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Abstract

Cytokines are glycoproteins responsible for cellular communication, influenced by exercise. Their levels vary depending
on the intensity and type of physical activity in both humans and horses. This review aimed to assess the effects of various
types and intensities of exercise on the production of pro- and anti-inflammatory cytokines. A systematic search (2000-
2022) was performed using databases such as PubMed, Scopus, and Web of Science. Studies involving horses (n = 3) and/
or humans (n = 21) undergoing physical activity were selected, resulting in 24 eligible articles. IL-6, TNF-o, and IL-10 levels
increased after high-intensity exercise in both species, while moderate-intensity activity yielded more variable results.
Some cytokines, such as IL-18 and IL-17, exhibited species-specific differences. Cytokine production is influenced by exer-
cise intensity and duration. The observed differences between horses and humans suggest physiological divergences,
warranting further research in the field of exercise immunology and other related disciplines. As a potential outcome of
this work, we propose that horses could serve as an appropriate translational animal model for human athletes in exercise
immunology, justifying a more comprehensive comparative approach.
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1. Introduction [4-6]. These studies have demonstrated that oxidative stress
during exercise is a physiological phenomenon common

Humans and horses have a unique relationship, not only -
among exercising mammals [6-8].

due to their shared cultural and historical backgrounds, but
also because of their natural athleticism [1]. This similari-
ty has led researchers to consider the horse as a reference
species for comparative studies in human exercise physiol-
ogy, including immunology (both innate and under stress)
and disease responses [2,3]. Conversely, knowledge gained
from human medicine often serves as a starting point for re-
search in veterinary exercise medicine [4]. The importance
of exercise for both species is evidenced by the numerous
studies exploring the production of cytokines involved in
the response to moderate activity and/or strenuous exercise

The effect of physical activity on cytokine (interleukins;
ILs) production has been an area of growing interest in re-
cent years, with extensive research conducted in humans
and a limited number of studies conducted in horses. Cy-
tokines, a large family of intercellular signaling molecules,
control immunological and inflammatory responses [9].
They are soluble glycoproteins that the body's immune and
non-immune cells, organs, and organ systems produce and
use to communicate with one another. Numerous cells can
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produce cytokines, which typically act in tissues at extreme-
ly low concentrations in an autocrine or paracrine manner
(Figure 1). Inflammatory cytokines, which comprise both
pro- and anti-inflammatory mediators, are altered by var-
ious stressors, including physical exercise [10]. Localized
inflammation is the typical physiological defensive reaction
to initial tissue (muscle, joint, and connective tissue) dam-
age [9]. The release of cytokines into the circulation due to
a heightened response can be pathogenic, self-destructive,
and occasionally lethal to the host [9].

Hypercytokinemia, also known as a cytokine storm, is a con-
dition characterized by the systemic release of cytokines and
is often referred to as the systemic inflammatory response
syndrome (SIRS). Pro-inflammatory cytokine overproduc-
tion damages several organs and is linked to severe acute
insults, including severe trauma, thermal injury, ischemia—
reperfusion injury, septic shock, and systemic infections [11].
Moreover, physical activity can have varying effects on local
and systemic cytokine production in both humans (athletes/
obese, older/younger) and horses (athletes, younger/older,
mares/foals), with the impact being dependent on the type
of activity (aerobic/anaerobic) and duration (30 minutes to
more than 6 hours) [2,12].

Moderate exercise helps maintain a healthy body weight, re-
ducing the risk of obesity. In contrast, too little or excessive
activity has been associated with chronic disorders such as
diabetes, cardiovascular diseases, certain cancers, chron-
ic respiratory diseases, and other serious health problems
[13,14]. Additionally, individuals with highly inactive life-
styles frequently experience low-grade chronic inflamma-
tion, which often includes immunological components [15].
Regular exercise promotes the development of a balanced
pro-inflammatory and anti-inflammatory environment in
both younger and older humans [16,17] and younger and
older horses [18,19], resulting in reduced basal inflammation
and increased concentrations of both pro-inflammatory and
anti-inflammatory cytokines [20-22]. It is thought that the
recurrent acute inflammatory and subsequent anti-inflam-
matory cytokine responses after recovery from single bouts
of exercise cause these long-term alterations in circulating
cytokines [23].

Exercise elevates the levels of the pro-inflammatory cy-
tokines IL-6, TNF-a, and IL-1f in humans, triggering an
acute inflammatory response [24-26]. Similarly, it has been
reported to raise the systemic mRNA expression of TNF-a
and IL-1B in horses [27-29]. Overtraining, which is linked
to muscle, skeletal, and joint injuries, is considered the pri-
mary culprit behind this exercise-induced inflammatory re-
sponse in humans [30] and horses [31].

It is known that the type of activity that involves greater par-
ticipation of different muscle groups, as well as the type of
ergometer, generates different cytokine responses. The ma-
jority of the sport-specific interventions in humans included
in this study were ergometer cycling, downhill running, var-
ious sports, and swimming. As a result of physical activity or
exercise (at least 30 minutes/day), leukocytosis is commonly
induced in humans [10,32-34] and in horses [10,35,36].

The cytokines released into the blood after exercise have
received much attention in understanding the underlying

mechanisms of these events. Indeed, several studies [37-40]
have consistently demonstrated that IL-1Ra, IL-6, IL-8, and
IL-10 levels significantly increase after endurance activi-
ties (e.g., marathons) lasting from 1 to more than 24 hours.
Excessive exercise may compromise the immune system.
Although advancements have been made, many questions
remain unanswered regarding the processes that link the
types and levels of an individual's activity to immunological
responses and illness. The impact of regular physical exercise
on cytokine expression has yet to be thoroughly examined.

A brief overview of various cells expressing different cyto-
kines is provided in Figure 1. The figure shows the differ-
ent cytokines that are produced during exercise, their func-
tions, and the pathways through which they act, showing the
four main subsets of T cells (Thi, Th2, Thi17, and TFH). Th1
cells secrete cytokines such as interferon-gamma (IFN-y)
and tumor necrosis factor-alpha (TNF-a), which promote
inflammation and help fight intracellular pathogens. Th2
cells secrete cytokines such as interleukin-4 (IL-4) and IL-13,
which help fight extracellular pathogens. Th17 cells secrete
cytokines such as IL-17, which promote inflammation and
help fight extracellular pathogens. TFH cells secrete cyto-
kines such as IL-21, which help regulate the function of B
cells, another type of immune cell that produces antibodies.

Comparative studies of cytokine production in humans and
horses can provide valuable insights into the evolutionary
and physiological basis of these responses, as well as their
potential therapeutic implications for both human and vet-
erinary medicine. By investigating the effect of physical ac-
tivity on cytokine production in parallel studies of human
and horse athletes, this study aims to contribute to our
understanding of the immune adaptations to exercise and
their potential implications for improving athletic perfor-
mance and injury recovery in both species. In this review, we
examined the impact of physical activity or exercise train-
ing on cytokines in humans and horses (adults, young, and
obese). In general, the present systematic review supports
the idea that exercise can stimulate both pro-inflammatory
and anti-inflammatory cytokine responses.

2. Materials and Methods

2.1. Protocol for the Systematic Review

This systematic review was structured in accordance with
the Preferred Reporting Items for Systematic Reviews
(PRISMA) protocol (Figure 2). The Problem, Intervention,
Comparison, and Outcome (PICO) model was used to for-
mulate keywords and facilitate the literature search. The "P"
(Population), which includes humans and animals focusing
on horses; "I" (Intervention) is physical activity/exercise; "C"
(Comparison) is a comparison between the trained group
and the control group or between aerobic training and re-
sistance training; and "O" (Outcome) is the effect of the
training on the production of cytokine(s). This review is also
based on a thorough systematic literature search of elec-
tronic databases for research examining the relationship be-
tween physical activity and cytokine production in humans
and horses, published between 2000 and 2022..
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Figure 1: A schematic representation of different exercise-induced cytokine secretion, their functions, pathways, and
effects. Naive T cells, upon activation by an antigen, give rise to Tho, which differentiates into T cell subsets (Thi, Th2, Thi17,
and T,,) that secrete different cytokines, thereby participating in various signaling mechanisms. Naive T cell (CD4+): This
represents an inactive T cell that has not yet encountered an antigen. Upon encountering an antigen-presenting cell (such
as a dendritic cell) that presents an antigen to it, the naive T cell gets activated. After activation, the naive T cell becomes
an undifferentiated T helper cell, commonly referred to as Tho. Tho then differentiates into various T helper cell subsets
depending on the signals it receives. Tho can differentiate into Th1 under specific signals. Thi cells express chemokine
receptors CCR5 and CXCR3, allowing them to migrate to sites of inflammation. Thi cells primarily secrete cytokines
such as Interleukin-2 (IL-2) and Interferon-gamma (IFN-y). IL-2 helps in the activation and proliferation of T cells, while
IFN-y stimulates immune responses against intracellular pathogens. Tho also differentiates into Th2 under specific
signals. Th2 cells express chemokine receptors CRTh2 and CCR4. Th2 cells secrete cytokines such as Interleukin-4 (IL-
4), Interleukin-5 (IL-5), Interleukin-13 (IL-13), and Interleukin-9 (IL-9). These cytokines are involved in promoting allergic
responses, activating B cells for antibody production, and enhancing the function of eosinophils. Tho also differentiates
into Th17 under specific signals. Thi17 cells express chemokine receptors CCR6 and CXCRs. Thi7 cells secrete cytokines
such as Interleukin-17 (IL-17), Interleukin-21 (IL-21), and Interleukin-22 (IL-22). These cytokines play a role in promoting
inflammation, neutrophil recruitment, and defense against certain bacterial and fungal infections. Tho also differentiates
into TFH under specific signals. TFH cells express the chemokine receptor CXCRs. TFH cells secrete cytokines such as
Interleukin-21 (IL-21), Interleukin-4 (IL-4), and Interleukin-10 (IL-10). TFH cells play a crucial role in providing help to B
cells within germinal centers, promoting antibody production, and facilitating the formation of memory B cells.

cise” OR "training") AND ("cytokine production” OR "cyto-
kine") AND ("human athlete” OR "animals horse-equids")
AND ("2000-2022") as keywords. The search was conducted
in October 2022 (first record). This search strategy identi-
fied 4,450 published articles (Figure 2). Two reviewers inde-
pendently screened each article based on its title, keywords,
and abstract to ensure that all relevant studies were captured.

2.2. Eligibility Criteria
The study was carried out between 2000 and 2022. Only
studies that fulfilled the following criteria were included:

1. Articles that were original and based on scientific research.

2. The reported study had an experimental design on human

subjects, horses, or experimental/laboratory animals.
The inclusion criteria were: English language, access to full

texts, studies examining the effects of physical activity in
experimental animals, humans, and horses/equids, and as-
sessment of both pro-inflammatory and anti-inflammatory
effects. After excluding duplicate studies, 24 studies were
included in the review. A large number of studies (4,426)
were excluded because they were not original scientific arti-
cles, there was no clear information on training or exercise

3. There was clear information about the training or exer-
cise intervention.

4. The study investigated the levels of cytokines, either pro-
or anti-inflammatory, or both, after an exercise or training
intervention.

2.3. Information and Search Strategy

The databases included in the search were Scopus (https://
scopus.com), SciELO (www.scielo.br), Web of Science
(https://webofknowledge.com), PubMed (https://pubmed.
ncbi.nlm.nih.gov/), and ScienceDirect (https://sciencedi-
rect.com), using the terms: ("physical activities" OR "exer-

interventions, participants were not healthy, they received
medications in addition to physical activity, or the studies
fell outside the search period (2000-2022). Studies included
and excluded were reviewed separately by two researchers.
The selected papers were then examined for methodological
quality and classified based on individual levels of evidence.
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Figure 2: PRISMA flowchart for the process of selecting eligible articles.

2.4. Study Record, Data Items, and Outcomes

Information on the title, abstract, and keywords was ac-
quired in the Research Information System (RIS) format
and imported into Mendeley software, after which dupli-
cate documents were excluded. The title and abstract were
examined, and the inclusion criteria were reviewed during
the article screening process. One author (IPO) analyzed the
selected documents, excluding those that did not meet the
inclusion requirements. Two additional authors verified the
information (ASO and OCA). Data on the concentration of
cytokines (pro- and anti-inflammatory) were obtained from
the full text for reporting purposes. The Mendeley program
was used to examine the exported keywords. Subsequently,
data from Mendeley were exported in RIS format, including
authors, titles, abstracts, and keywords.

3. Results

3.1. Quantitative Analysis

A total of 4,450 studies were identified after the search (after
removing duplicates). Of these, 4,426 studies did not fulfill
the eligibility criteria and were excluded. After applying the
inclusion and exclusion criteria, 24 articles were deemed el-
igible for inclusion in this review. Three (3) studies focused
on the effects of physical activity (exercise) on cytokine pro-
duction in horses. In contrast, twenty (20) studies focused
on the impact of physical activity (exercise) on cytokine pro-
duction in humans and laboratory animal models, and one

(1) study conducted a comparative analysis between horses
and humans.

3.2. Study Characteristics

The included studies (Figure 3) reported the effect of physical
activity on pro- and anti-inflammatory cytokine levels. Of the
24 studies, six focused on laboratory animals (mice and rats),
three on horses, and fifteen on humans. The human partici-
pants enrolled were between 18 and 81 years old, while the ex-
perimental laboratory mice were between 5 and 8 weeks old.
The horse participants enrolled were between 3 and 8 years
old. Participants from all 24 studies were generally healthy.

The exercise intervention was highly variable, ranging from
resistance training to aerobic endurance, and from anaer-
obic endurance to various activities such as swimming,
treadmill walking, and running. The duration of the exer-
cise intervention was also highly variable, ranging from 4
days to 5 months. The studies collected blood samples at
varying times (immediately, 30 min, and 1, 3, 6, and 24 h)
after exercise (Table 1).

From the full texts, data regarding the study region were ex-
tracted and summarized. The majority of the studies were
conducted in Brazil (n = 8), followed by Iran (n = 2), Japan
(n=2), South Korea (n =2), and the United States (n = 2). Al-
though relevant to the literature, no study assessed cytokine
production using in vitro-stimulated immune cells.
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3.3. Pro-Inflammatory Cytokines

A total of 24 studies were included after reviewing the arti-
cles (Figure 3). Among these studies, 12 examined the levels
of IL-1B [41-52], 17 examined the level of TNF-« [41-58], five
examined the level of IFN-y [51-59], one examined the level
of IL-12 [59], three examined the level of IL-2 [50,52,54], 21
examined the level of IL-6 [6,10,25,41-48,50-54,56,57,60], tWo
examined the level of IL-12P [50,51], five examined the level
of IL-8 [50,51,55,56], two examined the level of IL-17 [41,52],
and one study examined the level of IL-12p35 [59].

3.4. Anti-Inflammatory Cytokines

Among the included studies, 12 examined the level of IL-10
[10,41,45,48-55,60], one examined the level of 1L-13 [45], four
examined the level of IL-4 [50,52,54,59], and three examined
IL-Ira [10,44,50].

3.5. Effect of Exercise on Cytokine Production in Humans
Concerning IL-6 levels, lower values were reported in partic-
ipants exposed to moderate-intensity exercise (921.3 + 228.7)
compared to those in the control group (1429.6 + 270.4)
[10,25,41,44,46,51] (Figure 4). Higher values were reported
in participants exposed to high-intensity exercise (1364.0 +
164.0) compared to those in the control group (901.8 +198.2)
[10,42,50,57,58].

For serum IL-1f levels, higher values were reported in par-
ticipants exposed to moderate-intensity exercise (479.4 +
4.0) compared to those in the control group (372.0 + 5.0)
[44,46,51]. Lower values were reported in participants ex-
posed to high-intensity exercise (108.3 + 41.7) compared to
those in the control group (321.88 + 48.0) [45,48,49].

For serum IFN-y levels, no significant differences were re-
ported in participants exposed to moderate-intensity exer-
cise (42.6 +1.0) compared to those in the control group (43.3
+ 1.2) [41,53,54]. A similar result was reported for partici-
pants exposed to high-intensity exercise (1.4 + 0.5) compared
to those in the control group (1.5 + 0.5) [50].

For serum IL-17 levels, no significant differences were re-
ported in participants exposed to moderate-intensity exer-
cise (3.4 + 0.1) compared to those in the control group (3.5 +
o0.1) (Figure 4).

For serum IL-4 levels, no significant differences were re-
ported in participants exposed to moderate-intensity ex-
ercise (4.8 + 0.04) compared to those in the control group
(4.9 + 0.02) [54]. Higher values were reported in participants
exposed to high-intensity exercise (4.9 + 0.6) compared to
those in the control group (3.5 + 0.8) [50].

For serum IL-1Ra levels, no significant differences were re-
ported in participants exposed to high-intensity exercise
(0.03 + 0.1) compared to those in the control group (0.04 +
0.1) [10,50] (Figure 4).

For serum IL-10 levels, lower values were reported in par-
ticipants exposed to moderate-intensity exercise (212.3 +
7.7) compared to those in the control group (242.84 + 8.16)
[51,53]. Higher values were reported in participants exposed
to high-intensity exercise (113.4 + 37.0) compared to those in
the control group (27.7 + 25.3) [10,45,48-50,55].

For serum TNF-a levels, higher values were reported in
participants exposed to moderate-intensity exercise (154.5
+ 1.0) [41,51] and high-intensity exercise (364.0 + 60.0)
[45,48,49,55,57,58], compared to those in the control groups
(145.3 + 1.0 and 228.0 + 62.2, respectively).

For serum IL-2 levels, no significant differences were report-
ed in participants exposed to high-intensity exercise (7.6 +
0.3) compared to those in the control group (7.7 + 0.5) [50].

For serum IL-8 levels, higher values were reported in partic-
ipants exposed to moderate-intensity exercise (54.5 + 10.5)
[43] and high-intensity exercise (83.3 + 26.7) [10,50,55], com-
pared to the control groups (27.5 + 12.5 and 31.0 + 24.1, re-
spectively) (Figure 4).

3.6. The Effect of Frequency and Duration of Exercise on

Cytokine Production in Horses

Concerning IL-6 levels, higher values were reported in hors-
es exposed to strenuous exercise (142.0 + 5.0) compared to
those in the control group (132.0 + 4.1) [6,47,52] (Figure 5).
For serum IL-10 levels, lower values were reported in hors-
es exposed to strenuous exercise (226.3 + 5.0) compared to
those in the control group (236.6 + 5.4) [6]. For serum IL-1f3,
no significant differences were reported in horses exposed
to strenuous exercise (41.8 + 0.4) compared to those in the
control group (41.1 + 0.3) [47,52].

For serum TNF-a, lower values were reported in horses ex-
posed to strenuous exercise (124.2 + 0.5) compared to those
in the control group (136.7 + 1.8) [6]. For serum IFN-y, lower
values were reported in horses exposed to strenuous exer-
cise (39 + 1.2) compared to those in the control group (42 +
1.5) [52,59]. For serum IL-17, lower values were reported in
horses exposed to strenuous exercise (54.0 + 1.5) compared
to those in the control group (57.0 + 1.5) [52]. For serum IL-4,
lower values were reported in horses exposed to strenuous
exercise (36.0 + 0.5) compared to those in the control group
(37.0 £ 0.5) [52,59] (Figure 5).
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Figure 4: Human serum concentrations of (a) interleukin-6 (IL-6), (b) interleukin-18 (IL-1f), (c) interferon-gamma (IFN-y),
(d) interleukin-17 (IL-17), (e) interleukin-4 (IL-4), (f) interleukin-1Ra (IL-1Ra), (g) interleukin-10 (IL-10), (h) tumor necrosis
factor-alpha (TNF-a), (i) interleukin-2 (IL-2), and (j) interleukin-8 (IL-8). Grey bars indicate moderate exercise intensity;

black bars indicate high exercise intensity.

4. Discussion

The duration and intensity of physical activities have been re-
ported to alter cytokine levels [61]. Additionally, moderate ex-
ercise loads reduce blood leptin levels, a hormone that helps
maintain healthy calorie burning [62]. This adipocytokine,
known as leptin, is known to increase IL-6 protein and its
mRNA expression, thereby causing inflammation [12]. As a
result, the data suggest that moderate exercise, such as tread-
mill training, lowers IL-6 levels. This finding is consistent
with the study [62], which found that Zucker rats subjected
to moderate but regular exercise experienced a substantial
reduction in IL-6 compared to rats that did not exercise.

In contrast, the present review also found an increase in
IL-6 levels among humans and horses involved in endurance
training or marathons [6]-suggesting a possible cytokine
response similarity between species. This could be because
the IL-6 level in the bloodstream is significantly enhanced
30 minutes after the start of physical activity. In the selected
articles, IL-6 concentration was measured immediately after
the exercise intervention and not during the exercise. Thus,
after running a 42 km marathon in humans or an endurance
test for horses, the maximal IL-6 level was measured imme-
diately afterward, showing a 100-fold increase. Although

more equine-based studies are necessary, the kinetics of ex-
ercise-induced IL-6 may be closely related to the duration of
the exercise for both species.

It was also found that participants subjected to physical
training for 24 km or performing aerobic training on tread-
mills for 30-60 min (moderate intensity) had an increase in
IL-1B, a pro-inflammatory cytokine. Moreover, a decrease in
IL-1B was observed in humans subjected to physical training
of 42 km or endurance training on treadmills for 2-6 hours
(high-intensity exercise) (Figure 6). In contrast, we report-
ed an increase in IL-1f3 in horses subjected to high-intensity
physical training (Figure 7). These varying results may be
due to species-specific differences in the immune system's
response to exercise, with horses exhibiting a distinct pat-
tern of cytokine production compared to humans [13]. Addi-
tionally, the type and duration of the exercise protocol used
in the studies differ between humans and equines, which
could contribute to the differing responses. Finally, the age
of the horses and humans could contribute to the observed
differences in the cytokine response. For example, older
individuals exhibit a blunted cytokine response to exercise
compared to younger individuals, which may have a greater
impact on the IL-1f3 response observed in the human study.
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Figure 5: Horse serum concentrations of (a) interleukin-6 (IL-6), (b) interleukin-10 (IL-10), (c) interleukin-1B (IL-1B), (d)
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There were, however, no significant changes in the pro-in-
flammatory cytokines, including IFN-y, IL-17, and IL-12,
among all human participants and horses subjected to
high-intensity exercise (Figure 6 and Figure 7). However,
there was a decrease in IL-17 among participants who un-
derwent moderate-intensity exercise. The reduction in IL-17
levels among participants who engaged in moderate-inten-
sity exercise could be attributed to several factors, includ-
ing exercise duration and intensity. A subset of immune
cells called T-helper 17 (Th17) cells primarily produces IL-17.
These cells play a crucial role in regulating immune respons-
es, particularly in the context of inflammation and autoim-
mune diseases. Moderate-intensity exercise has been asso-
ciated with anti-inflammatory effects, while high-intensity
exercise can lead to a more pronounced stress response and
inflammatory state. The decrease in IL-17 levels observed in
participants who engaged in moderate-intensity exercise
could be indicative of the downregulation of Th17 cell activ-
ity. Another possible explanation is that moderate-intensity
exercise promotes the release of anti-inflammatory cyto-
kines and enhances the activity of regulatory T cells (Tregs).
Tregs help maintain immune balance by suppressing exces-
sive inflammation. The increase in anti-inflammatory fac-
tors and the regulatory activity of Tregs may counteract the
production of IL-17, resulting in a decreased level.

In this review, an increase in anti-inflammatory IL-4 levels
was also reported among participants exposed to high-in-
tensity exercise (Figure 6). In contrast, there were no signifi-

cant changes in IL-4 levels among horses exposed to high-in-
tensity exercise. The contrasting findings between humans
and horses regarding IL-4 levels in response to high-inten-
sity exercise can be attributed to several factors, as humans
and horses have distinct immune system regulations and
responses. IL-4, which is primarily associated with Th2 im-
mune responses, may have different regulatory mechanisms
in horses compared to humans. Secondly, the physiological
responses to exercise differ between the two species. Hu-
mans and horses exhibit distinct muscle fiber types, energy
metabolism, and aerobic capacities, which can impact their
immune responses to exercise and subsequent cytokine pro-
duction, including IL-4. Lastly, species-specific adaptations
and genetic differences can lead to unique responses to ex-
ercise. Horses, which have been selectively bred for endur-
ance and specific athletic abilities, may exhibit a different
immune response profile compared to humans.

For the anti-inflammatory IL-1Ra level, which was reported
only in human participants, there was no significant differ-
ence in the cytokine level among all participants involved in
high-intensity exercise (marathon) (Figure 6). However, a
decrease in IL-1Ra levels was observed among participants
exposed to moderate-intensity exercise. The contrasting
findings in IL-1Ra levels between high-intensity exercise
(marathon) and moderate-intensity exercise among human
participants can be attributed to the varying physiological
responses and inflammatory processes associated with dif-
ferent exercise intensities. High-intensity exercise induces a
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robust inflammatory response, leading to the release of vari-
ous cytokines, including IL-1Ra, which acts as an antagonist
to IL-1, a pro-inflammatory cytokine. During high-intensity
exercise, IL-1Ra levels may remain stable or unchanged as
the body releases IL-1Ra to counterbalance the elevated lev-
els of IL-1. Consequently, no significant difference in IL-1Ra
levels is likely to be observed among participants involved in
high-intensity exercise.

In contrast, moderate-intensity exercise typically elicits a less
pronounced inflammatory response due to lower mechanical
stress and metabolic demands. The decrease in IL-1Ra levels
among participants exposed to moderate-intensity exercise
could be attributed to the relatively lower demand for IL-1Ra
to counterbalance the inflammatory process. It is essential
to acknowledge that individual variations and other factors
may impact the observed cytokine responses, and additional
research is required to fully elucidate the underlying mecha-
nisms of IL-1Ra level changes in response to varying exercise
intensities. There was no reported effect of exercise on the
IL-1Ra level in horses, as no author reported this in any of the
studies that passed the inclusion criteria. However, a study
by [63] reported that after strenuous exercise in horses, the
concentration of the cytokine IL-1Ra was reduced.

Physical exercise plays a crucial role in enhancing health
benefits by increasing the production of IL-10. Interleu-
kin-10 is a cytokine that plays a critical role, with potent
anti-inflammatory properties, when produced during and
after exercise. IL-10 helps the host's immune response
to pathogens, preventing tissue damage. In this review,
the findings showed that all participants involved in the
marathon had an increased level of the anti-inflammato-
ry cytokine IL-10 [10,49,50,55]. This could be a result of the
magnitude of the exercise, as an increase in IL-10 levels is
associated with active muscle mass and, therefore, exercise
intensity in humans [64] (Figure 6). However, other exer-
cises, ranging from swimming to squatting, either reduced
IL-10 levels or showed no significant difference between the
IL-10 cytokine level before and after the exercise. This data
is consistent with the findings of the current investigation,

supporting the idea that the pattern and magnitude of the
IL-10 response vary with the type of exercise. The IL-10 re-
sponse in this study is similar to that previously reported
by [13], who found that marathon training significantly in-
creased levels of IL-10 in all groups relative to their baseline
values (10-to 20-fold).

In contrast to humans, a decreased IL-10 level has been re-
ported in horses, which may be a result of the prolonged
training duration (5 months) in horses (Figure 7). This result
is consistent with [65], who found that plasma IL-10 levels
were significantly increased after 6 months of training in
horses compared to baseline levels. The authors suggested
that this increase may reflect a training-induced anti-in-
flammatory response that helps to maintain immune ho-
meostasis in the horses [65].

TNF-a is a classic pro-inflammatory cytokine released in
response to cellular damage. Low-intensity exercise in un-
trained individuals upregulates the body's inflammatory
cytokine response, which is thought to increase with con-
tinued exercise, such as marathon running [66]. Fatigue and
increased metabolic load work together to further activate
circulating monocytes, causing them to generate and re-
lease pro-inflammatory cytokines [67]. Furthermore, cyto-
kines released in peripheral tissues might exacerbate local-
ized inflammatory pathways in muscles and joints, leading
to an intensified systemic response. As a result, the extent
of systemic elevations in TNF-a is related to the intensity,
type, and duration of exercise [63]. TNF-a gene expression
has been observed to increase for up to 24h after several
exercise regimens (graded, interval, and repeated sprint
exercise tests) in Standardbred mares. In this review, an in-
crease in the TNF-a level was reported among humans and
horses exposed to high-intensity exercise (Figure 6 and Fig-
ure 7). There was an increase in participants exposed to the
treadmill (75% intensity VO2), with reduced levels after 2 h.
There was also an increase in the IL-8 level in all human par-
ticipants, irrespective of the exercise type. These findings
support previous studies [68,69]. Moreover, there was an in-
crease in horses exposed to high-intensity exercise.
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Figure 6: Cascade effect of high-intensity exercise on human skeletal muscle cell st1mulus and cytokme production

(increase, decrease, no significant difference).
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Figure 7: Cascade effect of high-intensity exercise on horse skeletal muscle, cell stimulus, and cytokine production (increase,

decrease, no significant difference).

Peripheral blood mononuclear cells (PBMCs) can also be
used in preclinical research due to their role in immune re-
sponses (i.e., diseases and inflammatory processes), includ-
ing IL-6, IL-4, and IL-1B, more recently [6,59,70]. In horses,
ex vivo stimulation of PBMCs with lipopolysaccharide (LPS)
has been employed to assess cytokine production, showing
significant increases in TNF-a, IL-1B, IL-6, and IL-8, which
could be attenuated by treatment with silibinin [71]. Recent
advances in monoclonal antibody development have en-
abled the quantification of mature IL-1f3 secreted by PBMCs
following LPS stimulation, with CD14* monocytes identified
as the predominant cellular source [72]. Additionally, stim-
ulation with PMA/ionomycin has been used to investigate
TNF-a expression, demonstrating its production not only
by monocytes but also by CD4* and CD8* T lymphocytes [70].
Collectively, these findings highlight the applicability of
equine PBMCs as a robust ex vivo model for characterizing
cytokine responsiveness.

Oxidative stress, mediated by the production of reactive ox-
ygen species (ROS), is also a key regulatory mechanism of
cytokine gene expression, primarily through the activation
of transcription factors such as NF-kB and AP-1. In horses,
recent studies have demonstrated this link, showing that
antioxidant interventions can modulate cytokine respons-
es under stress conditions. For example, astaxanthin sup-
plementation in Thoroughbred racehorses reduced ROS
formation and attenuated the exercise-induced increase of
pro-inflammatory cytokines [73]. At the same time, treat-
ment with chlorogenic acid decreased ROS production in
immune cells, accompanied by an increase in IL-10 and a
reduction in TNF-a, IL-6, IL-1B, and IL-8 [74]. Moreover, in
immunization models for antivenom production, horses
with stronger immune responses exhibited concomitant
increases in oxidative stress markers and anti-inflammato-
ry cytokines, such as IL-4 and IL-10, suggesting that redox
modulation can influence cytokine profiles during adaptive
responses [75]. These findings underscore the importance
of considering oxidative stress mechanisms in conjunction
with ex vivo stimulation data when interpreting cytokine
production in horses.

Clenbuterol (B2-adrenoceptor agonist) was evaluated for its
effect on weight loss. Although it is prohibited in humans
for anti-doping control, clenbuterol is popular in bodybuild-
ing and physio-culture sports. The substance inhibits the
inflammatory process. The cells from 14 untrained and 14
well-trained racehorses were collected after acute exercise
and cultured with clenbuterol. The expression of CD4, CDS8,
FoxP3, CD14, MHC II, and CDs5, in addition to IL-1f3, IL-4, IL-
6, IL-10, IL-17, IFN-y, and TNF-qa, was assessed. f2-adreno-
ceptor stimulation led to enhanced anti-inflammatory prop-
erties in well-trained horses, as did low doses in untrained
animals. In contrast, higher doses of clenbuterol created a
pro-inflammatory environment in untrained horses [76].

The use of constant immunological markers to monitor cell
and organ damage in advance of moderate- and high-inten-
sity training is an area of ongoing research. While the de-
velopment and implementation of such markers are still in
progress, there is potential for both human and equine ath-
letes to benefit from these tools in optimizing their training
and performance. In the context of human athletes, various
studies have explored the use of immunological markers
to assess the impact of training, predict performance, and
monitor the overall health status of athletes. For example,
markers such as cytokine levels (including interleukins)
and other immune cell parameters have been investigat-
ed to understand the inflammatory response and poten-
tial tissue damage associated with intense exercise [58].
By tracking these markers over time, trainers and athletes
can gain insights into the training load, recovery patterns,
and potential risks of overtraining or injury. In the field of
equine training, similar investigations are being carried out
to identify markers that can provide insights into the health
and performance of horses. The focus is on understanding
how exercise-induced stress, inflammation, and other phys-
iological responses impact horses' overall well-being and
athletic potential. While specific markers in horse training
have not been mentioned in the provided context, ongoing
research aims to uncover reliable indicators that can assist
trainers and horse owners in optimizing training protocols
and health management (i.e., kinship) [77]. Moreover, the
use of the horse as a close model in translational studies to
understand human physiology and immunity will shed light
on preclinical and clinical trials [3].
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Table 1: Summary of inclusion studies on exercise-induced cytokine production in humans and horses.

Ref.  Population, age, Exercise and duration Cytokines quantified Biological sample and Techniques
and location sampling time
[41]  35rats, 60 days, Swimming, an aerobic IFN-vy, IL-6, TNF-a, and Serum, before and ELISA
Brazil and resistance training IL-10 immediately after exercise
(moderate intensity) for 16
weeks
[42] 43 overweight Endurance training (aerobic ~ IL-1f, IL-6, and TNF-« Serum, before and ELISA
men, 25 years, running), resistance immediately after exercise
Iran training, and concurrent
training for 8 weeks
[60] 26 elderly Strengthening exercise, IL-6 Serum, before and ELISA
women, above balancing, and walking immediately after exercise
60 years exercise programs for 8
weeks
[43] 19 male, 23-25 Treadmill for 1 hour at 75% IL-1B, IL-6, IL-8, and Serum, before and ELISA
years, South intensity VO, for 6 weeks TNF-a immediately after
Korea exercise, 30 minutes, and
2h after exercise
[61] Young male, Eccentric exercise bouts for IL-1B, IL-6, and IL-10 Serum, before exercise, ELISA
18-30 years, 4 days immediately after
Canada exercise, and 24h after
exercise
[53]1 Male Swiss mice,  Progressive swimming for IFN-y, TNF-q, IL-10, Plasma, before the Cytometric bead
5-6 weeks old, 5 days IL-6, and IL-12p70 exercise, immediately array kit
Brazil after exercise, and 3h after
exercise
[54] 12 elderly Stretching, resistance, and 1L-2, IL-4, IL-6, IL-10, Plasma, before and Cytometric bead
women, above isotonic exercise in circuits  IL-17, TNF-a, and IFN-y immediately after exercise array kit
60years, Brazil  using weights for 16 weeks
[44] 32 elderly Aerobic, resistance, and IL-1B, IL-1Ra, and IL-6 Serum, before and ELISA
women, above stretch exercise at moderate immediately after exercise
60 years, Brazil intensity for 24 weeks
[45]1  15young males, Acute strength exercise IL-6, IL-10, IL-1B, Plasma, before, Bio-Plex Pro
18-30 years, (acute-SE) for 3 months TNF-«a, and IL-13 immediately after Human cytokine kit
Brazil exercise, and 30 minutes
after exercise
[46] 28 rats, 8 weeks Endurance training and IL-6, IL-1B, and TNF-a Serum, before and ELISA
old, Iran downhill running, treadmill immediately after exercise
for 8 weeks
[59] 11 horses, 4-8 Strenuous exercise IL-4, IFN-y, and IL- DNA, before and Real-time PCR
years, USA (Treadmill) for 10-12 weeks 12p35 immediately after exercise
[47] 8 horses, 3—4 Strenuous exercise TNF-a, IFN-B, IL-6, and DNA, before and Real-time PCR
years, Belgium (Treadmill) for 1 month IL-1B immediately after exercise
[48] 39young Wistar Treadmill with high intensity  IL-1B, IL-6, TNF-q, and Serum, before and ELISA
rats, Minas for 6 weeks IL-10 immediately after exercise
Geralis, Brazil
[49] 15 male Wistar Endurance training, IL-1B, TNF-q, and IL-10 Serum, before and ELISA
rats, Sao Paulo, Treadmill running for 8 immediately after exercise
Brazil weeks
[55] 18 master Marathon IL-10, IL-8, and TNF-« Serum, before and ELISA
athletes, 53-64 immediately after exercise
years, Portugal
[50] 16 male Marathon for 8 weeks IL-1B, IL-4, IL-2, IL-8, Serum, before and ELISA
marathoners, IFN-y, IL-10, IFN-q, immediately after exercise
Japan TNF-a, IL-1Ra, TGF-3

IL-6, and IL-12
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Ref.  Population, age, Exercise and duration Cytokines quantified Biological sample and Techniques
and location sampling time
[s11 Male and female Water rowing workouts, IL-1B, IL-6, IL-8, IL-10, Plasma, before, Cytometric bead
rowers running, and an ergometer IL-12p70, and TNF-a immediately after array human kit
for 8 weeks exercise, 30 minutes after
exercise, 3 hours, and 6
hours post-training
[4] 8 trained male Endurance races and IL-6 DNA, before and Real-time PCR
athletes, 2528 training immediately after exercise
years, and 8
trained horses,
6-8 years, Italy
[52] 9 Arabian horses, Endurance training for 5 IL-1B, IL-2, IL-4, IL-6, Serum, before and Immuno-enzymatic
Poland months IL-10, IL-17, IFN-y,and immediately after exercise =~ commercial assay
TNF-a for equine species
[62] 31 males, 24-26 Cycle ergometer 1L-6 DNA, before and Real-time PCR
years immediately after exercise
[56] 22 maleathletes, Focused fitness for 5 days a TNF-a and IL-6 Serum, before and Linco Plex (ELISA-
22-25 years week immediately after exercise ~ species-specific
radioimmunoassay
kit)
[63] 45 athletes/ Marathon 1L-1Ra, IL-6, IL-8 and Plasma, before and ELISA
marathoners, IL-10 immediately after exercise
average age of 25
years, USA
[57] 15 male Marathon Plasma TNF-a and IL-6 Plasma, before and Solid-phase,
marathoners, immediately after exercise two-sided
20-60 years chemiluminescent
assay on the
Immulite system
before and after the
race
[58] 18 male, 19 years Resistance exercise 1L-6 and TNF-a Serum, before and ELISA

immediately after exercise

The incorporation of artificial intelligence (AI) can signifi-
cantly enhance the analysis and interpretation of the gath-
ered data in both human and equine contexts. Al algorithms
can handle large datasets, identify patterns, and generate
models that associate variables such as immunological
markers, training protocols, physical conditions, and per-
formance outcomes. This can facilitate sound evaluations,
help predict optimal training strategies, and provide valu-
able insights into the complex interplay between immuno-
logical responses, training adaptations, and performance
outcomes. In equine immunology, clustering and multi-
variate approaches have already been employed to capture
immune dynamics. Principal component analysis and hier-
archical clustering of 22 inflammation-related genes in pe-
ripheral blood leukocytes revealed distinct transcriptional
signatures differentiating local and systemic inflammatory
responses following LPS challenge [78]. Similarly, single-cell
RNA sequencing coupled with unsupervised clustering re-
solved over 30 immune cell subpopulations in equine PB-
MCs, including a predominance of T-bet" B cells, thereby
establishing a high-resolution immune cell atlas [3]. These
findings highlight the feasibility of advanced clustering
methods and suggest that their integration with machine

learning techniques may enable predictive modeling of cy-
tokine-driven immune responses in horses. It is important
to note that while the potential benefits of constant immu-
nological markers and Al-based analysis are promising, fur-
ther research, validation, and refinement of these approach-
es are still required before widespread implementation can
occur. Moreover, as more data are gathered, the protocol
can associate these variables and execute a large number of
possibilities to produce sound evaluations. Nonetheless, the
ongoing advancements in these fields hold promise for the
future of training optimization, performance enhancement,
and genetics in humans and horses.

5. Conclusion

The present findings suggest that cytokine levels, whether
anti-inflammatory or pro-inflammatory, depend solely on
the intensity and duration of exercise in both humans and
horses. However, further studies are needed to compare
these responses with immune system disorders and other
exercise-induced cytokines. The use of cell-type-specific and
longitudinal studies should be complemented by transcrip-
tomic analysis to better determine their role in horse physi-
ology, pathogenesis, and breeding.
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6. Limitations

A significant limitation of this systematic review is the
methodological heterogeneity in cytokine measurement ap-
proaches across the included studies. Studies varied in their
analytical methods, with some quantifying mRNA expres-
sion in tissue samples while others measured circulating
protein concentrations in serum or plasma. This distinction
is critical because mRNA expression levels do not necessar-
ily correlate with protein secretion due to post-transcrip-
tional and post-translational regulatory mechanisms. The
temporal dynamics also differ, with mRNA typically peaking
earlier than the corresponding protein levels. Additional-
ly, tissue-specific mRNA measurements cannot be directly
compared to systemic protein concentrations, as local tissue
expression may not reflect circulating levels.

Additionally, the lack of standardized timing for cytokine
measurements significantly impacts the interpretation of
results. Different cytokines follow distinct temporal release
patterns that were not adequately captured in most studies.
IL-6, for instance, typically peaks during exercise or within
30 minutes post-exercise and then rapidly declines, while
TNF-a demonstrates a more delayed peak occurring 2-6
hours post-exercise. Anti-inflammatory cytokines, such as
IL-10, exhibit biphasic responses, characterized by an ear-
ly peak followed by a sustained elevation that can persist
for over 24 hours. IL-1B shows variable timing patterns de-
pending on exercise intensity and duration. The majority
of included studies measured cytokines "immediately af-
ter the exercise intervention rather than during exercise,”
creating several interpretive challenges. For cytokines that
peak during exercise (such as IL-6), immediate post-exer-
cise measurements may capture declining rather than peak
concentrations, potentially underestimating the true mag-
nitude of the response. Conversely, delayed-response cyto-
kines might appear unchanged if measured too early, lead-
ing to false-negative results regarding anti-inflammatory
responses. Single-time-point measurements cannot capture
the dynamic interplay between pro- and anti-inflammatory
responses, which is essential for understanding the com-
plete immunological response to exercise.

Authors' Contributions

[PO: Conceptualization, literature review, data analysis,
writing. ASO and OCA: Validation, review, and editing. EP
and UYY: Literature review and critical review. MBM: Super-
vision, critical review, and final approval of the manuscript.

Data Availability

All data analyzed in this review are available in the published
literature and are listed in the reference section.

Funding

The authors would like to thank the National Council for Sci-
entific and Technological Development (CNPq) for the grant
number 001/202.2.

Conflicts of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Ethical Approval

This article is a systematic review and does not involve the
collection of original data from humans or animals; there-
fore, ethical approval was not required.

References
[1]

Von Engelhardt W. [Physical performance--a comparison
between horses and men]. Deutsche Tierarztliche Wochen-

schrift 1992;99:24-6.

Karagianni AE, Lisowski ZM, Hume DA, Scott Pirie R. The
equine mononuclear phagocyte system: The relevance of the
horse as a model for understanding human innate immu-
nity. Equine Veterinary Journal 2021;53:231-49. https://doi.
0rg/10.1111/evj.13341.

[2]

[38] Witkowska-Pitaszewicz O, Pingwara R, Winnicka A. The ef-
fect of physical training on peripheral blood mononuclear
cell ex vivo proliferation, differentiation, activity, and reac-
tive oxygen species production in racehorses. Antioxidants

2020;9:1155. https://doi.org/10.3390/antiox9111155.

[4] McCue MD. Starvation physiology: Reviewing the different
strategies animals use to survive a common challenge. Com-
parative Biochemistry and Physiology Part A: Molecular & In-
tegrative Physiology 2010;156:1-18. https://doi.org/10.1016/].

cbpa.2010.01.002.

Hill EW, Gu J, Eivers SS, Fonseca RG, McGivney BA, Govin-
darajan P, et al. A sequence polymorphism in MSTN predicts
sprinting ability and racing stamina in Thoroughbred hors-
es. PLoS ONE 2010;5:e8645. https://doi.org/10.1371/journal.
pone.oo0864s.

[5]

[61 Capomaccio S, Cappelli K, Spinsanti G, Mencarelli M, Mus-
cettola M, Felicetti M, et al. Athletic humans and horses:
Comparative analysis of interleukin-6 (IL-6) and IL-6 recep-
tor (IL-6R) expression in peripheral blood mononuclear cells
in trained and untrained subjects at rest. BMC Physiology

2011;11:3. https://doi.org/10.1186/1472-6793-11-3.
[7]

Lawler J. Hindlimb unloading increases oxidative stress and
disrupts antioxidant capacity in skeletal muscle. Free Radical
Biology and Medicine 2003;35:9-16. https://doi.org/10.1016/

50891-5849(03)00186-2.

Powers SK, Jackson MJ. Exercise-induced oxidative stress:
cellular mechanisms and impact on muscle force produc-
tion. Physiological Reviews 2008;88:1243—76. https://doi.
org/10.1152/physrev.00031.2007.

[8]

[9]1 Hung Y-L, Suzuki K. The pattern recognition receptors and
lipopolysaccharides (LPS)-induced systemic inflammation.
International Journal of Research Studies in Medical and

Health Sciences 2017;2:1-7.

[10] Walsh NP, Gleeson M, Shephard R]J, Gleeson M, Woods JA,
Bishop NC, et al. Position statement. Part one: Immune func-
tion and exercise. Exercise Immunology Review 2011;17:6-63.

[11] Lim CL, Suzuki K. Systemic inflammation mediates the ef-
fects of endotoxemia in the mechanisms of heat stroke. Biol-

ogy and Medicine 2017;09.

Hale JN, Hughes KJ, Hall S, Labens R. The effect of exercise
on cytokine concentration in equine autologous conditioned
serum. Equine Veterinary Journal 2023;55:551-6. https://doi.
0rg/10.1111/evj.13586.

[12]



https://doi.org/10.1111/evj.13341
https://doi.org/10.1111/evj.13341
https://doi.org/10.3390/antiox9111155
https://doi.org/10.1016/j.cbpa.2010.01.002
https://doi.org/10.1016/j.cbpa.2010.01.002
https://doi.org/10.1371/journal.pone.0008645
https://doi.org/10.1371/journal.pone.0008645
https://doi.org/10.1186/1472-6793-11-3
https://doi.org/10.1016/s0891-5849(03)00186-2
https://doi.org/10.1016/s0891-5849(03)00186-2
https://doi.org/10.1152/physrev.00031.2007
https://doi.org/10.1152/physrev.00031.2007
https://doi.org/10.1111/evj.13586
https://doi.org/10.1111/evj.13586

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

International Journal of Equine Science Vol. 4, Issue 2, 2025

Plisak U, Szczepaniak J, Zmigrodzka M, Giercuszkiewicz-Hecold
B, Witkowska-Pitaszewicz O. Changes in novel anti-infalm-
matory cytokine concetration in the bood of endurance and
race horses at different levels of training. Computational and
Structural Biotechnology Journal 2023;21:418-24. https://doi.
org/10.1016/j.csbj.2022.12.016.

Ekelund U, Besson H, Luan ], May AM, Sharp SJ, Brage S, et
al. Physical activity and gain in abdominal adiposity and body
weight: prospective cohort study in 288,498 men and women.
The American Journal of Clinical Nutrition 2011;93:826-35.
https://doi.org/10.3945/ajcn.110.006593.

Gleeson M. Immune system adaptation in elite athletes. Cur-
rent Opinion in Clinical Nutrition & Metabolic Care 2006;9:659—
65. https://doi.org/10.1097/01.mc0.0000247476.02650.18.

Petersen AMW, Pedersen BK. The anti-inflammatory effect
of exercise. Journal of Applied Physiology 2005;98:1154-62.
https://doi.org/10.1152/japplphysiol.00164.2004.

Algoblan A, Alalfi M, Khan M. Mechanism linking diabetes
mellitus and obesity. Diabetes, Metabolic Syndrome and
Obesity: Targets and Therapy 2014;2014:587-91. https://doi.
org/10.2147/dmso.s67400.

Hubert JD, Seahorn TL, Klei TR, Hosgood G, Horohov DW,
Moore RM. Clinical signs and hematologic, cytokine, and
plasma nitric oxide alterations in response to Strongylus vul-
garis infection in helminth-naive ponies. Canadian Journal of
Veterinary Research 2004;68:193-200.

Wong CW, Smith SE, Thong YH, Opdebeeck JP, Thornton
JR. Effects of exercise stress on various immune functions in
horses. American Journal of Veterinary Research 1992;53:1414—
7. https://doi.org/10.2460/ajvr.1992.53.08.1414.

Monzillo LU, Hamdy O, Horton ES, Ledbury S, Mullooly C,
Jarema C, et al. Effect of lifestyle modification on adipokine
levels in obese subjects with insulin resistance. Obesity Re-
search 2003;11:1048-54. https://doi.org/10.1038/0by.2003.144.

Goldhammer E, Tanchilevitch A, Maor I, Beniamini Y, Ro-
senschein U, Sagiv M. Exercise training modulates cytokines
activity in coronary heart disease patients. International
Journal of Cardiology 2005;100:93-9. https://doi.org/10.1016/j.
ijcard.2004.08.073.

Santos RVT, Viana VAR, Boscolo RA, Marques VG, Santana
MG, Lira FS, et al. Moderate exercise training modulates cyto-
kine profile and sleep in elderly people. Cytokine 2012;60:731—
5. https://doi.org/10.1016/j.cyt0.2012.07.02.8.

Reihmane D, Dela F. Interleukin-6: Possible biological
roles during exercise. European Journal of Sport Science
2014;14:242-50. https://doi.org/10.1080/17461391.2013.776640.

Cerqueira E, Marinho DA, Neiva HP, Lourenco O. Inflamma-
tory Effects of High and Moderate Intensity Exercise—A Sys-
tematic Review. Frontiers in Physiology 2020;10. https://doi.
org/10.3389/fphys.2019.01550.

Cornish SM, Johnson ST. Systemic cytokine response to three
bouts of eccentric exercise. Results in Immunology 2014;4:23—
9. https://doi.org/10.1016/j.rinim.2014.04.002.

Pedersen BK, Febbraio MA. Muscles, exercise and obesity:
skeletal muscle as a secretory organ. Nature Reviews Endocri-
nology 2012;8:457-65. https://doi.org/10.1038/nrendo.2012.49.
Lee HG, Choi J-Y, Park J-W, Park TS, Song K-D, Shin D, et al.
Effects of exercise on myokine gene expression in horse skel-
etal muscles. Asian-Australasian Journal of Animal Sciences
2019;32:350-6. https://doi.org/10.5713/ajas.18.0375.

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Zandona Meleiro MC, de Carvalho HJC, Ribeiro RR, da Silva
MD, Salles Gomes CM, Miglino MA, et al. Immune functions
alterations due to racing stress in Thoroughbred horses. Ani-
mals 2022;12:1203. https://doi.org/10.3390/ani12091203.

MacNicol JL, Lindinger MI, Pearson W. A time-course evalua-
tion of inflammatory and oxidative markers following high-in-
tensity exercise in horses: a pilot study. Journal of Applied
Physiology 2018;124:860-5. https://doi.org/10.1152/japplphysi-
0l.00461.2017.

Kreher ]JB, Schwartz JB. Overtraining Syndrome. Sports
Health: A Multidisciplinary Approach 2012;4:128-38. https://
doi.org/10.1177/1941738111434406.

Hunka MM, Aragjo Souza L, Sougey de Almeida TH, Rolim
Nery PC, Cordeiro Manso HEC da C, Manso Filho HC. Met-
abolic and physiological changes during and after vaquejada
exercise in horses. Medicina Veterinaria (UFRPE) 2018;12:254.
https://doi.org/10.26605/medvet-vi2n4-2454.

Goh ], Lim CL, Suzuki K. Effects of endurance-, strength-,
and concurrent training on cytokines and inflammation. In:
Schumann M, Rgnnestad BR, editors. Concurrent Aerobic and
Strength Training: Scientific Basics and Practical Applications,
Cham: Springer International Publishing; 2019, p. 125-38.

Simpson R], Kunz H, Agha N, Graff R. Exercise and the reg-
ulation of immune functions. Progress in Molecular Biol-
ogy and Translational Science 2015;135:355-80. https://doi.
org/10.1016/bs.pmbts.2015.08.001.

Gongalves CAM, Dantas PMS, dos Santos IK, Dantas M, da
Silva DCP, Cabral BG de AT, et al. Effect of acute and chronic
aerobic exercise on immunological markers: a systematic re-
view. Frontiers in Physiology 2020;10. https://doi.org/10.3389/
fphys.2019.01602.

Snow DH, Ricketts SW, Mason DK. Haematological response to
racing and training exercise in Thoroughbred horses, with par-
ticular reference to the leucocyte response. Equine Veterinary
Journal 1983;15:149-54. https://doi.org/10.1111/j.2042-3306.1983.
tho1742.x.

Masko M, Domino M, Jasifiski T, Witkowska-Pilaszewicz O.
The physical activity-dependent hematological and biochem-
ical changes in school horses in comparison to blood profiles
in endurance and race horses. Animals 2021;11:1128. https://
doi.org/10.3390/ani11041128.

Sugama K, Suzuki K, Yoshitani K, Shiraishi K, Kometani T. IL-
17, neutrophil activation and muscle damage following endur-
ance exercise. Exercise Immunology Review 2012;18:116-27.

Sugama K, Suzuki K, Yoshitani K, Shiraishi K, Kometani T. Uri-
nary excretion of cytokines versus their plasma levels after en-
durance exercise. Exercise Immunology Review 2013;19:29-48.

Sugama K, Suzuki K, Yoshitani K, Shiraishi K, Miura S, Yosh-
ioka H, et al. Changes of thioredoxin, oxidative stress markers,
inflammation and muscle/renal damage following intensive en-
durance exercise. Exercise Immunology Review 2015;21:130—42.

Silva CMS, Vieira-Junior RC, Trombeta JCR, Lima TR, Fraga
GA, Sena MS, et al. Effects of aerobic and resistance training
of long duration on pro- and anti-inflammatory cytokines in
rats. Revista Andaluza de Medicina Del Deporte 2017;10:170—
5. https://doi.org/10.1016/j.ramd.2016.02.005.


https://doi.org/10.1016/j.csbj.2022.12.016
https://doi.org/10.1016/j.csbj.2022.12.016
https://doi.org/10.3945/ajcn.110.006593
https://doi.org/10.1097/01.mco.0000247476.02650.18
https://doi.org/10.1152/japplphysiol.00164.2004
https://doi.org/10.2147/dmso.s67400
https://doi.org/10.2147/dmso.s67400
https://doi.org/10.2460/ajvr.1992.53.08.1414
https://doi.org/10.1038/oby.2003.144
https://doi.org/10.1016/j.ijcard.2004.08.073
https://doi.org/10.1016/j.ijcard.2004.08.073
https://doi.org/10.1016/j.cyto.2012.07.028
https://doi.org/10.1080/17461391.2013.776640
https://doi.org/10.3389/fphys.2019.01550
https://doi.org/10.3389/fphys.2019.01550
https://doi.org/10.1016/j.rinim.2014.04.002
https://doi.org/10.1038/nrendo.2012.49
https://doi.org/10.5713/ajas.18.0375
https://doi.org/10.3390/ani12091203
https://doi.org/10.1152/japplphysiol.00461.2017
https://doi.org/10.1152/japplphysiol.00461.2017
https://doi.org/10.1177/1941738111434406
https://doi.org/10.1177/1941738111434406
https://doi.org/10.26605/medvet-v12n4-2454
https://doi.org/10.1016/bs.pmbts.2015.08.001
https://doi.org/10.1016/bs.pmbts.2015.08.001
https://doi.org/10.3389/fphys.2019.01602
https://doi.org/10.3389/fphys.2019.01602
https://doi.org/10.1111/j.2042-3306.1983.tb01742.x
https://doi.org/10.1111/j.2042-3306.1983.tb01742.x
https://doi.org/10.3390/ani11041128
https://doi.org/10.3390/ani11041128
https://doi.org/10.1016/j.ramd.2016.02.005

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

Oladapo et al. | Physical Activity and Cytokine Production

Salamat KM, Azarbayjani MA, Yusof A, Dehghan F. The re-
sponse of pre-inflammatory cytokines factors to different
exercises (endurance, resistance, concurrent) in overweight
men. Alexandria Journal of Medicine 2016;52:367—70. https://
doi.org/10.1016/j.ajme.2015.12.007.

Shin Y-O, Lee J-B. Effects of exercise training on plasma cy-
tokine and chemokine levels, and thermoregulation. Journal
of Thermal Biology 2011;36:219-24. https://doi.org/10.1016/j.
jtherbio.2011.03.001.

Sampaio RC, Moura NR de, Barros MP de, Hatanaka E, Priv-
iero FBM, Moraes C de. Twice-weekly exercise training re-
duces oxidative stress and proinflammatory cytokine levels
in elder women. Motriz: Revista de Educagao Fisica 2019;25.
https://doi.org/10.1590/51980-6574201900030001.

Carvalho TM de, Severo JS, Santos FG de S e S, Cavalcante
AKM, Havt A, Santos AA dos, et al. Acute strength exercise
decreases satiety by modifying blood cytokines levels in phys-
ically active men. Motriz: Revista de Educagao Fisica 2020;26.
https://doi.org/10.1590/51980-65742020000400176.

Isanejad A, Saraf ZH, Mahdavi M, Gharakhanlou R, Shamsi
MM, Paulsen G. The effect of endurance training and down-
hill running on the expression of IL-1f, IL-6, and TNF-a and
HSP72 in rat skeletal muscle. Cytokine 2015;73:302-8. https://
doi.org/10.1016/j.cyt0.2015.03.013.

Mignot CC, Pirottin D, Farnir F, de Moffarts B, Molitor C, Lekeux
P, et al. Effect of strenuous exercise and ex vivo TLR3 and TLR4
stimulation on inflammatory gene expression in equine pulmo-
nary leukocytes. Veterinary Immunology and Immunopatholo-
gy 2012;147:127-35. https://doi.org/10.1016/j.vetimm.2012.04.004.

Freitas DA, Rocha-Vieira E, Soares BA, Nonato LF, Fonseca
SR, Martins JB, et al. High intensity interval training mod-
ulates hippocampal oxidative stress, BDNF and inflamma-
tory mediators in rats. Physiology & Behavior 2018;184:6-11.
https://doi.org/10.1016/j.physbeh.2017.10.027.

Lira FS, Rosa JC, Yamashita AS, Koyama CH, Batista Jr. ML,
Seelaender M. Endurance training induces depot-specific
changes in IL-10/TNF-a ratio in rat adipose tissue. Cytokine
2009;45:80-5. https://doi.org/10.1016/j.cyt0.2008.10.018.

Suzuki K, Yamada M, Kurakake S, Okamura N, Yamaya K, Liu
Q, etal. Circulating cytokines and hormones with immunosup-
pressive but neutrophil-priming potentials rise after endur-
ance exercise in humans. European Journal of Applied Phys-
iology 2000;81:281-7. https://doi.org/10.1007/s004210050044.

Main LC, Dawson B, Grove JR, Landers GJ, Goodman C. Impact
of training on changes in perceived stress and cytokine pro-
duction. Research in Sports Medicine 2009;17:112—23. https://
doi.org/10.1080/15438620802689757.

Witkowska-Pitaszewicz O, Baska P, Czopowicz M, Zmigrodz-
ka M, Szarska E, Szczepaniak J, et al. Anti-inflammatory state
in Arabian horses introduced to the endurance training. Ani-
mals 2019;9:616. https://doi.org/10.3390/ani9090616.

Cleto LS, Oleto AF, Sousa LP, Barreto TO, Cruz JS, Penaforte
CL, et al. Plasma cytokine response, lipid peroxidation and
NF-kB activation in skeletal muscle following maximum pro-
gressive swimming. Brazilian Journal of Medical and Biolog-
ical Research 2011;44:546-52. https://doi.org/10.1590/s0100-
879%2011007500050.

[53]

[54]

[551

[56]

[571

[58]

[59]

[60]

[61]

[62]

[63]

[64]

Anjos MCG dos, Pimentel JPD, Costa AG da, Epifanio D de S,
Malheiro A, Passos LF de S. The effects of brief physical condi-
tioning on immune cells and cytokines in elderly individuals in
Manaus, Amazonas. Fisioterapia Em Movimento 2016;29:305—
15. https://doi.org/10.1590/0103-5150.029.002..2009.

de Souza Teixeira AA, Minuzzi LG, Lira FS, Gongalves ASVP,
Martinho A, Rosa Neto JC, et al. Improvement in the anti-in-
flammatory profile with lifelong physical exercise is related
to clock genes expression in effector-memory CD4+ T cells in
master athletes. Exercise Immunology Review 2021;27:67-83.

de Oliveira DCX, Rossano Procida I, das Neves Borges-Silva C.
Effect of training judo in the competition period on the plasmat-
ic levels of leptin and pro-inflammatory cytokines in high-per-
formance male athletes. Biological Trace Element Research
2010;135:345-54. https://doi.org/10.1007/$12011-009-8499-2..

Bernecker C, Scherr ], Schinner S, Braun S, Scherbaum
WA, Halle M. Evidence for an exercise induced increase of
TNF-a and IL-6 in marathon runners. Scandinavian Journal
of Medicine & Science in Sports 2013;23:207-14. https://doi.
0rg/10.1111/j.1600-0838.2011.01372.X.

Amin MN, El-Mowafy M, Mobark A, Abass N, Elgaml A. Ex-
ercise-induced downregulation of serum interleukin-6 and
tumor necrosis factor-alpha in Egyptian handball players.
Saudi Journal of Biological Sciences 2021;28:724-30. https://
doi.org/10.1016/j.8jbs.2020.10.065.

Ainsworth DM, Appleton JA, Eicker SW, Luce R, Julia Flamin-
io M, Antczak DF. The effect of strenuous exercise on mRNA
concentrations of interleukin-12, interferon-gamma and in-
terleukin-4 in equine pulmonary and peripheral blood mono-
nuclear cells. Veterinary Immunology and Immunopathology
2003;91:61-71. https://doi.org/10.1016/s0165-2427(02)00274-X.

Mahendra DIGA, Subadi I, Wardhani IL, Satyawati R, Alit
Pawana PI, Melaniani S. Effects of Otago Exercise Program on
serum Interleukin-6 level in older women. Annals of Medicine
& Surgery 2022;78. https://doi.org/10.1016/j.amsu.202.2.103733.

Keller P, Keller C, Carey AL, Jauffred S, Fischer CP, Steens-
berg A, et al. Interleukin-6 production by contracting human
skeletal muscle: autocrine regulation by IL-6. Biochemical
and Biophysical Research Communications 2003;310:550—4.
https://doi.org/10.1016/].bbrc.2003.09.048.

Xiang L, Naik J, Hester RL. Exercise-induced increase in skele-
tal muscle vasodilatory responses in obese Zucker rats. Amer-
ican Journal of Physiology-Regulatory, Integrative and Com-
parative Physiology 2005;288:R987-91. https://doi.org/10.1152/
ajpregu.00702.2004.

Tazawa R, Uchida K, Fujimaki H, Miyagi M, Inoue G, Sekiguchi
H, et al. Elevated leptin levels induce inflammation through IL-6
in skeletal muscle of aged female rats. BMC Musculoskeletal Dis-
orders 2019;20:199. https://doi.org/10.1186/512891-019-2581-5.

Pedersen BK. Anti-inflammatory effects of exercise: role in dia-
betes and cardiovascular disease. European Journal of Clinical
Investigation 2017;47:600-11. https://doi.org/10.1111/eci.12781.
Nickel T, Emslander I, Sisic Z, David R, Schmaderer C, Marx
N, et al. Modulation of dendritic cells and toll-like receptors by
marathon running. European Journal of Applied Physiology
2012;112:1699—708. https://doi.org/10.1007/s00421-011-2140-8.



https://doi.org/10.1016/j.ajme.2015.12.007
https://doi.org/10.1016/j.ajme.2015.12.007
https://doi.org/10.1016/j.jtherbio.2011.03.001
https://doi.org/10.1016/j.jtherbio.2011.03.001
https://doi.org/10.1590/s1980-6574201900030001
https://doi.org/10.1590/s1980-65742020000400176
https://doi.org/10.1016/j.cyto.2015.03.013
https://doi.org/10.1016/j.cyto.2015.03.013
https://doi.org/10.1016/j.vetimm.2012.04.004
https://doi.org/10.1016/j.physbeh.2017.10.027
https://doi.org/10.1016/j.cyto.2008.10.018
https://doi.org/10.1007/s004210050044
https://doi.org/10.1080/15438620802689757
https://doi.org/10.1080/15438620802689757
https://doi.org/10.3390/ani9090616
https://doi.org/10.1590/s0100-879x2011007500050
https://doi.org/10.1590/s0100-879x2011007500050
https://doi.org/10.1590/0103-5150.029.002.ao09
https://doi.org/10.1007/s12011-009-8499-2
https://doi.org/10.1111/j.1600-0838.2011.01372.x
https://doi.org/10.1111/j.1600-0838.2011.01372.x
https://doi.org/10.1016/j.sjbs.2020.10.065
https://doi.org/10.1016/j.sjbs.2020.10.065
https://doi.org/10.1016/s0165-2427(02)00274-x
https://doi.org/10.1016/j.amsu.2022.103733
https://doi.org/10.1016/j.bbrc.2003.09.048
https://doi.org/10.1152/ajpregu.00702.2004
https://doi.org/10.1152/ajpregu.00702.2004
https://doi.org/10.1186/s12891-019-2581-5
https://doi.org/10.1111/eci.12781
https://doi.org/10.1007/s00421-011-2140-8

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

International Journal of Equine Science Vol. 4, Issue 2, 2025

Steensberg A, Keller C, Starkie RL, Osada T, Febbraio MA,
Pedersen BK. IL-6 and TNF-a expression in, and release from,
contracting human skeletal muscle. American Journal of
Physiology-Endocrinology and Metabolism 2002;283:E1272~
8. https://doi.org/10.1152/ajpendo.00255.2002.

Izquierdo M, Ibafiez J, Calbet JAL, Navarro-Amezqueta I,
Gonzilez-1zal M, Idoate F, et al. Cytokine and hormone re-
sponses to resistance training. European Journal of Applied
Physiology 2009;107:397-409. https://doi.org/10.1007/s00421-
009-1139-X.

Lightfoot AP, Cooper RG. The role of myokinesin muscle health
and disease. Current Opinion in Rheumatology 2016;28:661-
6. https://doi.org/10.1097/bor.0000000000000337.

Suzuki K, Nakaji S, Yamada M, Liu Q, Kurakake S, Okamu-
ra N, et al. Impact of a competitive marathon race on sys-
temic cytokine and neutrophil responses. Medicine and
Science in Sports and Exercise 2003;35:348-55. https://doi.
0rg/10.1249/01.MSS.0000048861.57899.04.

Lee EC, Fragala MS, Kavouras SA, Queen RM, Pryor JL, Casa
DJ. Biomarkers in sports and exercise: tracking health, per-
formance, and recovery in athletes. Journal of Strength
and Conditioning Research 2017;31:2920-37. https://doi.
0rg/10.1519/j8C.0000000000002.12.2..

Giercuszkiewicz-Hecold B, Pajuelo D, Steczkiewicz Z, Cy-
winska A, Marycz K. Astaxanthin supplementation in Arabian
racing horses mitigates oxidative stress and inflammation in
peripheral blood mononuclear cells through enhanced mi-
tophagy. Scientific Reports 2025;15. https://doi.org/10.1038/
$41598-025-93661-7.

Schnabel CL, Babasyan S, Freer H, Larson EM, Wagner B.
New mAbs facilitate quantification of secreted equine TNF-a
and flow cytometric analysis in monocytes and T cells. Vet-
erinary Immunology and Immunopathology 2021;238:110284.
https://doi.org/10.1016/j.vetimm.2021.110284.

Babasyan S, Rollins A, Wagner B. Monoclonal antibodies
for equine IL-1B enable the quantification of mature IL-1f
in horses. Veterinary Immunology and Immunopathology
2024;274:110805. https://doi.org/10.1016/].vetimm.2024.110805.

[73]1 Dabrowska I, Grzedzicka ], Niedzielska A, Witkows-
ka-Pitaszewicz O. Impact of chlorogenic acid on peripheral
blood mononuclear cell proliferation, oxidative stress, and
inflammatory responses in racehorses during exercise. Anti-
oxidants 2023;12:1924. https://doi.org/10.3390/antiox12111924.

[74] Suntrarachun S, Promruangreang K, Khunsap S, Akesowan
S. Activation of inflammatory cytokines and oxidative stress
of horse immune response after cobra venom immunization
for therapeutic antivenom production. Agriculture and Natu-
ral Resources 2023;57:135—44.

[751 Vinther AML, Heegaard PMH, Skovgaard K, Buhl R, Andreas-
sen SM, Andersen PH. Characterization and differentiation
of equine experimental local and early systemic inflamma-
tion by expression responses of inflammation-related genes
in peripheral blood leukocytes. BMC Veterinary Research
2016;12:83. https://doi.org/10.1186/512917-016-0706-8.

[76] Witkowska-Pitaszewicz O, Pingwara R, Szczepaniak ], Winn-
icka A. The effect of the clenbuterol—f2-adrenergic receptor
agonist on the peripheral blood mononuclear cells prolifera-
tion, phenotype, functions, and reactive oxygen species pro-
duction in race horses in vitro. Cells 2021;10:936. https://doi.
org/10.3390/cells10040936.

[771 Gugliandolo E, Crupi R, Biondi V, Licata P, Cuzzocrea S,
Passantino A. Protective effect of silibinin on lipopolysac-
charide-induced inflammatory responses in equine periph-
eral blood mononuclear cells, an in vitro study. Animals
2020;10:2022. https://doi.org/10.3390/ani10112022.

[78] Patel RS, Tomlinson JE, Divers TJ, Van de Walle GR, Rosen-
berg BR. Single-cell resolution landscape of equine peripheral
blood mononuclear cells reveals diverse cell types including
T-bet+ B cells. BMC Biology 2021;19:13. https://doi.org/10.1186/
§12915-020-00947-5.

How to Cite

Oladapo IP, Olagunju AS, Akinsulie OC, Proenga E, Yoshitani
UY, Molento MB, et al. The Effect of Physical Activity on Cyto-
kine Production: A Systematic Parallel Study of Horse and Hu-
man Athletes. Int ] Equine Sci 2025;4(2):199-213.



https://doi.org/10.1152/ajpendo.00255.2002
https://doi.org/10.1007/s00421-009-1139-x
https://doi.org/10.1007/s00421-009-1139-x
https://doi.org/10.1097/bor.0000000000000337
https://doi.org/10.1249/01.MSS.0000048861.57899.04
https://doi.org/10.1249/01.MSS.0000048861.57899.04
https://doi.org/10.1519/jsc.0000000000002122
https://doi.org/10.1519/jsc.0000000000002122
https://doi.org/10.1038/s41598-025-93661-7
https://doi.org/10.1038/s41598-025-93661-7
https://doi.org/10.1016/j.vetimm.2021.110284
https://doi.org/10.1016/j.vetimm.2024.110805
https://doi.org/10.3390/antiox12111924
https://doi.org/10.1186/s12917-016-0706-8
https://doi.org/10.3390/cells10040936
https://doi.org/10.3390/cells10040936
https://doi.org/10.3390/ani10112022
https://doi.org/10.1186/s12915-020-00947-5
https://doi.org/10.1186/s12915-020-00947-5

	OLE_LINK2
	_GoBack

