Nitrite/Nitrate (NOx) Evaluation

Nitric oxide production in the intestinal tissue (ileum) of the control, ileitis, and
exercise+ileitis groups was assessed indirectly by measuring nitrate (NO3 ™) and nitrite
(NO,7) levels, collectively referred to as NOXx, using the Griess assay. Serum NO" was
detected using the modified Griess reaction, where nitrate is reduced to nitrite. This
reaction allows the measurement of the total NO' (nitrate + nitrite = NOx) present in the
tissue analyzed [28]. Tissue samples were macerated in a 0.15 M potassium chloride (KCI)
solution, and the resulting homogenate was centrifuged under refrigeration. Subsequently,
the supernatant (100 uL) was combined with Griess’ reagent (100 uL) containing phosphoric
acid, sulfanilamide, and N-(1-naphthyl) ethylenediamine dihydrochloride. After a 10 min
incubation period, the absorbance of the samples was measured at 540 nm. The results are
expressed in micromoles of NOx as adapted from [29].

2.10. Superoxide Dismutase (SOD) Levels

Intestinal tissue samples (ileum) of the control, ileitis, and exercise+ileitis groups
were prepared to prepare a 10% homogenate, then centrifuged at 3000 rpm for 15 min at
four °C. Each sample was subsequently mixed with a solution containing phosphate buffer,
L-methionine (20 mM), Triton X-100 (1% v/v), hydroxylamine chloride (10 mM), and EDTA
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(50 uM). The tubes were incubated in a water bath at 37 °C for 5 min. Riboflavin (50 M)
was added, and all measurements were standardized in a white light box for 10 min. The
solution was transferred to an ELISA plate, and a Griess reagent was added. Absorbance
readings were taken using an ELISA reader at 550 nm. The SOD unit value (USOD/ g
tissue) was then calculated as adapted from [30].

2.11. Assessment of the Weight of Organs and Tissues

The organ and tissue weights were measured according to an adaptation of the method
described by Santos et al. [24]. After euthanasia, each rat’s heart, duodenum, jejunum,
ileum and colon were removed. These tissues were weighed, and the values were adjusted
to grams per 100 g of organ or tissue weight.

2.12. Cardiac Activity and HRV Assessment

On day six after induction in all groups (control, ileitis, or ileitis+exercise), the rats
were anesthetized with ketamine (80 mg/kg, im.) and xylazine (20 mg/kg, i.m.) for
the bilateral implantation of copper wire coated with insulating material. The wire ends
were placed in the thoracic region and right hind paw to monitor electrocardiogram (ECG)
activity, with one end sutured to the animal and the other for current capture [31]. One day
later, the wires were connected to a transducer and an electrocardiography (ECG) module
linked to a signal acquisition system (Powerlab 4 /20, ADInstruments®, LabChart Pro 8.0)
for continuous ECG recordings in lead II derivation. Heart rate (HR; beats per minute,
bpm) signals were derived from the R-R” interval. For the analysis of heart rate variability
(HRV), the R-R” interval was derived from the ECG using fast Fourier transformation
(FFT) with the software (LabChart 8.0 ADInstruments®, Fortaleza, Brazil). Initially, R
waves were detected from a 20 min undisturbed baseline period to create an interval
tachogram. The tachogram underwent preprocessing, and the recording was segmented
into 1000 data point segments using a ‘Hamming’ tapering window to prevent spectral
leakage. The FFT algorithm was then applied to generate periodograms and estimate the R-
R” interval spectrum. ECG monitoring also included a measurement of the PR interval and
the correction of values for PR, QRS, QTc, QT intervals, P and JT durations, and amplitudes
of Q, R, S, and P, as well as ST height. The Bazett formula was used to determine the QTc
interval, as follows:

QTc = QT interval = /(RR interval)

The FFT algorithm generated a spectral density graph depicting frequency compo-
nents, and the area under the curve was integrated for each oscillatory component, namely
the low frequency (LF) and the high frequency (HF). The oscillatory components were
then categorized as LF (0.04-0.15 Hz) and HF (0.15-0.4 Hz). Additionally, the data were
expressed as the LE/HF ratio (%), reflecting the complex interplay between sympathetic
and parasympathetic modulation. The power and relationship of the LF and HF compo-
nents were expressed in normalized units (nu) and percentages (%). Furthermore, the
components included the square root of the mean squares of the differences between adja-
cent regular RR intervals (RMSSD; ms) and the standard deviation of regular RR intervals
(SDRR; ms).

2.13. Statistical Analysis

The Kolmogorov-Smirnov test was employed to assess data normality. For compari-
son between the studied groups, one-way or two-way ANOVA was utilized for variables
with normal distribution, followed by the Tukey test for post-hoc analysis. Alternatively,
for variables with nonparametric distribution, the one-way or two-way ANOVA tests were
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followed by the Kruskal-Wallis test. A 95% confidence interval (p < 0.05) was consid-
ered significant.

3. Results
3.1. Body Weight and Daily Consumption

Figure 3 presents the results of the variation in body weight and feed intake among
the control, ileitis, and exercise+ileitis groups, observed seven days after ileitis induction.
We did not observe a difference between body weight and feed intake in all groups during
the seven days (Figure 3A,B).
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Figure 3. Analysis of body weight and food consumption for 7 days after induction of ileitis in boxes
(A,B). Experimental groups: control (1 = 13), ileitis (1 = 18), and exercise+ileitis (n = 14). Data are
expressed as mean £ (SEM) and were statistically analyzed using the two-way ANOVA test, followed
by Tukey’s test. Where values of p < 0.05 were considered significant.

3.2. Nutritional Parameters

Figure 4A,B indicate the energy intake (EI) and feed efficiency. We did not observe
differences between all groups six days after induction. Figure 4C depicts a significant high
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(p < 0.05) in VFI on day 2 in the exercise-+lleitis group compared with the ileitis and control
groups (7.95 £ 0.28% vs. 4.1 & 0.6% and 4.8 & 0.475) and exercise-+ileitis vs. ileitis on day 4
(8.03 £ 0.28% vs. 6.5 & 0.5%).
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Figure 4. Analysis of energy intake, feed efficiency, and voluntary food intake over 7 days after
induction of ileitis (A—C). Experimental groups: control (n = 18), ileitis (n = 16), and exercise+]leitis
(n =19). Data are expressed as mean + (SEM) and were statistically analyzed using the two-way
ANOVA test, followed by Tukey’s test. Significance: * vs. control, p < 0.05; # vs. ileitis, p < 0.05.
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3.3. Body Composition Assessment

Table 1 presents the body composition analysis results for the three groups. Rats
in the ileitis group exhibited a significantly high (p < 0.05) in total body water (TBW),
extracellular fluid (ECF), intracellular fluid (ICF), fat-free mass (FFM), and body mass index
(BMI) compared to the control group. Compared to the ileitis group, the exercise-+ileitis
group prevented this high (p < 0.05) in TBW, ECF, ICF, FFM, and BMI. Regarding fat mass
(FM), no significant difference was observed between the ileitis and control groups.

Table 1. Body composition parameters.

Parameters Control Ileitis Exercise+Ileitis
TBW (mL) 130.60 + 28.23 216.80 +11.44 * 91.33 +£12.33 %
ECF (mL) 52.19 + 15.75 96.32 £ 5.16 * 38.99 + 7.49 #
ICF (mL) 78.37 + 12.56 120.50 £ 6.60 * 52.34 + 5.58 *
FFM (g) 193.00 + 42.21 287.10 4+ 14.66 * 133.80 + 16.82 #
FM (g) 172.40 £ 7.61 152.80 £ 11.82 174.90 + 15.35
BMI (g/cmz) 16.38 4+ 2.50 24,09 £2.15*% 11.73 £ 047 #

Total water body (TWB); extracellular fluid (ECF); intracellular fluid (ICF); fat-free mass (FEM); fat mass (FM);
body mass index (BMI). Experimental groups: control (n = 7), ileitis (n = 8), and exercise+ileitis (n = 5). Data are
expressed as mean + (SEM) and were statistically analyzed using the one-way ANOVA test, followed by Tukey’s
test. Significance * vs. control, p < 0.05; # ys. ileitis, p <0.05.

3.4. Gastrointestinal Parameters

Figure 5 shows the gastrointestinal parameters, including gastric retention and re-
tention in different intestinal segments, in the control, ileitis, and exercise-+ileitis groups.
As indicated in Figure 5A, there were no differences in gastric retention between the con-
trol and ileitis groups. However, the exercise+ileitis group had lower (p < 0.05) gastric
retention compared to the ileitis and control groups (11.22 £ 1.91% vs. 35.17 4= 1.01% and
33.9 + 1.77%). Figure 5B presents the retention in the duodenum. The intestinal reten-
tion in the duodenum was significantly higher (p < 0.05) in comparison with the control
group (46.3 = 2.56% vs. 24.98 + 1.78%). The exercise+ileitis group significantly prevented
(p < 0.05) this effect compared to the ileitis group (24.96 &+ 1.66% vs. 46.3 £ 2.56%).

Figure 5C indicates the retention in the jejunum. In both groups, ileitis and exer-
cise+ileitis, we observed a significant reduction (p < 0.05) in the jejunal retention compared
to the control group (34.22 £ 2.33% and 34.72 £ 2.83% vs. 47.32 £ 1.48%). However, no
significant difference was observed in the exercise+ileitis group compared to the ileitis
group. Finally, Figure 5D illustrates the intestinal retention in the ileum, for which there
was a significant reduction (p < 0.05) in ileum retention in the ileitis group in comparison
with the control group (14.08 £ 0.88% vs. 34.15 & 2.39%). Exercise+ileitis prevented this
increase (p < 0.05) compared with the ileitis group (40.32 £ 3.75% vs. 14.08 £ 0.88%).
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Figure 5. Analysis of gastric retention and intestinal transit in animals with ileitis and previously
treated with exercise. Gastric retention (%) (A). Intestinal transit in the duodenum portion (B). Intesti-
nal transit in the jejunum portion (C). Intestinal transit in the ileum portion (D). Experimental groups:
control (n = 12), ileitis (n = 10), and exercise+ileitis (n = 11). Data are expressed as mean + (SEM) and
were statistically analyzed using the one-way ANOVA test, followed by Tukey’s or Kruskal-Wallis
test. * vs. control, p < 0.05; # vs. ileitis, p < 0.05, ns means not significant.

3.5. Biomarkers of Oxidative Stress

Figure 6A shows NOx activity in the ileum of the control, ileitis, and exercise+ileitis
groups. We did not observe a difference between ileitis and the control group.

However, the exercise+ileitis group showed a significant increase (p < 0.05) in lev-
els of NOx compared to the ileitis and control groups (342.7 &+ 53.35 vs. 222.40 £ 5.86
and 189.60 £ 13.95 uM). Therefore, the exercise+ileitis group showed a significant de-
crease (p < 0.05) in NO production compared to the ileitis and control groups; since NO3 ™~
and NO;~ (NOx) are involved in the generation of NO, the higher levels of NOx in-
dicate a lower production of NO. Figure 6B shows the concentrations of malondialde-
hyde (MDA) in the ileum of the three groups. Compared with the control group, there
was a significant high (p < 0.05) in MDA concentration in the ileitis group (4.43 % 0.69
vs. 2.15 £ 0.12 nmol/mg of the tissue). On the other hand, this phenomenon was pre-
vented (p < 0.05) in the exercise+ileitis group compared with the values of the ileitis group
(2.75 £ 0.21 vs. 4.43 £ 0.69 nmol/mg of the tissue).



Antioxidants 2025, 14, 328

12 of 25

(A) " (B) | )
o 1
500 I = . z ) "
—_— 1 3 B
S 400- s i
= e T
£ 300 E& 4
Z 32 N
= 200 < £ 4
] ~ 24
(=] s g
= 100+ 9
0 r E 0 T '
Control Exercise < Control Exercise
lleitis lleitis
(€) . (D)
- L o
§ 251 il 3 2.5
S 201 ' 2 2.0
£ o
25 15 % £ 1.5
T =D -
% & 10 o iy
oy o= g
T I @ - 0.5
g 8
= % : 2 00 ,
Control Exercise =2 Coriiel Excrcica
Ll lleitis

Figure 6. Analysis of biomarkers of oxidative stress in animals’ control, ileitis, and exercise+ileitis
on nitrite (uM), of ileal tissue in control (n = 9), ileitis (n = 7), and exercise+ileitis (n =7). (A);
MDA (nmol/g) of ileal tissue in control (1 = 7), ileitis (n = 6), and exercise+ileitis (n =6) (B), GSH
(NPSH/mg) of ileal tissue in control (1 = 8), ileitis (1 = 12), and exercise+ileitis (1 = 9) (C), SOD (U) of
ileal tissue in control (n = 10), ileitis (n = 14), and exercise-+ileitis (n = 9) (D). * vs. control, p < 0.05;
# vs. ileitis, p < 0.05. Data are expressed as mean + (SEM) and were statistically analyzed using the
one-way ANOVA test, followed by Tukey’s or Kruskal-Wallis test. Significance: p < 0.05, ns means
not significant.

Figure 6C shows the concentrations of glutathione (GSH) in the ileum of the three
groups. Compared to the control group, there was a significant reduction (p < 0.05) in GSH
concentration in the ileitis and exercise+ileitis groups (22.06 + 1.7 vs. 17.26 & 0.44 and
18.11 £ 0.71 NPSH/mg of the tissue). There was no significant difference between the exer-
cise+ileitis group and the ileitis group. Figure 6D shows the superoxide dismutase (SOD)
activity in the ileum of all groups. In the exercise+ileitis group, a significant high (p < 0.05)
was observed compared to the ileitis and control groups (2.04 & 0.07 vs 1.39.0 £ 0.07 and
1.06 £ 0.13 USOD/mg of the tissue). We did not observe a difference between the ileitis
and control groups.

3.6. Weight of the Gastrointestinal Tissue and Heart

Table 2 presents the relative weight of the gastrointestinal tissue and heart in the
control, ileitis, and exercise+ileitis groups. In the ileitis group, a significant high (p < 0.05)
was observed in the ileum and colon compared to the control group. There were not
observed differences between the ileitis and the control group in the heart and duodenum.
However, in the exercise+ileitis group, a significant high (p < 0.05) was observed in the
heart, duodenum, and colon compared to ileitis and the control group.
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Table 2. Relative weight of organs per 100 g of animal weight.
Tissue Control Ileitis Exercise+Ileitis
Heart (g/100 g) 0.3530 £ 0.022 0.3453 £+ 0.02 0.6176 + 0.084 *#
Duodenum (g/100 g) 0.223 = 0.0177 0.256 = 0.03 0.4855 + 0.031 *#
Ileum (g/100 g) 0.3687 + 0.024 0.5034 + 0.037 * 0.3563 4 0.046 *
Colon (g/100 g) 0.513 + 0.034 0.574 + 0.026 1.385 + 0.118 *#

Heart (g/100 g), duodenum (g/100 g), ileum (g/100 g), and colon (g/100 g). Experimental groups: control (n = 10),
ileitis (n = 10), and exercise+ileitis (n = 10). Data are expressed as mean + (SEM) and were statistically analyzed
using the one-way ANOVA test, followed by Tukey’s. Significance * vs. control, p < 0.05; * vs. ileitis, p < 0.05.

3.7. Electrocardiogram (ECG)

Table 3 presents the electrocardiogram (ECG) data of the three groups. No significant
differences were observed between the control and ileitis groups concerning the heart rate
(HR) and R-R” interval. In the exercise+ileitis group, there was a significant reduction
(p <0.05) in HR, and the R-R” interval was significantly high (p < 0.05) in comparison with
the ileitis group. However, there were no differences between other ECG parameters.

Table 3. Electrocardiogram parameters.

Parameters Control Ileitis Exercise+Ileitis
HR (bpm) 391.1 £ 10.06 368.6 = 8.315 342 + 5.235 *#
R-R” Interval (s) 0.154 + 0.003 0.164 £ 0.003 0.176 =+ 0.002 **
PR Interval (s) 0.049 + 0.001 0.047 + 0.001 0.044 + 0.001 *
Duration P (s) 0.015 + 0.001 0.013 £ 0.001 0.011 £ 0.001 *
QRS Interval (s) 0.016 + 0.001 0.016 £ 0.001 0.0161 4+ 0.001
QTc Interval (s) 0.057 £ 0.002 0.053 + 0.001 0.052 + 0.001
QT Interval (s) 0.021 £ 0.001 0.021 £ 0.001 0.022 £ 0.001
ST height (mV) 0.001 £ 0.006 0.003 £ 0.002 0.01 + 0.003

Heart rate—HR (bpm). R-R” interval (s). PR Interval (s). Duration P (s). QRS interval (s). QTc interval (s). QT
interval (s). ST height. Experimental groups: control (n = 8), ileitis (1 = 12), and exercise+ileitis (n = 19). Data are
expressed as mean £ (SEM) and were statistically analyzed using the one-way ANOVA test, followed by Tukey’s.
Significance * vs. control, p < 0.05; # vs. ileitis, p <0.05.

3.8. Heart Rate Variability (HRV)

Table 4 reports the heart rate variability (HRV) parameters for the control, ileitis, and
exercise+ileitis groups. Notably, the LF (%) and LF (nu) components exhibited a significant
reduction (p < 0.05) in rats from the ileitis and exercise+ileitis groups compared to the
control group. We did not observe differences between all groups in the HF (%) component
of the control, ileitis, and exercise+ileitis groups. No differences between groups were
observed in the RMSSD and SDRR parameters.

Table 4. Heart rate variability parameters.

Parameters Control Ileitis Exercise+Ileitis
VLEF (%) 39.32 £ 8.0 47.07 & 7.45 52.14 +5.90
LF (%) 24.44 + 2.07 1442 £1.59* 1153 £1.19*
LF (nu) 43.43 4+ 3.86 31.32 £3.99 * 19.85 + 0.82 #*
HF (%) 37.70 4+ 4.35 33.54 +5.52 30.75 +4.12
HF (nu) 57.41 +1.49 61.75 £ 2.77 67.38 £ 1.26
LE/HF (%) 0.70 £ 0.10 0.48 + 0.08 0.34 £0.03*
RMSSD (ms) 457 £ 0.61 449 +0.71 6.32 +0.92
SDRR (ms) 8.27 +1.10 6.50 + 0.78 8.30 + 0.83

Low-frequency component—LF (%). LF (nu). High-frequency component—HF (%). HF (nu). The ratio between
low and high frequency is LF/HF (%). The square root of the mean square of the differences between adjacent
normal RR intervals—RMSSD (ms). The standard deviation of normal RR intervals—SDRR (ms). Experimental
groups: control (n = 8), ileitis (n = 11), and exercise+ileitis (n = 16). Data are expressed as mean + (SEM) and were
statistically analyzed using the one-way ANOVA test, followed by Tukey’s. Significance * vs. control, p < 0.05;
# vs. ileitis, p < 0.05.
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3.9. Linear Correlation of Heart Rate Variability and Gastrointestinal Motility

We performed linear regression analysis to compare the relationship between the
indirect assessment of HRV components and gastric and intestinal retention results. The
results of these components were correlated within the same group. Figure 7 displays the
results of linear correlation analysis between gastric retention and the heart rate variability
(HRV) parameters LF (nu), HF (nu), and LF/HF (%). No significant correlation was
observed between gastric retention and HRV parameters in the three groups.
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Figure 7. Correlation between gastric retention and variability parameters LF (nu), HF (nu), and
LF/HEF (%) in rats exercise-+ileitis. Control (O), ileitis (W), and exercise+ileitis (A). In boxes (A,B), LF
correlation between gastric retention in all groups; in boxes (C,D) HF correlation between gastric
retention in all groups; and in boxes (E,F) LE/HF correlation between gastric retention in all groups.
Each data point indicates one animal. Pearson correlation was used for r and p values.

Figure 8 illustrates the results of linear regression between intestinal retention in the
duodenum and the HRV parameters LF (nu), HF (nu), and LF/HF (%) in the three groups.
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A positive correlation (p < 0.05) was observed (Figure 8C,D) between intestinal duodenum
retention and the HF (nu) component in the ileitis group (r: —0.716; p = 0.04). However,
this correlation was not absent in the control and the exercise+ileitis groups.
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Figure 8. Correlation between intestinal retention duodenum and variability parameters LF (nu),
HF (nu), and LF/HF (%) in rats exercise+ileitis. Control (O), ileitis (M), and exercise+ileitis (4). In
boxes (A,B) LF correlation between intestinal retention duodenum in all groups, in boxes (C,D) HF
correlation between intestinal retention duodenum in all groups, and boxes (E,F) LF/HF correlation
between intestinal retention duodenum in all groups. Each data point indicates one individual.
Sinificance was found in (C,D) at p < 0.05. Pearson correlation was used for r and p values.

Figure 9 depicts the linear correlation results between intestinal retention in the je-
junum and heart rate variability (HRV) parameters LF (nu), HF (nu), and LF/HF (%) in
the groups. In (Figure 9C), we did not observe changes between intestinal retention in the
jejunum and the HF component (nu) in the control and the ileitis group (Figure 9C,D). How-
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ever, in the exercise+ileitis group (Figure 9D), there was a negative correlation (p < 0.05)
between jejunum intestinal retention and the HF (nu) component (r: —0.772; p: 0.04).

(A) (B)

- Control = |leitis = |leitis -+ Exercise+lleitis
807 Y = -0.1505*X + 44.87 Y =0.3526*X + 18.87 807 Y=0.3526*X +18.87 Y =0.1448*X + 16.62
R=-0.17;P=0.82 R=0.18;P=0.61 R=0.18; P=0.61 R=0.5P=0.25
__ 601 L] __ 601 ]
> - 3 n
< 404 - TN < 401 .
207 wun " 20- e Ll
0_ ................................................. 0- .................................................
0 20 40 60 80 0 20 40 60 80
Intestinal retention Jejunum (%) Intestinal retention Jejunum (%)
(€ (D) o
- Control = lleitis = |leitis -+ Exercise+lleitis
801
LI I 807 R .
| |
— 601 T N
E m © ’é‘ L.
w 10 = 401
T T
201 v=0.2878*X +43.38 Y =-0.1998*X + 69.72 204 y=-01998*x+69.72 Y =-0.2600*X + 73.99
R=0.4;P=0.49 R=-0.14;P=0.72
0 vessnssusonnas sunassnsesnses susssanessinsne i R=-0.14;P=0.72 R=-0.77;P=0.04
0 20 40 60 80 0 20 40 60 80
i i i 9 . . .
Intestinal retention Jejunum (%) Intestinal retention Jejunum (%)
(E) (F) N o
- Control = |leitis = |leitis -+ Exercise+lleitis
1,57 v = - 0.01619*X + 1.409 Y = - 0.005182*X + 0.6289 1.57 v=-0.005182*X + 0.6289 Y =0.003390*X + 0.2166
— R=-051;P=0370  R=-0.15P=0.69 = R=-0.15;P=0.69 R=064;P=0.11
2 1.0 . £ 1.07 .
L
T " 4, I .
S~ 4
= 051 i 5 05 -t
0'0- .................................................. 00- ..................................................
0 20 40 60 80 0 20 40 60 80
Intestinal retention Jejunum (%) Intestinal retention Jejunum (%)

Figure 9. Correlation between intestinal retention jejunum and variability parameters LF (nu), HF (nu),
and LF/HF (%) in rats exercise+ileitis. Control (O), ileitis (M), and exercise+ileitis (A). In boxes (A,B)
is the LF correlation between intestinal retention jejunum in all groups, in boxes (C,D) HF correlation
between intestinal retention jejunum in all groups, and in boxes (E,F) LF/HF correlation between
intestinal retention jejunum in all groups. Each data point indicates one individual. Significance was
found in (D) at p < 0.05. Pearson correlation was used for r and p values.

Figure 10 illustrates the linear correlation between intestinal retention in the ileum
and the heart rate variability (HRV) parameters LF (nu), HF (nu), and LF/HF (%) in the
three groups. Figure 10A,B concern the intestinal retention of the ileum and the LF (nu)
component. A positive correlation (p < 0.05) was observed (r: 0.681; p: 0.03). However,
this correlation was not absent in the control and the exercise+ileitis group. Furthermore,
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Figure 10E,F indicate a positive correlation (p < 0.05) between the intestinal retention of the
ileum and the LF/HF (%) component of the ileitis group (r: 0.68; p: 0.04). This correlation
was absent between the control group and the exercise-+ileitis group.
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Figure 10. Correlation between intestinal retention ileum and variability parameters LF (nu), HF
(nu), and LE/HF (%) in rats exercise+ileitis. Control (O), ileitis (M), and exercise-+ileitis (4). In boxes
(A,B) L, LF correlation between intestinal retention ileum in all groups; in boxes (C,D), HF correlation
between intestinal retention ileum in all groups; and in boxes (E,F), LF/HF correlation between
intestinal retention ileum in all groups. Each data point indicates one individual. Significance was
found in (LF) in the ileitis group (A,B) at p < 0.05. Pearson correlation was used for r and p values.

4. Discussion

The present study explored the relationship between physical exercise and gastroin-
testinal motility in rats with TNBS-induced intestinal ileitis. The jejunum and ileum of
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the ileitis group showed significantly decreased retention compared to the control rats.
The animals submitted to exercise also had a significantly lower jejunum retention rate.
However, the retention rate in the ileum was normal in the exercise group. Notably, the
retention rate in the duodenum in the ileitis group was significantly higher than the control
group, while the retention rate in the duodenum in the exercise group was the same as in
the control group.

Our findings showed that the group with intestinal ileitis had no weight variation
compared to control rats. This contrasts with the study by Vieira et al. [20], who reported
transient weight loss for 3 to 4 days after TNBS, followed by gradual gain. TNBS-induced
ileitis in rats does not present a chronic inflammatory phase. It is characterized by a
(sub)acute transmural inflammation that is accompanied by functional abnormalities of
neuronal activity, with changes in longitudinal muscle contractility that are attributed to
the structural thickness of the ileal wall [20,21] that may reflect this transient phase of
body weight in these animals, in the proposed model. Although the literature concerning
feeding behavior in TNBS-induced ileitis models is scarce, some studies have suggested the
impaired absorption of nutrients, water, and electrolytes in IBD [32-35]. We found that the
ileitis group had no differences in energetic intake (EI), feed efficiency (FE), and voluntary
feed intake (VFI) compared to the control group. However, the body composition data
revealed that these animals had higher total body water (TBW), intracellular fluid (ICF),
extracellular fluid (ECF), and body mass index (BMI). In addition to water retention, the
animals had a more significant amount of fat-free mass (FFM), which can be explained
by the body water content, which is part of this component, together with muscle mass
and bone mass [24]. Physical exercise prevented water retention in animals with ileitis,
reducing TBW, ICF, and ECF and minimizing TNBS-induced edema.

We did not observe significant differences in gastric retention between the ileitis model
and the control group. However, the ileitis group had increased retention in the proxi-
mal portion of the intestine. Gastric emptying disorders in IBD usually include delayed
emptying [36-38], although one study did not find this difference compared to healthy con-
trols [39]. Several hypotheses have been proposed to explain these discrepancies, including
suggestions that liquid emptying may be less affected than solid emptying [40], that the
disease phases influence gastric emptying characteristics [38], or that the characteristics of
the experimental model influence the outcome. Furthermore, changes in ileitis may result
from changes in the neural regulation of motility, including autonomic dysfunction [41],
as well as hormonal changes in the gastrointestinal tract, such as GLP-1 and ghrelin [38],
amplified by the inflammatory processes of the disease [41].

We observed that physical exercise had beneficial effects on the rate of duodenal
retention, specifically that it prevented abnormalities in intestinal retention. Discussions
in the literature suggest that exercise can induce changes in gastric motility, increasing or
decreasing it, with intensity playing a pivotal role in determining these effects. Although
not fully understood, the underlying mechanisms probably involve mechanical stimuli [42]
and the regulation of autonomic activity [43].

We used the protocol described by Pontell [22] to induce ileitis. In that study, in a
model similar to ours, the author observed that at 3 and 7 days after the induction of in-
flammation by TNBS in the ileum of guinea pigs, the intestinal epithelium microscopically
appeared intact, with residues of eosinophilic or neutrophilic cells similar to phagocytosed
plasma cells present in the lumen of the epithelial cells. This indicates that epithelial cells
play an important role in removing cell debris from the lamina propria of the intestinal
mucosa. Since the literature did not report significant microscopic changes in the proposed
model [44], we analyzed biomarkers of oxidative stress in inflammation induced by TNBS.
We found that MDA concentrations were elevated in the ileum of rats with ileitis, mak-
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ing MDA a pro-oxidant marker. At the same time, GSH levels decreased, making this
parameter an antioxidant marker in the model used in the present study. The first line of
defense includes antioxidant enzymes such as superoxide dismutase (SOD) and glutathione
peroxidase (GPx), which help to prevent the formation of free radicals and neutralize those
already formed [45,46]. Exercise induces a reduction in MDA concentrations and a simulta-
neous increase in SOD activity in the ileum of the exercise-+ileitis group. Moderate exercise
modulates immune and mitochondrial functions, upregulates the antioxidant system, and
has previously been associated with improved oxidative stress in intestinal diseases [18].

IBD is associated with an inflammatory response dependent on NO in the intestinal
mucosa, indicating a greater NO-dependent inflammatory response. The regulation of NO
production through the expression of inducible nitric oxide synthase (iNOS) represents
part of an immediate intestinal antibacterial response. However, NO is also associated with
the initiation and maintenance of inflammation in IBD, and iNOS-mediated NO production
may occasionally become part of a dysregulated immune response, resulting in increased
inflammation [47,48]. In our study, the exercise+ileitis group showed a significant increase
in NOx compared to the ileitis and control groups. Since NO3;~ and NO,~ (NOx) are
involved in NO generation, higher NOx levels indicate lower NO production, showing the
beneficial effect of physical exercise in ileitis.

Regarding the weight of the organs, many studies have demonstrated that exercise
induces hypertrophy and morphological and physiological with a high heart weight [49].
In the current study, exercise induced those effects. Given that our research focused on
intestinal and cardiac changes resulting from exercise in the inflammatory ileitis model, the
weight of the small intestines and the heart could be anticipated under these conditions.
The relative weight of the trained animals’ hearts was greater than that of the other groups,
showing that exercise-induced cardiac hypertrophy is an adaptation to physical training.
The weight of the ileum in the ileitis group also increased, consistent with fluid retention in
the ileitis group. There was a non-significant increase in the weights of the duodenum and
colon in the ileitis group, compared to the controls. However, exercise induced a significant
increase in weight in the duodenum and colon compared to the ileitis and control groups.
The anti-inflammatory effects of training may explain this increase. Swimming in rats with
ulcerative colitis improved inflammatory responses in the colon, increasing the length and
weight of this organ [18].

Several studies have shown that physical exercise benefits the colon, including pre-
venting constipation and colon cancer [50-53]. On the other hand, this effect still needs to
be evident in intestinal diseases. In the current study, we observed that the exercise-+ileitis
group showed weight gain compared to the ileitis and control groups. This increase may
be due to the volume of feces in the colon, considering that weight values were measured
immediately after sacrifice in all groups and were standardized by body weight. Further-
more, the decrease in sympathetic activity in the exercise+ileitis group could exacerbate
the parasympathetic component, which would justify the greater motility of the intestinal
contents to the colon, causing it to have greater weight.

Regarding the autonomic nervous system assessment, through an indirect evaluation
of the autonomic components and heart rate (HR), we did not detect significant changes in
rats with TNBS-induced ileitis. However, in the heart rate variability (HRV) parameters,
another study reported a reduction in the LF (%) and LF (nu) components, as well as
in the LF/HF balance (%), suggesting the existence of autonomic nervous system (ANS)
dysfunction in animals with intestinal ileitis [54]. In the study of Ciesielczyk [10], these
authors showed that animals with colitis caused by TNBS presented significant increases in
LF (nu) and LF/HF compared to controls, suggesting a change in sympathovagal balance
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induced for the disease. In the current study, we noted a reduction in these components
without changes in the HF component.

To correlate the responses of the ANS components with the adverse effects in the GIT,
we conducted a correlation between the LF (nu), HF (nu), and LF/HF (nu) components in
comparison with gastrointestinal motility analysis in all groups separately. This analysis
revealed positive correlations between the LF (nu) component and the intestinal retention
rate in the ileum for the same group with ileitis, as well as between the LF/HF ratio (nu)
and the intestinal retention rate in the ileum in the presence of ileitis. These findings
support our understanding of ANS dysfunction, showing increased sympathetic activity in
the ileum represented by the LF (nu) component and that in the exercise+ileitis group, this
effect is prevented (Figure 10E,F).

The literature on the genesis and implication of ANS dysfunction is still controversial,
especially in the balance between sympathetic and parasympathetic activity in IBD [55-59].
However, this dysfunction affects gastrointestinal motility and patient symptoms [60].
The impact of physical exercise on HRV has been extensively studied, showing variation
according to the type and intensity of training [61]. Research has focused on how IBD alters
the ANS due to inflammatory processes and their impact on the intestine [62,63].

Moderate exercise training is currently considered the primary adjunct in improving
autonomic function and has considerable effects on HRV, including increasing vagal tone
and modulating sympathovagal balance activity. Furthermore, exercise training has anti-
inflammatory effects [64], indicating a possible mechanism by which exercise improves
autonomic function [65].

Our results demonstrate that physical exercise at moderate-intensity aerobic helps at-
tenuate the effects of ileitis on body composition, primarily by improving fluid retention, as
observed in animals with ileitis. Ileitis affects gastrointestinal motility, reduces sympathetic
tone, and contributes to autonomic dysfunction.

Despite being a well-established model with characteristics resembling CD in humans,
the inflammatory ileitis induction model still requires further studies to understand the
nuances and limitations of experimental models. In the current study, we had a limitation
of the difficulty in establishing a long-term model where the effect of exercise as a form of
treatment and not just as prevention could be evaluated. Furthermore, the results related
to the autonomic nervous system are indirect measurements based on cardiac parameters.
The measurement of direct sympathetic and parasympathetic activity in the gastrointestinal
tract is a study limitation. In addition, there is a lack of studies in this experimental model
associated with physical exercise and the possible physical and molecular adaptations
that training causes in IBD, but which provide us with essential insights for management
in humans.

5. Conclusions

In conclusion, our findings highlight the role of moderate-intensity aerobic physical
exercise in mitigating the impact of ileitis on body composition, particularly by improving
fluid retention in affected animals and modulating gastrointestinal motility, sympathetic
tone, and autonomic dysfunction. However, further studies are needed to elucidate the
underlying mechanisms involved in these effects.
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Abbreviations

The following abbreviations are used in this manuscript:

IBD Inflammatory bowel disease

GI Gastrointestinal

TNBS  2,4,6-trinitrobenzene sulfonic acid
ECG Electrocardiogram

TBW Total body water

BMI Body mass index

FFM Fat-free mass

GIT Gastrointestinal tract

ucC Ulcerative colitis

CD Crohn’s disease

HPA Hypothalamic—pituitary—adrenal
ANS Autonomic nervous system

ENS Enteric nervous system

SNS Sympathetic nervous system
PNS Parasympathetic nervous system
HRV Heart rate variability

CEUA  Ethics Committee on Animal Use

EI Energy intake

FE Feed efficiency

VFI Voluntary food intake

BIS Bioimpedance spectroscopy
M Fat mass

ECF Extracellular fluid

ICF Intracellular fluid
MDA  Malondialdehyde

GSH Glutathione

NPSH Non-protein sulfhydryl
TCA Trichloroacetic acid
DTNB Dithiol-nitrobenzoic acid
NOx Nitrite/nitrate

KCl Potassium chloride
SOD Superoxide dismutase
FFT Fourier transformation
LF Low frequency

HF High frequency
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RMSSD Square root of the mean squares of the differences between adjacent regular RR intervals
SDRR  Standard deviation of regular RR intervals

GPx  Glutathione peroxidase

HR Heart rate

MDPI Multidisciplinary Digital Publishing Institute

DOA]J Directory of open access journals

TLA  Three letter acronym

LD Linear dichroism

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Arosa, L.; Camba-Gémez, M.; Golubnitschaja, O.; Conde-Aranda, J. Predictive, preventive and personalised approach as a
conceptual and technological innovation in primary and secondary care of inflammatory bowel disease benefiting affected
individuals and populations. EPMA ]. 2024, 15, 111-123. [CrossRef] [PubMed]

Lloyd-Price, ].; Arze, C.; Ananthakrishnan, A.N.; Schirmer, M.; Avila-Pacheco, J.; Poon, TW.; Andrews, E.; Ajami, N.J.; Bonham,
K.S.; Brislawn, C.J.; et al. Multi-omics of the gut microbial ecosystem in inflammatory bowel diseases. Nature 2019, 569, 655-662.
[CrossRef] [PubMed]

Tavakoli, P; Vollmer-Conna, U.; Hadzi-Pavlovic, D.; Grimm, M.C. A review of inflammatory bowel disease: A model of microbial,
immune and neuropsychological integration. Public Health Rev. 2021, 42, 1603990. [CrossRef] [PubMed]

Severo, ].S.; Barros, V.J.S.; Mendes, PH.M.; Santos, B.L.B.; Silva, A.C.A.; Oliveira, K.B.V.; Moura, M.S.B.; Viola, PC.A.F,; Nogueira,
N.N.; Parente, ]. M.L.; et al. Phase angle values and ultra-processed food consumption are associated with changes in oxidative
stress in inflammatory bowel disease patients. Clin. Nutr. ESPEN 2023, 57, 10-20. [CrossRef]

Bonaz, B.; Sinniger, V.; Pellissier, S. Therapeutic potential of vagus nerve stimulation for inflammatory bowel diseases. Front.
Neurosci. 2021, 15, 650971. [CrossRef]

Wallrapp, A.; Isaac, M.C. Neuroimmune Interactions in the Intestine. Annu. Rev. Immunol. 2024, 42, 489-519. [CrossRef]

Chen, B.; Collen, L.V,; Mowat, C.; Isaacs, K.L.; Singh, S.; Kane, S.V.; Farraye, F.A.; Snapper, S.; Jneid, H.; Lavie, CJ.; et al.
Inflammatory bowel disease and cardiovascular diseases. Am. J. Med. 2022, 135, 1453-1460. [CrossRef]

Bonaz, B.; Bernstein, C.N. Brain-gut interactions in inflammatory bowel disease. Gastroenterology 2013, 144, 36—49. [CrossRef]
Jin, H.; Guo, J; Liu, J.; Lyu, B.; Foreman, R.D.; Yin, J.; Shi, Z.; Chen, ].D.Z. Anti-inflammatory effects and mechanisms of vagal
nerve stimulation combined with electroacupuncture in a rodent model of TNBS-induced colitis. Am. J. Physiol. Gastrointest. Liver
Physiol. 2017, 313, 192-202. [CrossRef]

Ciesielczyk, K.; Furgata, A.; Dobrek, L.; Juszczak, K.; Thor, P. Altered sympathovagal balance and pain hypersensitivity in
TNBS-induced colitis. Arch. Med. Sci. 2017, 13, 246-255. [CrossRef]

Sadowski, A.; Dunlap, C.; Lacombe, A.; Hanes, D. Alterations in Heart Rate Variability Associated With Irritable Bowel Syndrome
or Inflammatory Bowel Disease: A Systematic Review and Meta-Analysis. Clin. Transl. Gastroenterol. 2020, 12, €00275. [CrossRef]
[PubMed]

Karaskova, E.; Velganova-Veghova, M.; Geryk, M.; Foltenova, H.; Kucerova, V.; Karasek, D. Role of Adipose Tissue in Inflamma-
tory Bowel Disease. Int. J. Mol. Sci. 2021, 22, 4226. [CrossRef]

Dadgar, N.; Altemus, J.; Li, Y.; Lightner, A.L. Effect of Crohn’s disease mesenteric mesenchymal stem cells and their extracellular
vesicles on T-cell immunosuppressive capacity. J. Cell Mol. Med. 2022, 26, 4924-4939. [CrossRef] [PubMed]

Zhang, Y,; Si, X.; Yang, L.; Wang, H.; Sun, Y.; Liu, N. Association between intestinal microbiota and inflammatory bowel disease.
Anim. Model. Exp. Med. 2022, 5, 311-322. [CrossRef] [PubMed]

Castro, F,; de Souza, H.S.P. Dietary Composition and Effects in Inflammatory Bowel Disease. Nutrients 2019, 11, 1398. [CrossRef]
Hawley, ].A.; Forster, S.C.; Giles, E.M. Exercise, Gut Microbiome, and Gastrointestinal Diseases: Therapeutic Impact and Molecular
Mechanisms. Gastroenterology 2025, in press. [CrossRef]

Zholos, A.V,; Melnyk, M.L; Dryn, D.O. Molecular mechanisms of cholinergic neurotransmission in visceral smooth muscles with
a focus on receptor-operated TRPC4 channel and impairment of gastrointestinal motility by general anaesthetics and anxiolytics.
Neuropharmacology 2024, 242, 109776. [CrossRef]

Santos, R.O.; Cardoso, G.S.; Lima, L.C.; Cavalcante, M.L.S,; Silva, M.S.; Cavalcante, A.K.M.; Severo, ].S.; Sousa, F.B.M.; Pacheco,
G.; Alves, EH.P; et al. L-glutamine and physical exercise prevent intestinal inflammation and oxidative stress without improving
gastric dysmotility in rats with ulcerative colitis. Inflammation 2021, 44, 617-632. [CrossRef]

Lima, T.C.; Barbosa, M.A.; Costa, D.C.; Becker, L.K.; Cardoso, L.M.; Alzamora, A.C. Fitness is improved by adjustments in
muscle intracellular signaling in rats with renovascular hypertension 2K1C undergoing voluntary physical exercise. Life Sci. 2020,
250, 117549. [CrossRef]


https://doi.org/10.1007/s13167-024-00351-x
https://www.ncbi.nlm.nih.gov/pubmed/38463620
https://doi.org/10.1038/s41586-019-1237-9
https://www.ncbi.nlm.nih.gov/pubmed/31142855
https://doi.org/10.3389/phrs.2021.1603990
https://www.ncbi.nlm.nih.gov/pubmed/34692176
https://doi.org/10.1016/j.clnesp.2023.06.006
https://doi.org/10.3389/fnins.2021.650971
https://doi.org/10.1146/annurev-immunol-101921-042929
https://doi.org/10.1016/j.amjmed.2022.08.012
https://doi.org/10.1053/j.gastro.2012.10.003
https://doi.org/10.1152/ajpgi.00254.2016
https://doi.org/10.5114/aoms.2015.55147
https://doi.org/10.14309/ctg.0000000000000275
https://www.ncbi.nlm.nih.gov/pubmed/33346998
https://doi.org/10.3390/ijms22084226
https://doi.org/10.1111/jcmm.17483
https://www.ncbi.nlm.nih.gov/pubmed/36047483
https://doi.org/10.1002/ame2.12255
https://www.ncbi.nlm.nih.gov/pubmed/35808814
https://doi.org/10.3390/nu11061398
https://doi.org/10.1053/j.gastro.2025.01.224
https://doi.org/10.1016/j.neuropharm.2023.109776
https://doi.org/10.1007/s10753-020-01361-3
https://doi.org/10.1016/j.lfs.2020.117549

Antioxidants 2025, 14, 328 23 of 25

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Vieira, C.; Magalhaes-Cardoso, M.T.; Ferreirinha, F.; Silva, I; Dias, A.S.; Pelletier, ].; Sévigny, J.; Correia-de-Sa, P. Feed-forward
inhibition of CD73 and upregulation of adenosine deaminase contribute to the loss of adenosine neuromodulation in postinflam-
matory ileitis. Mediat. Inflamm. 2014, 2014, 254640. [CrossRef]

Vieira, C.; Ferreirinha, F.; Magalhaes-Cardoso, M.T.; Silva, I.; Marques, P.; Correia-de-S4, P. Post-inflammatory Ileitis Induces
Non-neuronal Purinergic Signaling Adjustments of Cholinergic Neurotransmission in the Myenteric Plexus. Front. Pharmacol.
2017, 8, 811. [CrossRef] [PubMed]

Pontell, L.; Castelucci, P.; Bagyanszki, M.; Jovic, T.; Thacker, M.; Nurgali, K.; Bron, R.; Furness, J.B. Structural changes in the
epithelium of the small intestine and immune cell infiltration of enteric ganglia following acute mucosal damage and local
inflammation. Virchows Arch. 2009, 455, 55-65. [CrossRef] [PubMed]

Santos, W.L.L.; da Silva Pinheiro, C.; de Oliveira Santos, R.; da Silva, A.C.A.; Severo, ].S.; Mendes, PH.M.; de Sousa, L.C.; de Sousa,
O.M.C,; dos Santos, B.L.B.; de Oliveira, K.B.V.; et al. Physical exercise alleviates oxidative stress in brown adipose tissue and
causes changes in body composition and nutritional behavior in rats with polycystic ovary syndrome. Life Sci. 2023, 325, 121754.
[CrossRef] [PubMed]

Smith, D.; Johnson, M., Jr.; Nagy, T. Precision and accuracy of bioimpedance spectroscopy for determination of in vivo body
composition in rats. Int. ]. Body Compos. Res. 2009, 7, 21-26.

Reynell, P.C.; Spray, G.H. The simultaneous measurement of absorption and transit in the gastro-intestinal tract of the rat.
J. Physiol. 1956, 131, 452-462. [CrossRef]

Bradley, P.P; Christensen, R.D.; Rothstein, G. Cellular and extracellular myeloperoxidase in pyogenic inflammation. Blood 1982,
60, 618-622. [CrossRef]

Sedlak, J.; Lindsay, R.H. Estimation of total, protein-bound, and nonprotein sulfhydryl groups in tissue with Ellman’s reagent.
Anal. Biochem. 1968, 25, 192-205. [CrossRef]

Kapil, V.; Khambata, R.S.; Jones, D.A.; Rathod, K.; Primus, C.; Massimo, G.; Fukuto, ] M.; Ahluwalia, A. The Noncanonical
Pathway for In Vivo Nitric Oxide Generation: The Nitrate-Nitrite-Nitric Oxide Pathway. Pharmacol. Rev. 2020, 72, 692-766.
[CrossRef]

Bryan, N.S.; Grisham, M.B. Methods to detect nitric oxide and its metabolites in biological samples. Free. Radic. Biol. Med. 2007,
43, 645-657. [CrossRef]

Ewing, ].F.; Janero, D.R. Microplate superoxide dismutase assay employing a nonenzymatic superoxide generator. Anal. Biochem.
1995, 232, 243-248. [CrossRef]

Lima, E.B.; Oliveira, L.C.S.; Cardoso, G.S.; Telles, PV.N.; Lima, L.C.; Sousa, J.ER.; Aragjo, RPN.; Oliveira, A.P; Santos, R.EF;
Santos, A.A.; et al. Moderate-intensity exercise and renin-angiotensin system blockade improve renovascular hypertension
(2K1C)-induced gastric dysmotility in rats. Life Sci. 2018, 1, 55-64. [CrossRef] [PubMed]

Al Gjaimi, Y.; Khachab, M.; Bazzi, S.; Bahr, G.M.; Echtay, K.S. Mitochondrial bioenergetics, uncoupling protein-2 activity, and
reactive oxygen species production in the small intestine of a TNBS-induced colitis rat model. Mol. Cell Biochem. 2020, 470, 87-98.
[CrossRef] [PubMed]

Singh, S.; Arthur, S.; Sundaram, U. Mechanisms of Regulation of Transporters of Amino Acid Absorption in Inflammatory Bowel
Diseases. Com. Physiol. 2020, 10, 673-686. [CrossRef]

Moran, G.W,; Thapaliya, G. The Gut-Brain Axis and Its Role in Controlling Eating Behavior in Intestinal Inflammation. Nutrients
2021, 13, 981. [CrossRef]

Mourad, FH.; Barada, K.A.; Saade, N.E. Impairment of Small Intestinal Function in Ulcerative Colitis: Role of Enteric Innervation.
J. Crohn’s Colitis 2017, 11, 369-377. [CrossRef]

Keller, J.; Beglinger, C.; Holst, ].].; Andresen, V.; Layer, P. Mechanisms of gastric emptying disturbances in chronic and acute
inflammation of the distal gastrointestinal tract. Am. J. Physiol. Gastrointest. Liver Physiol. 2009, 297, G861-G868. [CrossRef]
Nobrega, A.C.; Ferreira, B.R.; Oliveira, G.J.; Sales, K.M.; Santos, A.A.; Souza, M.A.N.E.; Braga, L.L.B.C.B.; Troncon, L.E.A,;
Souza, M.H.L.P. Dyspeptic symptoms and delayed gastric emptying of solids in patients with inactive Crohn’s disease. BMC
Gastroenterol. 2012, 12, 175. [CrossRef]

Sales, KM.O.; Cavalcanti, R.F; Nobre, E.; Souza, M.A ; Saraiva, L.G.M.; Braga, L.L.B.C.; Castro, M.; Oliveira, R.B.; Souza, M.H.L.P.
Gastroduodenal Symptoms in Inflammatory Bowel Disease Are Correlated with Gastric Emptying and Serum Levels of Active
Ghrelin. Dig. Dis. 2019, 37, 226-233. [CrossRef]

Damiao, A.O.; Sipahi, A.M.; Vezozzo, D.P; Gongalves, PL.; Laudanna, A.A. Measurement of gastric emptying time by real-time
ultrasonography in patients with Crohn’s disease. Rev. Hosp. Das Clin. 1996, 51, 154-156.

Keller, J.; Binnewies, U.; Rosch, M.; Juul Holst, J.; Beglinger, C.; Andresen, V.; Layer, P. Gastric emptying and disease activity in
inflammatory bowel disease. Eur. J. Clin. Investig. 2015, 45, 1234-1242. [CrossRef]

Bassotti, G.; Antonelli, E.; Villanacci, V.; Nascimbeni, R.; Dore, M.P.; Pes, G.M.; Maconi, G. Abnormal gut motility in inflammatory
bowel disease: An update. Tech. Coloproctology 2020, 24, 275-282. [CrossRef] [PubMed]


https://doi.org/10.1155/2014/254640
https://doi.org/10.3389/fphar.2017.00811
https://www.ncbi.nlm.nih.gov/pubmed/29167643
https://doi.org/10.1007/s00428-009-0795-x
https://www.ncbi.nlm.nih.gov/pubmed/19517133
https://doi.org/10.1016/j.lfs.2023.121754
https://www.ncbi.nlm.nih.gov/pubmed/37156395
https://doi.org/10.1113/jphysiol.1956.sp005474
https://doi.org/10.1182/blood.V60.3.618.618
https://doi.org/10.1016/0003-2697(68)90092-4
https://doi.org/10.1124/pr.120.019240
https://doi.org/10.1016/j.freeradbiomed.2007.04.026
https://doi.org/10.1006/abio.1995.0014
https://doi.org/10.1016/j.lfs.2018.08.053
https://www.ncbi.nlm.nih.gov/pubmed/30170073
https://doi.org/10.1007/s11010-020-03749-z
https://www.ncbi.nlm.nih.gov/pubmed/32394310
https://doi.org/10.1002/cphy.c190016
https://doi.org/10.3390/nu13030981
https://doi.org/10.1093/ecco-jcc/jjw162
https://doi.org/10.1152/ajpgi.00145.2009
https://doi.org/10.1186/1471-230X-12-175
https://doi.org/10.1159/000494920
https://doi.org/10.1111/eci.12542
https://doi.org/10.1007/s10151-020-02168-y
https://www.ncbi.nlm.nih.gov/pubmed/32062797

Antioxidants 2025, 14, 328 24 of 25

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Goyal, R.K.; Guo, Y.; Mashimo, H. Advances in the physiology of gastric emptying. Neurogastroenterol. Motil. 2019, 31, e13546.
[CrossRef] [PubMed]

Lakin, R.; Guzman, C.; Izaddoustdar, F.; Polidovitch, N.; Goodman, ].M.; Backx, PH. Changes in Heart Rate and Its Regulation
by the Autonomic Nervous System Do Not Differ Between Forced and Voluntary Exercise in Mice. Front. Physiol. 2018, 9, 841.
[CrossRef] [PubMed]

Sahoo, D.K.; Heilmann, R.M.; Paital, B.; Patel, A.; Yadav, V.K,; Wong, D.; Jergens, A.E. Oxidative stress, hormones, and effects of
natural antioxidants on intestinal inflammation in inflammatory bowel disease. Front. Endocrinol. 2023, 14, 1217165. [CrossRef]
Bourgonje, A.R.; Feelisch, M.; Faber, K.N.; Pasch, A.; Dijkstra, G.; van Goor, H. Oxidative Stress and Redox-Modulating
Therapeutics in Inflammatory Bowel Disease. Trends Mol. Med. 2020, 26, 1034-1046. [CrossRef]

Nakutis, F.S.; Nishitokukado, I.; Dos Santos, EM.; Ortiz-Agostinho, C.L.; de Alencar, D.T.; Achtschin, C.G.; Nunes, V.S.; Leite,
A.Z.A; Sipahi, A.M. Evaluation of oxidative stress in an experimental model of Crohn’s disease treated with hyperbaric oxygen
therapy. Clinics 2023, 78, 100305. [CrossRef]

Holland, A.M.; Bon-Frauches, A.C.; Keszthelyi, D.; Melotte, V.; Boesmans, W. The enteric nervous system in gastrointestinal
disease etiology. Cell Mol. Life Sci. CMLS 2021, 78, 4713—-4733. [CrossRef]

Kamalian, A.; Asl, M.S.; Dolatshahi, M.; Afshari, K.; Shamshiri, S.; Roudsari, N.M.; Momtaz, S.; Rahimi, R.; Abdollahi, M.;
Abdolghaffari, A.H. Interventions of natural and synthetic agents in inflammatory bowel disease, modulation of nitric oxide
pathways. World . Gastroenterol. 2020, 26, 3365-3400. [CrossRef]

Desai, S.A.; Mirza, U.A.; Patrick, ]. M. Influence of sex and sedentary conditions on sympathetic burst characteristics in prepubertal,
postpubertal, and young adult rats. ]. Appl. Physiol. 2024, 136, 1170-1181. [CrossRef]

Li, C; Li, J.; Zhou, Q.; Wang, C.; Hu, J; Liu, C. Effects of Physical Exercise on the Microbiota in Irritable Bowel Syndrome.
Nutrients 2024, 16, 2657. [CrossRef]

Lai, S.; Zhu, C.; Zhou, X.; Zeng, Q.; Huang, L.; Cao, X.; Zhou, Q.; Zhong, Y.; Huang, J.; Liu, J.; et al. Effect of Physical Activity
on the Association Between Diet and Constipation: Evidence From the National Health and Nutrition Examination Survey
2007-2010. J. Neurogastroenterol. Motil. 2024, 30, 322-331. [CrossRef] [PubMed]

Falz, R.; Bischoff, C.; Thieme, R.; Lassing, J.; Mehdorn, M.; Stelzner, S.; Busse, M.; Gockel, I. Effects and duration of exercise-based
rehabilitation in surgical therapy of colon and rectal cancer: A systematic review and meta-analysis. J. Cancer Res. Clin. Oncol.
2022, 148,2187-2213. [CrossRef] [PubMed]

Brown, J.C.; Compton, S.L.E.; Meyerhardt, ].A.; Spielmann, G.; Yang, S. The dose-response effect of aerobic exercise on inflamma-
tion in colon cancer survivors. Front. Oncol. 2023, 13, 1257767. [CrossRef] [PubMed]

Kim, K.N,; Yao, Y.; Ju, S.Y. Heart rate variability and inflammatory bowel disease in humans: A systematic review and meta-
analysis. Medicine 2020, 99, €23430. [CrossRef]

Aghdasi-Bornaun, H.; Kutluk, G.; Keskindemirci, G.; Oztarhan, K.; Dedeoglu, R.; Yilmaz, N.; Tosun, O. Evaluation of autonomic
nervous system functions in the frame of heart rate variability in children with inflammatory bowel disease in remission. Turk. J.
Pediatr. 2018, 60, 407-414. [CrossRef]

Gunterberg, V.; Simrén, M.; Ohman, L.; Friberg, P; Jones, M.P,; Van Oudenhove, L.; Strid, H. Autonomic nervous system function
predicts the inflammatory response over three years in newly diagnosed ulcerative colitis patients. Neurogastroenterol. Motil. 2016,
11, 1655-1662. [CrossRef]

Fornaro, R.; Actis, G.C.; Caviglia, G.P.; Pitoni, D.; Ribaldone, D.G. Inflammatory Bowel Disease: Role of Vagus Nerve Stimulation.
J. Clin. Med. 2022, 11, 5690. [CrossRef]

Sharma, P.; Makharia, G.K.; Ahuja, V.; Dwivedi, S.N.; Deepak, K.K. Autonomic dysfunctions in patients with inflammatory bowel
disease in clinical remission. Dig. Dis. Sci. 2009, 54, 853-861. [CrossRef]

Coruzzi, P; Castiglioni, P.; Parati, G.; Brambilla, V.; Brambilla, L.; Gualerzi, M.; Cademartiri, F.; Franze, A.; De Angelis, G.; Di
Rienzo, M.; et al. Autonomic cardiovascular regulation in quiescent ulcerative colitis and Crohn’s disease. Eur. J. Clin. Investig.
2007, 37,964-970. [CrossRef]

Cirillo, G.; Negrete-Diaz, F; Daniela, Y.; Virtuoso, A.; Korai, S.A.; Luca, C.D.; Kaniusas, E.; Papa, M.; Panetsos, F. Vagus Nerve
Stimulation: A Personalized Therapeutic Approach for Crohn’s and Other Inflammatory Bowel Diseases. Cells 2022, 24, 4103.
[CrossRef]

Eser, P; Jaeger, E.; Marcin, T.; Herzig, D.; Trachsel, L.D.; Wilhelm, M. Acute and chronic effects of high-intensity interval
and moderate-intensity continuous exercise on heart rate and its variability after recent myocardial infarction: A randomized
controlled trial. Ann. Phys. Rehabil. Med. 2022, 65, 101444. [CrossRef] [PubMed]

Craig, C.F; Filippone, R.T,; Stavely, R.; Bornstein, ]J.C.; Apostolopoulos, V.; Nurgali, K. Neuroinflammation as an etiological
trigger for depression comorbid with inflammatory bowel disease. J. Neuroinflamm. 2022, 19, 4. [CrossRef] [PubMed]
Pergolizzi, S.; Alesci, A.; Centofanti, A.; Aragona, M.; Pallio, S.; Magaudda, L.; Cutroneo, G.; Lauriano, E.R. Role of Serotonin in
the Maintenance of Inflammatory State in Crohn’s Disease. Biomedicines 2022, 10, 765. [CrossRef]


https://doi.org/10.1111/nmo.13546
https://www.ncbi.nlm.nih.gov/pubmed/30740834
https://doi.org/10.3389/fphys.2018.00841
https://www.ncbi.nlm.nih.gov/pubmed/30061838
https://doi.org/10.3389/fendo.2023.1217165
https://doi.org/10.1016/j.molmed.2020.06.006
https://doi.org/10.1016/j.clinsp.2023.100305
https://doi.org/10.1007/s00018-021-03812-y
https://doi.org/10.3748/wjg.v26.i24.3365
https://doi.org/10.1152/japplphysiol.00649.2023
https://doi.org/10.3390/nu16162657
https://doi.org/10.5056/jnm23134
https://www.ncbi.nlm.nih.gov/pubmed/38972867
https://doi.org/10.1007/s00432-022-04088-w
https://www.ncbi.nlm.nih.gov/pubmed/35695931
https://doi.org/10.3389/fonc.2023.1257767
https://www.ncbi.nlm.nih.gov/pubmed/38148846
https://doi.org/10.1097/MD.0000000000023430
https://doi.org/10.24953/turkjped.2018.04.008
https://doi.org/10.1111/nmo.12865
https://doi.org/10.3390/jcm11195690
https://doi.org/10.1007/s10620-008-0424-6
https://doi.org/10.1111/j.1365-2362.2007.01887.x
https://doi.org/10.3390/cells11244103
https://doi.org/10.1016/j.rehab.2020.09.008
https://www.ncbi.nlm.nih.gov/pubmed/33091614
https://doi.org/10.1186/s12974-021-02354-1
https://www.ncbi.nlm.nih.gov/pubmed/34983592
https://doi.org/10.3390/biomedicines10040765

Antioxidants 2025, 14, 328 25 of 25

64. Bilski, J.; Mazur-Bialy, A.L; Brzozowski, B.; Magierowski, M.; Jasnos, K.; Krzysiek-Maczka, G.; Urbanczyk, K.; Ptak-Belowska,
A.; Zwolinska-Wcislo, M.; Mach, T.; et al. Moderate exercise training attenuates the severity of experimental rodent colitis: The
importance of crosstalk between adipose tissue and skeletal muscles. Mediat. Inflamm. 2015, 2015, 605071. [CrossRef] [PubMed]

65. Hsu, C.Y,; Hsieh, P.L.; Hsiao, S.E; Chien, M.Y. Effects of Exercise Training on Autonomic Function in Chronic Heart Failure:
Systematic Review. BioMed Res. Int. 2015, 2015, 591708. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1155/2015/605071
https://www.ncbi.nlm.nih.gov/pubmed/25684862
https://doi.org/10.1155/2015/591708

	Introduction 
	Materials and Methods 
	Animals and Ethical Approval 
	Physical Exercise Protocol 
	Ileitis Induction Model 
	Assessment of Feed Intake Behavior 
	Body Composition Assessment 
	Assessment of Gastrointestinal Motility 
	Malondialdehyde (MDA) Assessment 
	Glutathione (GSH) Analysis 
	Nitrite/Nitrate (NOx) Evaluation 
	Superoxide Dismutase (SOD) Levels 
	Assessment of the Weight of Organs and Tissues 
	Cardiac Activity and HRV Assessment 
	Statistical Analysis 

	Results 
	Body Weight and Daily Consumption 
	Nutritional Parameters 
	Body Composition Assessment 
	Gastrointestinal Parameters 
	Biomarkers of Oxidative Stress 
	Weight of the Gastrointestinal Tissue and Heart 
	Electrocardiogram (ECG) 
	Heart Rate Variability (HRV) 
	Linear Correlation of Heart Rate Variability and Gastrointestinal Motility 

	Discussion 
	Conclusions 
	References

