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ABSTRACT

The purpose of this study was to evaluate oxidative stress and antioxidant markers in sport horses, comparing pre-
exercise and post-exercise between two types of sport. Twenty horses (ten race horses and ten endurance horses) were
used in this study. The exercise intensity varied based on sport-specific formats. Blood samples were collected at pre-
exercise, immediately, and three hours after exercise for oxidative stress and antioxidant markers analysis. The results
showed that malondialdehyde (MDA) and protein carbonyl levels were significantly increased just after exercise,
followed by a significant decrease of MDA 3hours after exercise in both types of sport horses. In contrast, protein
carbonyl level was not significantly decreased 3hours after exercise. The superoxide dismutase (SOD) levels were
significantly increased just after exercise in both types of sport horses, whereas catalase levels were significantly
increased just after exercise only in race horses, indicating their adaptive responses to oxidative stress. Moreover, plasma
nitrate/nitrite (NOX) levels showed no significant differences between periods of exercise and types of sports, although
NOXx levels tended to decrease just after exercise in both types of sports. These findings suggest that exercise patterns
influence the level of oxidative stress in sport horses, as race horses exhibit higher oxidative stress response than
endurance horses, supporting the notion that exercise-induced oxidative stress depends on exercise type, intensity, and
duration. Further studies are needed to clarify the accumulation of ROS in different muscle fiber types to provide more

understanding about the oxidative and antioxidative response during exercise in sport horses.
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INTRODUCTION

The exercise-induced generation of reactive oxygen
species (ROS) is a well-known phenomenon in both
humans and animals (Dillard et al. 1978; Powers et al.
2020; Wang et al. 2021). The most important source of
ROS during exercise is mitochondria (Vargas-Mendoza et
al. 2021). In addition, activated phagocytes and increased
activity of several oxidase enzymes also contribute to an
increased ROS formation (Mills et al. 1996; Moffarts et al.
2004; Bouviere et al. 2021). During exercise, the increase
of oxygen flux into active skeletal muscles leads to
enhanced ROS production and oxidative stress, resulting in
an imbalance between free radicals and antioxidants
(Kinnunen et al. 2005; Powers et al. 2020; Zohier et al.
2023). Moreover, a higher maximal oxygen uptake
(VO2max) is associated with an increase in superoxide anion

(0O27), one of the most important free radicals (Fazio et al.
2016; Ankur et al. 2018). ROS produced from contracting
muscles during exercise potentially causes damage to
tissues by oxidation of cellular components, such as DNA,
proteins, and membrane lipids (Moffarts et al. 2004;
Powers et al. 2020). This oxidative stress contributes to
accelerated muscle fiber damage and muscle fatigue,
leading to exercise intolerance and decreased physical
performance (Sen et al. 2000; Wang et al. 2021).
Exercise-induced oxidative stress causes muscle
damage and an increase in lipid peroxidation level in horses
as well (Kent et al. 2023). Muscle fibers of equine athletes
are classified into slow-twitch (Type I) or fast-twitch (Type
I) fibers, which feature different structural, metabolic, and
functional properties (Rivero et al. 2014; Vasileiadou et al.
2023). The athletic abilities of horses are, in part,
associated with variations of their muscle fiber composition
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(Hodgson et al. 2013). In race horses, their athletic
performance heavily relies on the utilization of fast-twitch
muscle fibers, whereas in endurance horses, their
endurance ability relies on the utilization of slow-twitch
muscle fibers (Hodgson et al. 2013). In the previous
studies, the differences in redox signaling and oxidative
stress were examined between supplement-treated and non-
treated groups, young and old groups, or trained and
untrained animal groups (Fazio et al. 2016; Smarsh et al.
2017; Bis-Wencel et al. 2020; Molinari et al. 2020; Stucchi
et al. 2025). However, the investigation of the differences
between the horses enrolled in the different types of sport,
which represent the usage of different types of muscles
(slow and fast twitch), is rare (Krumrych 2010; Zohier et
al. 2023). In fact, horses participating in different types of
athletic practices are trained to develop physical status,
including muscles suitable for their specific purpose
(Zohier et al. 2023). In fact, testing for oxidative stress and
antioxidant status in a single type of sport horse may not
fully address the question of how oxidative stress changes
vary across different sports (Liu et al. 2000; Moffarts et al.
2004; Andriichuk et al. 2014; Shono et al. 2020).
Therefore, the aim of this study was to compare the
oxidative stress and antioxidant status in plasma between
race and endurance horses.

MATERIALS AND METHODS

Animals and experimental design horse

Ethical approval for this study was obtained from the
Institutional Animal Care and Use Committee of Khon
Kaen University (IACUC-KKU-84/64), based on the
Ethics of Animal Experimentation of the National
Research Council of Thailand. A total of twenty horses,
namely 10 each of race and endurance horses, were
selected from a standard farm and a sports club in Thailand.
The gender includes stallion, gelding, and mare. The
average age was 7 tol4 years old, and the average weight
was 350 to 475kg. For health status, horses underwent the
physical examination, complete blood count, aspartate
aminotransferase (AST) test, and creatinine phosphokinase
(CK) test. The inclusion criteria for participation are: the
horse had a normal health status, participated in a
competition at least once, and had not been treated with an
antioxidant supplement for at least 6months. In addition,
the horses must complete an exercise program or
competition without injury.

Type of sports

In each study group, there were differences in
exercise-specific formats for that particular sport. The
exercise intensity levels of each group of horses were
assessed using the guidelines reported previously (Rivero
2007; Hinchcliff et al. 2008; Hodgson et al. 2013). Exercise
intensity and the various exercise formats represent the full
utilization of physical fitness specific to that particular
sport by the level of VOzmax at 80-100% and blood lactate
concentration of 4mmol/L, which is the same intensity of
VO:zmax at 80-100% (Rivero 2007). The exercise protocol
was defined as follows: a racehorse (high-intensity acute
exercise) ran two laps on the racing track at an approximate
speed of 60km/h, covering 2.4-3.2km in total, with a
duration of 4-5 minutes. An endurance horse (moderate-
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intensity chronic exercise) had participated in a 40km
competition on the track, maintaining an approximate
speed of 20 km/hour, totaling 3 hours.

Blood sample collection

10mL of blood samples were collected from the
external jugular vein of each animal, and put into
potassium-EDTA for oxidative stress and antioxidant
markers. The blood samples were collected at three time
periods: pre-exercise, immediately, and 3 hours post-
exercise. Subsequently, plasma samples were separated by
refrigerated centrifugation. The samples were stored at -
20°C until analyzed.

Blood profile and biochemical assessments

Complete blood count was done using a hematology
analyzer (ABX micros ESV 60, HORIBA Instruments
Incorporation, California, USA). AST level was
determined using a blood chemistry analyzer (ABX Pentra
400, HORIBA Instruments Incorporation, California,
USA.) and CPK level was measured using a blood
chemistry analyzer (Olympus AU 400, Olympus, Tokyo,
Japan). All these hematological parameters were measured
to assess the normal health status of horses before inclusion
in this study (data not shown).

Oxidative stress markers
Malondialdehyde (MDA)

The concentration of plasma MDA was determined
using thiobarbituric acid as described previously
(Luangaram et al. 2007; Nakmareong et al. 2011) and the
results were presented as pM.

Protein carbonyl content

Protein carbonyl concentration was measured using a
previously described method (Nakmareong et al. 2012). In
brief, plasma samples were incubated with 15mM DNPH.
The protein was precipitated with TCA. The pellet was
washed with ethyl acetate and ethanol to remove free
DNPH and lipid contaminants, and then dissolved in 6M
guanidine. The carbonyl content was measured with an
ELISA reader at 360nm. The quantity obtained is expressed
as nmol/mg of protein.

Antioxidant markers
Superoxide Dismutase (SOD)

SOD was measured spectrophotometrically using the
superoxide dismutase activity assay kit (Merck KGaA,
Darmstadt, Germany) according to the manufacturer’s
protocol. The SOD activity is expressed as a percentage
inhibition.

Catalase

The catalase activity in plasma was measured by
Goth’s colorimetric method as described previously by
Goth (1991). The absorbance of the supernatant was
measured at 405nm, and the data were presented as KU/L.

Nitrate/nitrite (NOX)

The level of plasma NOx, the end products of NO
metabolism, was measured using an enzymatic conversion
method as described previously (Nakmareong et al. 2011).
Briefly, samples were deproteinized by ultrafiltration using
centrifugal concentrators (Nanosep™, Pal Filtron, USA),



then the supernatant was treated with converting enzymes
and reacted with a Griess solution for 15 minutes. After
incubation, the absorbance of samples was measured at
540nm with a microplate spectrophotometer (Epoch™ 2
Microplate Spectrophotometer, BioTek). The data were
given as uM.

Statistical Analysis

The data were analyzed using the normality test in
SPSS for Windows version 26. All data are expressed as
the mean + standard error of the mean (SEM). Statistical
difference among groups was done using Two-way
repeated measures analysis of variance (ANOVA). The
level of significance was determined at P<0.05.

RESULTS

Kinetic changes of oxidative stress and antioxidant
markers before and after exercise

MDA levels were examined before-, just after-, and 3
hours after-exercise in both race and endurance horses. As
shown in Fig. 1, in both types of sport horses, MDA levels
were significantly increased just after exercise. The degree
of MDA increase just after exercise was much more
dominant in race horses than in endurance horses. In both
types of horses, MDA levels returned to almost normal
levels 3 hours after exercise. The protein carbonyl levels
were significantly increased at just, and 3 hours after
exercise when compared to those before exercise in both
types of sport horses (P<0.05). This result is shown in Fig. 2.
In race horses, the protein carbonyl levels did not
significantly differ between just after and 3 hours after
exercise. In contrast, in endurance horses, the highest level
of protein carbonyl was observed 3 hours after exercise
(P<0.05; Fig. 2).
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Fig. 1: Plasma MDA levels compared between the period of
exercise and types of sports. TP<0.05 compared to pre-exercise,
tP<0.05 compared to post-exercise, “P<0.05 compare to
endurance at the same time.

In race horses, catalase levels increased significantly
(P<0.05; Fig. 3) just after exercise, but returned to the
normal level 3 hours after exercise. In the endurance
horse, catalase levels did not change significantly just or
3 hours after exercise (P>0.05; Fig. 3). In race horses,
SOD levels were significantly increased just and 3 hours
after exercise compared with that of before-exercise
(P<0.05; Fig. 4), although SOD levels just and 3 hours
after exercise were not statistically different from each
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other (P>0.05; Fig. 4). In endurance horses, SOD level
was significantly increased just after exercise, but
returned to the pre-exercise level at 3 hours after exercise
(P<0.05; Fig. 4).

Kinetic changes of plasma NOx levels before and after
exercise in both types of horses are shown in Fig. 5. As can
be seen in the graph, in part due to relatively large variation,
any significant difference of plasma NOx levels was not
observed during the period of times in both types of sport
horses (P>0.05), although it tended to decrease just after
exercise in both types of horses, especially in endurance
horses (P>0.05; Fig. 5).

3.0 4 —e— Race

—C— Endurance

Lo
@«

>
=S

(nmol/mg protein)

Plasma protein carbonyl
[t

Pre-excercise  Just after 3 hr after

Fig. 2: Plasma protein carbonyl levels compared between the
period of exercise and types of sports. TP<0.05 compared to pre-
exercise, *P<0.05 compared to post-exercise.
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Fig. 3: Plasma catalase levels compared between the period of
exercise and types of sports 1P<0.05 compared to pre-exercise,
1P<0.05 compared to post-exercise, *P<0.05 compared to
endurance at the same time.
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Fig. 4: Plasma SOD levels in plasma compared between the
period of exercise and types of sports 'P<0.05 compared to pre-
exercise, P<0.05 compared to post-exercise, “P<0.05 compared
to endurance at the same time.
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Fig. 5: Plasma nitrate/nitrite levels compared between the period
of exercise and the type of sports.

Comparison of oxidative stress and antioxidant
markers between race and endurance horses

MDA levels between race and endurance horses were
not significantly different at pre-exercise and 3hours
post-exercise (P>0.05; Fig. 1), but MDA levels of the race
horses was significantly higher than that of the endurance
horses just after exercise (P<0.05; Fig. 1). In contrast, the
protein carbonyl level was not significantly different
between both type of horses at any time examined
(P>0.05; Fig. 2).

For antioxidant markers, the catalase level of the
endurance horses was significantly higher than that of the
race horses at 3hours post-exercise (P<0.05; Fig. 3), but no
statistical differences were observed between the type of
horses at pre- and just after exercise (P>0.05; Fig. 3). The
SOD levels at post-exercise just and 3hours post-exercise
in race horses were significantly higher than those of the
endurance horses (P<0.05; Fig. 4). No statistical difference
was observed between race and endurance horses at pre-
exercise (P>0.05; Fig. 4). Moreover, the plasma NOx levels
were shown no significantly differences between type of
sports (P>0.05; Fig. 5). However, just after exercise, the
plasma nitrate/nitrite levels in endurance horses tended to
be, although statistically not significant (P>0.05; Fig. 5),
lower than that in race horses.

DISCUSSION

Our study demonstrated that the increase in oxidative
stress and the upregulation of antioxidant enzymes are
observed in both race and endurance horses after exercise.
Plasma protein carbonyl, an oxidative stress marker, was
not decreased 3 hours after exercise in both race and
endurance horses. In contrast, plasma NOx was not
significantly different between both types of sport horses
during the study periods of exercise. A higher oxidative
stress response was observed in race horses than in
endurance horses.

An escalation of O, in horses can be derived from
exercise, which is attributed to the increased blood
circulation enabling the transportation of oxygen, an
increase in the functioning of mitochondria, and the
elevation of the activity of phagocytic cells (Fazio et al.
2016). Moreover, during physical activity and exercise,
muscle spasm, accompanied by muscle fiber damage,
initiates an inflammatory response to exercise and activates
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nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase enzymes, leading to an increase in the production
of ROS (Miglio et al. 2024). The increase of O," causes
lipid peroxidation, which could be determined by
measuring the MDA level. In addition, O2™ also reacts with
protein side chains within the aldehyde and ketone groups,
leading to the formation of protein carbonyls. These
carbonylated proteins are relatively stable and are often
used as indicators for measuring oxidative stress levels
(Dalle-Donne et al. 2003; Davies 2016). The results in this
study revealed the increase of lipid peroxidation by
exercise in both race and endurance horses, as indicated by
the increase of plasma MDA and protein carbonyl levels.
The MDA level was increased just after exercise compared
to pre-exercise and returned to normal at 3 hours after
exercise, corresponding with the results reported by Ankur
etal. (2018) and Bottegaro et al. (2018). Same as MDA, the
protein carbonyl level of both types of horses was increased
just after exercise, corresponding with the study by Fogarty
et al. (2011). However, different from MDA, the protein
carbonyl level remained higher at 3 hours post-exercise in
both types of horses, especially in endurance horses. These
findings are consistent with the previous study in that
protein carbonyl content increased just after exercise and
increased further at 1 hour after exercise. A notable decline
of protein carbonyl levels was found 24 hours after exercise
(Mami et al. 2019). In addition, Liu et al. (2000)
demonstrated that the accumulation of protein carbonyls
tends to increase in slow-twitch muscle fibers during
chronic exercise.

In this study, when the kinetic changes of the MDA
levels before and after exercise of race horses and
endurance horses were compared, the former was much
higher than that of the latter. This result agrees with the
previous work of Alessio et al. (1988) in that MDA level
after high-intensity exercise was higher than that after
moderate-intensity  exercise. Furthermore, alongside
engaging in high-intensity acute exercise, there is a
possibility of triggering ischemic reperfusion injury. This
serves as a stimulus to phagocytic cells to induce a
substantial increase in the quantity of O~ (McMichael
2004). Additionally, the studies by Liu et al. (2000) and
Cunningham et al. (2005) revealed an increase in MDA
levels in fast-twitch muscle fibers during exercise,
indicating that the engagement in exercise activity that
stimulates fast-twitch muscle fibers is a contributing factor
to the accumulation of ROS in the body.

In contrast, in the present study, protein carbonyl
levels of race horses and endurance horses were not
significantly different before and after exercise. This
finding is consistent with the study by Shi et al. (2007),
where no significant difference in serum protein carbonyl
levels was observed between anaerobic and aerobic
exercise. A previous study by Fogarty et al. (2011)
indicated that during exercise, the body tends to rely more
on fat as an energy source than carbohydrates in a fasted
state, resulting in an increase in lipid peroxidation more
than protein oxidation. Moreover, the protein carbonyl
levels during exercise may be influenced by many factors
such as type of exercise, body temperature, nutritional
status, and exercise-induced injuries (Delwing-de Lima et
al. 2018).

Exercise-induced ROS generation leads to the



activation of the antioxidant system in the body to
counteract it. Catalase is one of the enzymes that can
eliminate ROS from the body by converting H,0; into
oxygen and water (Terblanche 2000; Mami et al. 2019;
Vasileiadou et al. 2023). Moreover, it is the major enzyme
found in aerobic cells (Ankur et al. 2018). In race horses,
the catalase levels just after exercise were significantly
higher than those of the pre-exercise period, but rapidly
decreased at 3 hours post-exercise. This is consistent with
the previous study of Mami et al. (2019) in that catalase
activity increased just after exercise and tended to decrease
at 1 hour after exercise. In contrast to race horses, in the
present study, the catalase levels of the endurance horse did
not significantly alter before and after exercise. This aligns
with the study of Parker et al. (2017), who showed the
lower level of catalase in continuous moderate-intensity
exercise than in high-intensity exercise. Moreover, the
study by Ankur et al. (2018) showed no significant
difference in catalase levels between pre- and post-exercise
of horses that performed endurance training.

The SOD is classified as a primary enzyme used to
eliminate O, (Yan et al. 2020). In the present study, in the
race horses, SOD levels significantly increased just after
exercise and remained at a high level until 3 hours post-
exercise. This is in agreement with Hitomi et al. (2008),
who reported that SOD was increased after exercise.
Likewise, Mami et al. (2019) showed that SOD activity was
increased 1 hour after exercise and returned to baseline 24
hours after exercise. The increase in SOD activity during
exercise is due to the body's need to eliminate O,; SOD
can remain in the serum for a prolonged duration after
exercise (Yan et al. 2020) and is associated with an increase
in resistance to oxidative stress (Fielding et al. 1997; Mami
et al. 2019). In this study, however, the increased SOD
level of endurance horses returned to baseline level at 3
hours post-exercise. This is probably due to the increase in
SOD activity just after exercise, which is sufficient to
eliminate O™ generated by exercise. No changes in SOD
activity and antioxidant defense have been reported in the
subjects that were trained and fit for the exercise test,
indicating an adaptation of antioxidant systems to the
specific condition of regular training (Niess et al. 1999;
Lamprecht et al. 2012).

When catalase levels were compared between race
horses and endurance horses, the latter exhibited higher
catalase levels than the former 3 hours after exercise. This
may be due to the adaptive response of catalase in
peroxisomes and also stimulation of mitochondria by
endurance training (Votion et al. 2012; D’Angelo et al.
2020). Terblanche (2000) reported that high-intensity
exercise tended to increase H,O; levels during exercise,
and thus, in this study, catalase activity increased just after
exercise to eliminate H,O, into water. However, 3 hours
after exercise, oxidative stress decreased as indicated by the
reduction of plasma MDA. This may account for the
decrease in catalase activity at 3 hours post-exercise in race
horses in this study. In this study, SOD levels of race horses
were higher than endurance horses both just and 3 hours
after exercise. This result was corroborated by the study of
Daud et al. (2006), who demonstrated that SOD activity
was increased with the intensity of exercise.

NO is a mediator of various biological processes
(Mueller et al. 2024). In muscle physiology, NO is involved
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in cell-cell interaction and metabolism, modulates muscle
contraction, inhibits force output by altering excitation-
contraction coupling (Reid 1998; Kumar et al. 2022) and
acts as a relevant messenger in myogenesis for muscle
repair after muscle injury (De Palma et al. 2012; Sibisi et
al. 2022). Under physiological conditions, NO is produced
at low levels by neuronal nitric oxide synthase (nNOS) and
endothelial nitric oxide synthase (eNOS). In the skeletal
muscles, expression of NNOS increased by muscle activity,
crush injury and ageing, whereas that of eNOS is increased
by shear stress and chronic exercise (De Palma et al. 2012;
Laird et al. 2025). The bioavailability of NO depends on
the balance between the NO production and NO removal
due to the interaction between NO and ROS (Dyakova et
al. 2015). In this study, we found that there are no
significant differences in the plasma NOx level among the
timing periods and between the types of exercise. However,
when compared between periods of exercise, there was a
trend to decrease just after exercise in both race and
endurance horses. These may correlate with the increase of
plasma MDA and protein carbonyl just after exercise since
NO reacts with Oy" to generate potent free radical
peroxynitrite (ONOQ"), which induces oxidative damage.
Therefore, reduction of NO bioavailability together with an
increase in SOD and catalase activity is critical to counter
oxidative stress just after exercise.

Several studies established that exercise-induced
oxidative stress depends on the exercise type, intensity, and
duration. Our results, therefore, fit in this idea that the
intensity of exercise affects an adaptive response to
oxidative stress; race horses are exposed to a higher degree
of oxidative stress, leading to significant upregulation of
antioxidants, whereas endurance horses show a lower
accumulation of ROS and an antioxidant response during
exercise. The exercise patterns of race horses induce a
higher degree of oxidative stress and are prone to oxidative
damage than the endurance exercise, if inappropriately
trained. According to our findings at 3 hours post-exercise
of both race and endurance horses, the rapid recovery of
plasma MDA and antioxidant enzymes to baseline possibly
indicates the horse’s ability to adapt to oxidative stress
when exposed to the exercise protocol, showing that they
were trained carefully.

This study has some limitations that should be taken
into consideration. Since the samples were collected from
horses undergoing exercise resembling actual competition,
it was not feasible to measure variables such as VOamax.
Nonetheless, in this study, exercise patterns and exercise
intensity levels were referred to the standards that have
been reported by Rivero and others (Rivero 2007;
Hinchcliff et al. 2008; Hodgson et al. 2013). The referenced
exercise intensity corresponds to the maximum physical
fitness levels in each type of sport. In addition, it should be
considered that circulating markers of oxidative stress and
antioxidants may not reflect those within the muscle, which
is the major site of ROS production during exercise.

Conclusion

The results of this study demonstrated that exercise-
induced oxidative stress in both types of sport horses, with
the highest degree of oxidative stress in race horses.
However, both types of sport horses showed the induction
of adaptive responses to oxidative stress, as evidenced by



the increase in antioxidants levels during exercise. Since
the exercise intensity and the different types of muscle fiber
may generate varying levels of ROS and antioxidant
response during exercise, additional studies are needed to
clarify the accumulation of ROS in different muscle fiber
types to obtain a better understanding of the oxidative and
antioxidative response during exercise in sport horses.

DECLARATIONS

Funding: The research was fund by the Research Fund,
Faculty of Veterinary Medicine, Khon Kaen University.

Acknowledgement: This work was financially supported
by the Research Fund, Faculty of Veterinary Medicine,
Khon Kaen University, (Grant number: KKU Vet. Res.
VMO019/2565). We would like to acknowledge Dr.
Yukifumi Nawa, for editing the MS via Publication Clinic
KKU, Thailand.

Conflict of Interest: The authors declare no conflict of
interest.

Data Availability: The data is available from the
corresponding author(s) based upon a reasonable request.

Ethics Statement: The experimental protocols involving
animals were approved by the Institutional Animal Care
and Use Committee of Khon Kaen University (IACUC-
KKU-84/64), based on the Ethics of Animal
Experimentation of the National Research Council of
Thailand.

Author’s Contribution: Suwannachot P and Pinyanusorn
P: Designed the study. Pinyanusorn P, Phutthachalee S,
Senaphan K and Suwannachot P: Conducted the
experiment, sample and data collection, and laboratory
works. Pinyanusorn P, Phutthachalee S, Senaphan K and
Suwannachot P: Analyzed the data. All authors: Wrote the
original draft of the manuscript as well as read, reviewed
and approved the final manuscript.

Generative Al Statement: The authors declare that no
Gen Al/DeepSeek was used in the writing/creation of this
manuscript.

Publisher’s Note: All claims stated in this article are
exclusively those of the authors and do not necessarily
represent those of their affiliated organizations or those of
the publisher, the editors, and the reviewers. Any product
that may be evaluated/assessed in this article or claimed by
its manufacturer is not guaranteed or endorsed by the
publisher/editors.

REFERENCES

Alessio HM, Goldfarb AH and Cutler RG, 1988. MDA content
increases in fast- and slow-twitch skeletal muscle with
intensity of exercise in a rat. The American Journal of
Physiology 255(6 Pt 1): C874-877.
https://doi.org/10.1152/ajpcell.1988.255.6.C874

Andriichuk A, Tkachenko H and Kurhaluk N, 2014. Oxidative
stress biomarkers in the blood of Holsteiner horses during
exercise training. Stupskie Prace Biologiczne 11: 5-28.

176

Int J Vet Sci, 2026, 15(1): 171-178.

Ankur PY, Mali MM and Meena DS, 2018. Effect of exercise on
oxidative stress biomarkers in horses. International Journal
of Current Microbiology and Applied Sciences 7(6): 627—
632. https://doi.org/10.20546/ijcmas.2018.706.072

Bis-Wencel H, Rowicka A, Kubik-Komar A, Krukowski H,
Nowakowicz-Degbek B and Wlazto £, 2020. Effect of
defined, seasonally variable exercise on oxidative status
markers (TOS, TAS) in jumping horses. Medycyna
Weterynaryjna 76 (7): 394-399.
https://dx.doi.org/10.21521/mw.6381

Bottegaro NB, Gotic J, Suran J, Brozic D, Klobucar K, Bojanic K
and Vrbanac Z, 2018. Effect of prolonged submaximal
exercise on serum oxidative stress biomarkers (d-ROMs,
MDA, BAP) and oxidative stress index in endurance horses.
BMC Veterinary Research 14(2): 216.
https://doi.org/10.1186/s12917-018-1540- y

Bouviere J, Fortunato RS, Dupuy C, Werneck-de-Castro JP,
Carvalho DP and Louzada RA, 2021. Exercise-Stimulated
ROS sensitive signaling pathways in skeletal muscle.
Antioxidants (Basel) 10(4).
https://doi.org/10.3390/antiox10040537

Cunningham P, Geary M, Harper R, Pendleton A and Stover S,
2005. High intensity sprint training reduces lipid
peroxidation in fast-twitch skeletal muscle. Journal of
Exercise Physiology Online 8(6): 18-25.

D’Angelo S and Rosa R, 2020. Oxidative stress and sport
performance. Sport Science 13: 18-22.

Dalle-Donne I, Rossi R, Giustarini D, Milzani A and Colombo R,
2003. Protein carbonyl groups as biomarkers of oxidative
stress.  Clinica Chimica Acta 329((1-2)): 23-38.
https://doi.org/10.1016/s0009-8981(03)00003-2

Daud DM, Karim AAH, Mohamad N, Hamid NAA and Wan
Ngah WZ, 2006. Effect of exercise intensity on antioxidant
enzymatic activities in sedentary adults. Malaysian Journal
of Biochemistry and Molecular Biology 13(1): 37-47.

Davies MJ, 2016. Protein oxidation and peroxidation. The
Biochemical Journal 473(7): 805-825.
https://doi.org/10.1042/BJ20151227

De Palma C and Clementi E, 2012. Nitric oxide in myogenesis
and therapeutic muscle repair. Molecular Neurobiology
46(3): 682-692. https://doi.org/10.1007/s12035-012-8311-8

Delwing-de Lima D, Ulbricht A, Werlang-Coelho C, Delwing-
Dal Magro D, Joaquim VHA, Salamaia EM, de Quevedo SR
and Desordi L, 2018. Effects of two aerobic exercise training
protocols on parameters of oxidative stress in the blood and
liver of obese rats. The Journal of Physiological Sciences
68(5): 699-706. https://doi.org/10.1007/s12576-017-0584-2

Dillard CJ, Litov RE, Savin WM, Dumelin EE and Tappel AL,
1978. Effects of exercise, vitamin E, and ozone on
pulmonary function and lipid peroxidation. Journal of
Applied Physiology: Respiratory, Environmental and
Exercise Physiology 45(6): 927-932.
https://doi.org/10.1152/jappl.1978.45.6.927

Dyakova EY, Kapilevich LV, Shylko VG, Popov SV and
Anfinogenova Y, 2015. Physical exercise associated with
NO production: signaling pathways and significance in
health and disease. Frontiers in Cell and Developmental
Biology 3: 19. https://doi.org/10.3389/fcell.2015.00019

Fazio F, Cecchini S, Saoca C, Caputo AR, Lancellotti M and
Piccione G, 2016. Relationship of some oxidative stress
biomarkers in Jumper horses after regular training program.
Journal of Equine Veterinary Science 47: 20-24.
https://doi.org/10.1016/j.jevs.2016.07.014

Fielding RA and Meydani M, 1997. Exercise, free radical
generation, and aging. Aging 9(1-2): 12-18.
https://doi.org/10.1007/BF03340124

Fogarty MC, Hughes CM, Burke G, Brown JC, Trinick TR, Duly
E, Bailey DM and Davison GW, 2011. Exercise-induced
lipid peroxidation: Implications for deoxyribonucleic acid
damage and systemic free radical generation. Environmental



https://doi.org/10.1152/ajpcell.1988.255.6.C874
https://doi.org/10.20546/ijcmas.2018.706.072
https://dx.doi.org/10.21521/mw.6381
https://doi.org/10.1186/s12917-018-1540-%20y
https://doi.org/10.3390/antiox10040537
https://doi.org/10.1016/s0009-8981(03)00003-2
https://doi.org/10.1042/BJ20151227
https://doi.org/10.1007/s12035-012-8311-8
https://doi.org/10.1007/s12576-017-0584-2
https://doi.org/10.1152/jappl.1978.45.6.927
https://doi.org/10.3389/fcell.2015.00019
https://doi.org/10.1016/j.jevs.2016.07.014
https://doi.org/10.1007/BF03340124

and Molecular Mutagenesis 35-42.
https://doi.org/10.1002/em.20572

Goth L, 1991. A simple method for determination of serum
catalase activity and revision of reference range. Clinica
Chimica Acta 196(2-3): 143-151.
https://doi.org/10.1016/0009-8981(91)90067-m

Hinchcliff KW, Kaneps AJ and Geor RJ, 2008. Exercise testing
in the field. In: Equine Exercise Physiology. The Science of
Exercise in the Athletic Horse: Elsevier, pp: 12-28 .
https://doi.org/10.1016/B978-0-7020-2857-1.X5001-X

Hitomi Y, Watanabe S, Kizaki T, Sakurai T, Takemasa T, Haga
S, Ookawara T, Suzuki K and Ohno H, 2008. Acute exercise
increases expression of extracellular superoxide dismutase in
skeletal muscle and the aorta. Redox Report 13(5): 213-216.
https://doi.org/10.1179/135100008X308894

Hodgson DR, McGowan CM and McKeever KH, 2013. Structure
consideration in equine sports medicine. In: The Athletic
Horse. Principles and Practice of Equine Sports Medicine
(2nd ed.): Elsevier, pp: 1-9

Kent E, Coleman S, Bruemmer J, Casagrande RR, Levihn C,
Romo G, Herkelman K and Hess T, 2023. Comparison of an
antioxidant source and antioxidant plus BCAA on athletic
performance and post exercise recovery of horses. Journal of
Equine Veterinary Science 121: 104200.
https://doi.org/10.1016/j.jevs.2022.104200

Kinnunen S, Atalay M, Hyyppa S, Lehmuskero A, Hanninen O
and Oksala N, 2005. Effects of prolonged exercise on
oxidative stress and antioxidant defense in endurance horse.
Journal of Sports Science and Medicine 4(4): 415-421.

Krumrych W, 2010. Blood antioxidant defence in horses during
physical exercises. Bulletin of the Veterinary Institute in
Pulawy 54: 617-624.

Kumar R, Coggan AR and Ferreira LF, 2022. Nitric oxide and
skeletal muscle contractile function. Nitric Oxide 122-123:
54-61. https://doi.org/10.1016/j.niox.2022.04.001

Laird PR, Wall RM and Craige SM, 2025. The intersection of
exercise, nitric oxide, and metabolism: Unraveling the role
of eNOS in skeletal muscle and beyond. Metabolism:
156360. https://doi.org/10.1016/j.metabol.2025.156360

Lamprecht ED and Williams CA, 2012. Biomarkers of
antioxidant status, inflammation, and cartilage metabolism
are affected by acute intense exercise but not superoxide
dismutase supplementation in horses. Oxidative Medicine
and Cellular Longevity 2012.
https://doi.org/10.1155/2012/920932

Liu J, Yeo HC, Overvik-Douki E, Hagen T, Doniger SJ, Chyu
DW, Brooks GA and Ames BN, 2000. Chronically and
acutely exercised rats: biomarkers of oxidative stress and
endogenous antioxidants. Journal of Applied Physiology
89(1): 21-28. https://doi.org/10.1152/jappl.2000.89.1.21

Luangaram S, Kukongviriyapan U, Pakdeechote P,
Kukongviriyapan V and Pannangpetch P, 2007. Protective
effects of quercetin against phenylhydrazine-induced
vascular dysfunction and oxidative stress in rats. Food and
Chemical Toxicology 45(3): 448-455.
https://doi.org/10.1016/j.fct.2006.09.008

Mami S, Khaje G, Shahriari A and Gooraninejad S, 2019.
Evaluation of biological indicators of fatigue and muscle
damage in Arabian horses after race. Journal of Equine
Veterinary Science 78: 74-78.
https://doi.org/10.1016/j.jevs.2019.04.007

McMichael M, 2004. Ischemia—reperfusion injury: Assessment
and treatment, part Il. Journal of Veterinary Emergency and
Critical Care 14(4): 242-252.
https://doi.org/10.1111/].1476-4431.2004.04005.x

Miglio A, Falcinelli E, Cappelli K, Mecocci S, Mezzasoma AM,
Antognoni MT and Gresele P, 2024. Effect of regular
training on platelet function in untrained Thoroughbreds.
Animals 14(3). https://doi.org/10.3390/ani14030414

Mills PC, Smith NC, Casas I, Harris P, Harris RC and Marlin DJ,

52(1):

177

Int J Vet Sci, 2026, 15(1): 171-178.

1996. Effects of exercise intensity and environmental stress
on indices of oxidative stress and iron homeostasis during
exercise in the horse. European Journal of Applied
Physiology and Occupational Physiology 74(1-2): 60-66.
https://doi.org/10.1007/BF00376495

Moffarts Bd, Kirschvink N, Art T, Pincemail J, Michaux C,
Cayeux K, Defraigne JO and Lekeux P, 2004. Impact of
training and exercise intensity on blood antioxidant markers
in healthy Standardbred horses. Equine and Comparative
Exercise Physiology 1(3): 211-220.
https://doi.org/10.1079/ECEP200426

Molinari L, Basini G, Ramoni R, Bussolati S, Aldigeri R, Grolli
S, Bertini S and Quintavalla F, 2020. Evaluation of
Oxidative Stress Parameters in Healthy Saddle Horses in
Relation to Housing Conditions, Presence of Stereotypies,
Age, Sex and Breed. Processes  8: 1670.
https://doi.org/10.3390/pr8121670

Mueller BJ, Roberts MD, Mabley CB, Judd RL and Kavazis AN,
2024. Nitric oxide in exercise physiology: past and present
perspectives. Frontiers in Physiology 15: 1504978.
https://doi.org/10.3389/fphys.2024.1504978

Nakmareong S, Kukongviriyapan U, Pakdeechote P, Donpunha
W, Kukongviriyapan V, Kongyingyoes B, Sompamit K and
Phisalaphong C, 2011. Antioxidant and vascular protective
effects of curcumin and tetrahydrocurcumin in rats with L-
NAME-induced hypertension. Naunyn Schmiedebergs Arch
Pharmacol 383(5): 519-529. https://doi.org/10.1007/s00210-
011-0624-z

Nakmareong S, Kukongviriyapan U, Pakdeechote P,
Kukongviriyapan V, Kongyingyoes B, Donpunha W,
Prachaney P and Phisalaphong C, 2012. Tetrahydrocurcumin
alleviates hypertension, aortic stiffening and oxidative stress
in rats with nitric oxide deficiency. Hypertension Research
35(4): 418-425. https://doi.org/10.1038/hr.2011.180

Niess AM, Dickhuth HH, Northoff H and Fehrenbach E, 1999.
Free radicals and oxidative stress in exercise--
immunological aspects. Exercise Immunology Review 5:
22-56.

Parker L, Shaw CS, Banting L, Levinger I, Hill KM, McAinch AJ
and Stepto NK, 2017. Acute low-volume high-intensity
interval exercise and continuous moderate-intensity exercise
elicit a similar improvement in 24-h glycemic control in
overweight and obese adults. Frontiers in Physiology 7: 661.
https://doi.org/10.3389/fphys.2016.00661

Powers SK, Deminice R, Ozdemir M, Yoshihara T, Bomkamp
MP and Hyatt H, 2020. Exercise-induced oxidative stress:
Friend or foe? Journal of Sport and Health Science 9(5): 415-
425, https://doi.org/10.1016/j.jshs.2020.04.001

Reid MB, 1998. Role of nitric oxide in skeletal muscle: synthesis,
distribution and functional importance. Acta Physiologica
Scandinavica 162(3): 401-400.
https://doi.org/10.1046/j.1365-201X.1998.0303f.x

Rivero JL, 2007. A scientific background for skeletal muscle
conditioning in equine practice. Journal of Veterinary
Medicine. A, Physiology, Pathology, Clinical Medicine
54(6): 321-332. https://doi.org/10.1111/j.1439-
0442.2007.00947.x

Rivero JL and Piercy RJ, 2014. Muscle physiology: responses to
exercise and training. In: Equine sports medicine and
surgery: basic and clinical sciences of the equine athletes.
Edinburgh: Saunders Elsevier, pp: 69-108

Sen CK and Packer L, 2000. Thiol homeostasis and supplements
in physical exercise. The American Journal of Clinical
Nutrition 72(2 Suppl): 653S-669S.
https://doi.org/10.1093/ajcn/72.2.653S

Shi M, Wang X, Yamanaka T, Ogita F, Nakatani K and Takeuchi
T, 2007. Effects of anaerobic exercise and aerobic exercise
on biomarkers of oxidative stress. Environmental Health and
Preventive Medicine 12(5): 202-208.
https://doi.org/10.1265/ehpm.12.202



https://doi.org/10.1002/em.20572
https://doi.org/10.1016/0009-8981(91)90067-m
https://doi.org/10.1016/B978-0-7020-2857-1.X5001-X
https://doi.org/10.1179/135100008X308894
https://doi.org/10.1016/j.jevs.2022.104200
https://doi.org/10.1016/j.niox.2022.04.001
https://doi.org/10.1016/j.metabol.2025.156360
https://doi.org/10.1155/2012/920932
https://doi.org/10.1152/jappl.2000.89.1.21
https://doi.org/10.1016/j.fct.2006.09.008
https://doi.org/10.1016/j.jevs.2019.04.007
https://doi.org/10.1111/j.1476-4431.2004.04005.x
https://doi.org/10.3390/ani14030414
https://doi.org/10.1007/BF00376495
https://doi.org/10.1079/ECEP200426
https://doi.org/10.3390/pr8121670
https://doi.org/10.3389/fphys.2024.1504978
https://doi.org/10.1007/s00210-011-0624-z
https://doi.org/10.1007/s00210-011-0624-z
https://doi.org/10.1038/hr.2011.180
https://doi.org/10.3389/fphys.2016.00661
https://doi.org/10.1016/j.jshs.2020.04.001
https://doi.org/10.1046/j.1365-201X.1998.0303f.x
https://doi.org/10.1111/j.1439-0442.2007.00947.x
https://doi.org/10.1111/j.1439-0442.2007.00947.x
https://doi.org/10.1093/ajcn/72.2.653S
https://doi.org/10.1265/ehpm.12.202

Shono S, Gin A, Minowa F, Okubo K and Mochizuki M, 2020.
The oxidative stress markers of horses-the comparison with
other animals and the influence of exercise and disease.
Animals (Basel) 10(4). https://doi.org/10.3390/ani10040617

Sibisi NC, Snyman C, Myburgh KH and Niesler CU, 2022.
Evaluating the role of nitric oxide in myogenesis in vitro.
Biochimie 196: 216-224.
https://doi.org/10.1016/j.biochi.2021.11.006

Smarsh DN and Williams CA, 2017. Oxidative Stress and
Antioxidant Status in Standardbreds: Effect of Age and
Training in Resting Plasma and Muscle. Journal of Equine
Veterinary Science 48 93-102.
http://dx.doi.org/10.1016/j.jevs.2016.07.020

Stucchi L, Rossi R, Mainardi E and Ferrucci F, 2025. Antioxidant
capacity and athletic condition of endurance horses
undergoing nutraceutical supplementation. Journal of
Equine Veterinary Science 146: 105364.
https://doi.org/10.1016/j.jevs.2025.105364

Terblanche SE, 2000. The effects of exhaustive exercise on the
activity levels of catalase in various tissues of male and
female rats. Cell Biology International 23(11): 749-753.
https://doi.org/10.1006/chir.1999.0442

Vargas-Mendoza N, Angeles-Valencia M, Morales-Gonzalez A,
Madrigal-Santillan EO, Morales-Martinez M, Madrigal-
Bujaidar E, Alvarez-Gonzalez 1, Gutierrez-Salinas J,
Esquivel-Chirino C, Chamorro-Cevallos G, Cristobal-Luna

178

Int J Vet Sci, 2026, 15(1): 171-178.

JM and Morales-Gonzalez JA, 2021. Oxidative stress,
mitochondrial function and adaptation to exercise: New
perspectives in  nutrition.  Life (Basel) 11(11).
https://doi.org/10.3390/1ife11111269

Vasileiadou O, Nastos GG, Chatzinikolaou PN, Papoutsis D,
Vrampa DI, Methenitis S and Margaritelis NV, 2023. Redox
profile of skeletal muscles: implications for research design
and interpretation. Antioxidants 12(9).
https://doi.org/10.3390/antiox12091738

Votion DM, Gnaiger E, Lemieux H, Mouithys-Mickalad A and
Serteyn D, 2012. Physical fitness and mitochondrial
respiratory capacity in horse skeletal muscle. PLoS One 7(4):
€34890. https://doi.org/10.1371/journal.pone.0034890

Wang F, Wang X, Liu Y and Zhang Z, 2021. Effects of Exercise-
Induced ROS on the Pathophysiological Functions of
Skeletal Muscle. Oxidative Medicine and Cellular Longevity
2021: 3846122. https://doi.org/10.1155/2021/3846122

Yan Z and Spaulding HR, 2020. Extracellular superoxide
dismutase, a molecular transducer of health benefits of
exercise. Redox Biology 32: 101508.
https://doi.org/10.1016/j.redox.2020.101508

Zohier AS, Baraka TA, Abdelgalil Al, Aboelmaaty AM and
Yehia SG, 2023. Oxidative stress biomarkers status in
selected equine sports. Comparative Clinical Pathology
32(3): 461-466.



https://doi.org/10.3390/ani10040617
https://doi.org/10.1016/j.biochi.2021.11.006
http://dx.doi.org/10.1016/j.jevs.2016.07.020
https://doi.org/10.1016/j.jevs.2025.105364
https://doi.org/10.1006/cbir.1999.0442
https://doi.org/10.3390/life11111269
https://doi.org/10.3390/antiox12091738
https://doi.org/10.1371/journal.pone.0034890
https://doi.org/10.1155/2021/3846122
https://doi.org/10.1016/j.redox.2020.101508

