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Erythrocytes play a vital role in transporting oxygen and ensuring adequate tissue
perfusion. Their structural and functional integrity is essential for optimal athletic
performance in horses. Physical exercise can subject red blood cells to mechanical,
osmotic and oxidative stress, which can potentially reduce membrane stability and
promote haemolysis.

This study investigated the effects of moderate exercise on the resistance of
erythrocytes to acid-induced haemolysis in 17 clinically healthy Holsteiner sport horses,
paying particular attention to sex-specific differences. Blood samples were collected
before and immediately after a standardised one-hour exercise protocol, and erythrocyte
susceptibility to 0.2N HCI was assessed spectrophotometrically. Haemolysis kinetics
revealed a biphasic pattern: a rapid initial lysis phase (0.5-10 minutes) was followed by
slower progression to complete haemolysis (25-30 minutes).

Exercise significantly increased erythrocyte fragility in both sexes, with stallions
showing slightly higher resistance at rest. These findings suggest that physical exertion
temporarily compromises the integrity of the erythrocyte membrane, primarily affecting
the most vulnerable subpopulation.

The study highlights the importance of considering physiological status and sex
when evaluating erythrocyte stability, and suggests that acid-induced haemolysis could
be used to monitor equine athletic performance and recovery.

Keywords: erythrocytes, acid-induced haemolysis, exercise physiology,
oxidative stress, sport horses, sex differences, membrane stability
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Epumpoyumu sidieparome kir0u08y poiv y mpaHcnopmi KUCHIO ma 3a0e3nedenHi
a0exeamno20 KposONoCmauanHs mKawuH. Ixus cmpykmypua ma yuxyionanvha
yinicHicms € HeoOXIOHOW 0l ONMUMANLHOI CHOPMUBHOI NPOOYKMUBHOCMI KOHElL.
Dizuune HABAHMAICEHHS MOdCe NI00ABAMU ePUMPOYUMU MEXAHIUHOMY, OCMOMUYHOMY
Ma OKUCHIOBANbHOMY CMpecy, Wo NOMEHYIUHO 3HUNCYE CMAOINbHICMb MeMOpanu ma
CNpUsE 2emoizy.

Y yvomy Oocnioosicenni mu oyiHwosanu 6nau8 NOMIpHO2O  PI3UUHO20
HABAHMANCEHHS HA CMIUKICMb epumpoyumie 00 KUCIOMOIHOYKOBAHO20 cemonizy y 17
KAIHIYHO 300pO6UX CNOPMUBHUX KOHEl 20MUMUHCLKOI nopoou, NpUoiisiouu ocooiugy
yeazy GIOMIHHOCMAM MidC cmamsamu. 3pasku Kpogi 30upaiu 00 ma 6iopasy nicis
CMAHOApMU308aH020  200UHHO20 — MPEHYBAIbHO20  NPOMOKOLY, d  YYMAUGICb
epumpoyumie 0o 0,2N HCI oyintosanu cnexkmpogomomempuyno. Kinemurxa eemonizy
npodemoncmpysana 0Oigpasnuii xapakmep. weuoka novamxosa asza naizucy (0,5-
10 x6unumn) uepeysanacsi 3i CnoGiibHeHOW Npopeciclo 00 NO8HO20 2emonizy (235-
30 xeunun). Dizuune HABAHMAN’CEHHA 3HAYHO NIOBUULYBATIO KPUXKICTNb epUmMpOYUmis y
000X cmameti, npu YboMy y dHcepebyie cnocmepieanacs mpoxu euuja CmiuKicms y CHOKOI.
L[i pe3yrnemamu ceiouams npo me, wjo hizuune HABAHMANCEHHS MUMUACOBO NOPYULYE
yinicHicme MemMOpaHu epumpoyumis, 20J08HUM HYUHOM BHIUBAIOYU HA HAUOLIbU
8pa3ugy cyononyiayiro.

Jocnioscenns niokpecioe 8axciugicms 8paxy8anus Qiziono2iuno2o cmany ma
cmami npu oyiHYyi cMIiuKoCmi epumpoyumis ma 6Ka3ye Ha MONCIUBICINb BUKOPUCTIAHHS
KUCTOMOIHOYKOBAHO20 2eMONI3Y 01 MOHIMOPUHSY CHOPMUBHOI Npaye30amHocmi ma
8IOHOB/IeH Sl KOHEl.

KuarouoBi cioBa: epuTpouuTd, KHUCIOTOIHAYKOBAaHUN TeMoui3, (¢i3i0ioris
TPEHIHTY, OKUCHIOBAJIbHUN CTpeC, CHOPTUBHI KOHI, BIIMIHHOCTI 3a CTaTTIO, CTAOUTBHICTh
MeMOpaH

Introduction. Erythrocytes play a central role in oxygen transport and tissue
perfusion, and maintaining their structural and functional integrity is critical for optimal
athletic performance in horses (Thorn B. et al., 2020). Physical exercise subjects
erythrocytes to various physiological stresses, such as mechanical shear, osmotic
fluctuations, oxidative stress, and changes in pH and temperature. These stresses can
temporarily compromise membrane stability and promote haemolysis (Sentiirk U. K. et
al., 2001; Obeagu E. 1. et al., 2024). Previous studies have shown that susceptibility to
osmotic and chemical stress varies depending on exercise intensity and duration, as well
as sex, breed, and training status (Cywinska A. et al., 2011; Andriichuk A. et al., 2016).
Recent findings also suggest that iron metabolism and ferritin levels may influence
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erythrocyte turnover and oxidative resilience in sport horses, adding another layer of
complexity to red blood cell dynamics (Kietbik P. and Witkowska-Pitaszewicz O., 2025).

Acid-induced haemolysis using standardised HCI exposure is a classical and
reliable method of evaluating the stability of erythrocyte membranes and of assessing the
effects of oxidative and metabolic stress on red blood cells. This method provides
valuable insights into how erythrocytes respond dynamically to exercise-induced
stressors and enables comparisons to be made across different experimental groups
(lvanov I. T., 1999, 2001; Husakouskaya E. V. et al., 2024). Furthermore, dietary
interventions such as polyunsaturated fatty acid (PUFA) supplementation have been
demonstrated to influence erythrocyte fragility and increase resistance to osmotic and
oxidative stress. This could potentially enhance the overall physiological performance of
athletic horses (Bazzano et al., 2015). PUFA supplementation has also been linked to
reduced post-exercise lactate accumulation and improved antioxidant status, suggesting
multifaceted benefits for equine athletes under high-intensity workloads (Savignone C. et
al., 2019).

Despite extensive research on exercise-induced haemolysis, the interplay between
sex, physiological status and oxidative stress on erythrocyte acid resistance remains
incompletely understood. Understanding these interactions is essential for optimising
training regimens, improving recovery strategies and safeguarding the health and
performance of equine athletes. Recent studies on ponies and endurance horses suggest
that oxidative stress biomarkers, such as 2-thiobarbituric acid reactive substances
(TBARS) and oxidatively modified proteins, could be sensitive indicators of erythrocyte
vulnerability during exercise (Tkachenko H. et al., 2020). This study therefore aimed to
investigate the effects of moderate exercise on erythrocyte resistance to acid-induced
haemolysis in sporting stallions and mares, paying particular attention to the influence of
sex, exercise-induced oxidative stress and potential adaptive mechanisms associated with
training.

Materials and methods.

Horses. The study was conducted in accordance with current European Union
legislation and ethical standards, as set out in Council Directive 2010/63/EU on the
protection of animals used for scientific purposes. Ethical approval was obtained from
the Local Ethics Committee for Animal Experimentation in Gdansk University, Poland
and the T. H. Shevchenko National University “Chernihiv Colehium”, Chernihiv,
Ukraine.

The study included 17 clinically healthy Holsteiner sport horses, aged 6-12 years,
with no signs of pathology. The horses were housed at the 'Wechta' Equestrian Club in
Rosnowko, Poland, under standardised management conditions. The horses actively
participated in international-level show jumping competitions, including CCI** and
CCI*** events. All of the horses came from prominent sport horse lineages and pedigrees,
including notable sires such as Contender, Caletto I, Capitol 1 and Quidam de Revel,
which reflects their elite breeding and performance potential. All horses were maintained
on identical feeding regimens throughout the study. Water was available ad libitum and
the housing conditions, including stall dimensions, bedding type and turnout frequency,
were consistent for all animals. Prior to the study, all horses had undergone long-term
structured training, including flatwork and jumping exercises, for several years.

All horses underwent a comprehensive clinical evaluation to confirm their
physiological health prior to inclusion in the study. This included an assessment of vital
signs and complete haematological and biochemical profiles. The mares were confirmed
to be neither pregnant nor in oestrus during the sampling period.
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Training protocol. All exercise sessions began at 08:00 and lasted one hour. They
followed a standardised sequence designed to simulate moderate workload conditions.
The sequence was as follows: walking (5 minutes), trotting (15 minutes), walking (10
minutes), trotting (10 minutes), walking (5 minutes), galloping (5 minutes), walking (10
minutes). This protocol was applied consistently across seasons and subjects to ensure
consistent workloads and enable valid comparisons of seasonal and post-exercise
metabolic changes.

Blood sample collection. Blood samples were drawn from the ponies' jugular
veins while they were at rest. Pre-exercise samples were collected between 07:30 and
08:00, while the horses were at rest in their stalls. Post-exercise samples were obtained
immediately after physical activity, between 9:00 and 9:30 am. Each horse was sampled
twice: before and after the training protocol. Blood was collected into tubes containing
3.8% sodium citrate as an anticoagulant.

Assays for measuring the resistance of erythrocytes to acid-induced
haemolysis. The resistance of erythrocytes to acid-induced haemolysis was assessed
using the method of Gitelzon I. I. and Terskov I. A. (1955). Briefly, the erythrocytes were
washed three times with isotonic saline (0.9% NaCl), after which a 2% suspension of
erythrocytes was prepared. For the haemolysis assay, this suspension was mixed with
hydrochloric acid (0.2 N HCI) and incubated at 37 °C. Samples were taken at 30-second
intervals and the absorbance of each sample was measured spectrophotometrically at 540
nm to quantify the released haemoglobin. Complete haemolysis of the control samples
was used as a reference point to calculate the percentage haemolysis. The rate of
haemolysis reflects the stability of the erythrocyte membrane under acidic conditions.
Slower haemolysis indicates greater membrane resistance, whereas faster haemolysis
suggests increased fragility. All experimental conditions, including HCI concentration,
incubation time and temperature, were carefully standardised to ensure reproducibility.

Statistical analysis. All data were analysed using Statistica 13.3 (TIBCO
Software Inc., Palo Alto, California, USA). The degree of erythrocyte haemolysis was
recorded at 0.5-minute intervals over a 32.5-minute period for four experimental groups:
stallions before and after exercise, and mares before and after exercise. Descriptive
statistics were calculated for each group, including the mean percentage of haemolysed
erythrocytes, the standard deviation (SD) and the time to half-lysis (tso), which is defined
as the time at which 50% maximal haemolysis is achieved. The normality of the data
distribution was assessed using the Shapiro-Wilk test.

To evaluate the effects of sex and exercise on haemolysis Kinetics, a two-way
repeated measures ANOVA was performed, with time as the within-subject factor, and
sex (stallion vs mare) and exercise condition (before vs after) as the between-subject
factors. Post-hoc comparisons were conducted using the Tukey multiple comparison test
to identify significant differences between groups at specific time points. A p-value of
less than 0.05 was considered statistically significant. Additionally, the area under the
curve (AUC) was calculated for each haemolysis profile to quantify the overall extent of
erythrocyte lysis over time. Differences in AUC values between groups were analysed
using one-way ANOVA followed by Bonferroni correction. Graphical representations of
haemolysis curves were generated to illustrate group differences and time-dependent
changes in erythrocyte membrane stability (Stanisz A., 2006, 2007).

Results. We investigated the resistance of red blood cells to 0.2 N HCI in sport
horses. Figure 1 shows the haemolysis curve demonstrating erythrocyte resistance to
0.2 N HCl in sporting stallions and mares during exercise.
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Fig. 1. The haemolysis curve showing erythrocyte resistance to 0.2 N HCI
in sport stallions (A) and mares (B) during exercise.
The x-axis shows exposure time in minutes.
The y-axis shows the degree of erythrocyte lysis.
The results are expressed as the mean (n = 10 in each group).

The obtained data illustrate time-dependent haemolysis of erythrocytes in both
stallions and mares, before and after exercise, when exposed to 0.2 N hydrochloric acid.
The optical density (absorbance) values correspond to the degree of haemoglobin release
during erythrocyte lysis, thus reflecting the red blood cells' resistance to acidic stress.

At the initial time point (0 minutes), no haemolysis was observed in any group
(absorbance = 0). Within the first minute, however, a rapid increase in optical density
occurred, indicating the onset of erythrocyte destruction. The highest values were
generally recorded between 0.5 and 7 minutes, after which there was a gradual decline,
suggesting progressive cell lysis and a subsequent decrease in the number of intact
erythrocytes.
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In stallions, the erythrocyte resistance pattern showed greater absorbance peaks
following exercise than before exercise, especially during the first five minutes of acid
exposure (e.g. 5.49 at 0.5 minutes after exercise versus 3.29 beforehand) (Fig. 1A). This
suggests that physical exertion temporarily reduces erythrocyte stability, making the cells
more susceptible to acid-induced haemolysis.

A similar pattern was observed in mares: absorbance values after exercise were
consistently higher in the early phase of haemolysis (up to ~10 minutes), implying
decreased membrane resistance post-exercise. However, after approximately 12-15
minutes, the curves for mares before and after exercise converged, indicating that most
erythrocytes had lysed and the difference between the two groups had diminished
(Fig. 1B). After 20 minutes, the absorbance values in all groups dropped markedly,
approaching zero after ~25-30 minutes. This corresponds to the complete lysis of
erythrocytes in 0.2 N HCI.

Statistical analysis using repeated measures ANOVA revealed a significant main
effect of exercise (p < 0.01), confirming that physical exertion increased erythrocyte
haemolysis over time. The main effect of sex was marginally significant (p = 0.06),
suggesting a tendency towards greater membrane stability in stallions. The interaction
between time and exercise was highly significant (p < 0.001), reflecting accelerated
haemolysis kinetics post-exercise. No significant interaction was found between time and
sex, suggesting that both stallions and mares followed similar haemolysis trajectories.

Post hoc comparisons using Tukey's test confirmed significant differences
between the pre- and post-exercise conditions within each sex (p < 0.05). However,
differences between stallions and mares post-exercise were not statistically significant
(p > 0.1). These findings support the hypothesis that exercise transiently compromises
erythrocyte membrane integrity, leading to increased haemolysis, regardless of sex.

The results indicate that erythrocyte resistance to 0.2 N HCI was slightly higher
in stallions than in mares under resting conditions. Both stallions and mares experienced
decreased erythrocyte stability due to physical exercise, resulting in faster and more
intense haemolysis. The time course of haemolysis suggests a biphasic pattern: a rapid
initial phase (0.5-10 minutes) followed by a slower decline (10-25 minutes) until
complete lysis occurs. In conclusion, exercise significantly alters the stability of red blood
cell membranes in horses, making them more susceptible to acid-induced haemolysis.
Although stallions may have slightly more resilient erythrocytes at rest, both sexes
experience comparable membrane destabilisation after exercise.

Discussion. The present findings demonstrate that erythrocyte resistance to acidic
stress in horses, as measured by exposure to 0.2 N HCI, is influenced by both
physiological status (before versus after exercise) and sex (stallions versus mares). The
time-dependent progression of haemolysis observed reflects the gradual breakdown of
erythrocyte membranes in acidic conditions, with changes in optical density
corresponding to the release of haemoglobin into the medium. This method is a reliable,
albeit classical, indicator of the mechanical and chemical stability of erythrocyte
membranes, and is often used to evaluate the impact of oxidative stress, physical activity
and metabolic state on red blood cell integrity. Importantly, using HCI provides a
standardised, reproducible model for evaluating membrane fragility and allows
comparative analysis across experimental groups. However, it should be noted that this
approach does not consider the effect of plasma antioxidant capacity on erythrocyte
resilience in stressful situations.

In their study, Pakula P. D. et al. (2023) demonstrated that intense physical
exercise in endurance horses causes pronounced haemolysis, the severity of which
correlates with the speed and distance of the race. Biochemical and metabolomic analyses
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revealed significant increases in haemolysis markers after the race, particularly in horses
eliminated for metabolic reasons. These findings confirm that physiological overload
leads to red blood cell damage driven by mechanical and metabolic factors. In the context
of our results, they corroborate the hypothesis that exercise reduces the resistance of red
blood cell membranes to acid stress, thereby accelerating the haemolytic process. This
supports the broader concept that erythrocyte integrity is compromised by both
mechanical strain and metabolic shifts associated with prolonged exertion.

The haemolysis kinetics observed in this study were biphasic. The initial phase,
which occurred within the first 0.5-10 minutes, was characterised by a rapid increase in
optical density, indicating an accelerated rate of erythrocyte membrane disruption. This
phase likely reflects erythrocytes with lower membrane resistance undergoing lysis
almost immediately after acid exposure. The subsequent, slower decline phase (10-25
minutes) represents the progressive lysis of more resistant cells and the approach to
complete haemolysis. This was achieved after approximately 25-30 minutes in all groups.
A similar biphasic pattern has been reported in previous studies examining osmotic and
chemical haemolysis in equine erythrocytes, and is generally considered to be indicative
of heterogeneity within the erythrocyte population with regard to membrane composition
and antioxidant defence mechanisms (Mufioz A. et al. 2008). This heterogeneity may be
due to differences in the age of red blood cells, the composition of their cell membranes,
and their exposure to oxidative agents during training.

A study by Muioz et al. (2008) demonstrated that physical exercise in horses
causes changes in erythrocyte volumetric indices, including packed cell volume (PCV),
mean cell volume (MCV) and mean cell haemoglobin concentration (MCHC). These
changes reflect the dynamic alterations in red blood cell morphology and function that
occur during exertion. The increase in PCV observed across all exercise types indicates
haemoconcentration, primarily due to splenic contraction and fluid shifts associated with
dehydration. While changes in MCV and MCHC varied between horse groups, the results
showed that erythrocyte size was partly influenced by plasma sodium concentration. This
suggests that red cell volume is modulated by an osmotic component. Importantly, the
study concluded that these erythrocyte responses were not directly correlated with overall
hydration or electrolyte balance, but rather represented adaptive adjustments to exercise-
induced stress. In light of these findings, it is reasonable to suggest that exercise-induced
physiological changes, such as osmotic fluctuations, acidosis and mechanical strain, can
temporarily modify erythrocyte stability and increase susceptibility to haemolysis, as was
observed in our study under acid-induced stress conditions. Further investigation into the
relationship between electrolyte shifts and membrane permeability could improve our
understanding of these adaptive mechanisms.

Hanzawa K. et al. (1999) examined how exercise influences erythrocyte osmotic
fragility (EOF) in horses, as well as its relationship with blood pH, temperature and other
physiological factors. Red blood cell haemolysis rates were strongly correlated with blood
pH and temperature: lower pH increased fragility, while higher temperature decreased it.
Heart rate and packed cell volume had a relatively minor effect on changes in OFE. The
findings suggest that changes in blood flow and splenic erythrocyte release induced by
exercise have little impact on OFE, while pH and temperature are key modulators.
Overall, blood pH and temperature play central roles in determining erythrocyte
resistance to osmotic stress during exercise. These parameters should therefore be
monitored closely in future studies that assess erythrocyte vulnerability under different
environmental and training conditions.

Building on this, a comparison of stallions and mares at rest revealed slightly
greater erythrocyte stability in stallions, as indicated by lower absorbance peaks and a
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longer half-lysis time (tso = 15.0 minutes in stallions versus 14.5 minutes in mares). This
difference may be associated with hormonal or metabolic variations that influence
membrane lipid composition and redox balance. Testosterone has been reported to
modulate erythropoiesis and red cell turnover, which could contribute to the enhanced
mechanical stability of erythrocyte membranes in males (Fried W. et al., 1964;
Schooley J. C., 1966; Bachman, E. et al.,, 2014). Conversely, oestrogen-related
differences in membrane fluidity and antioxidant enzyme activity could make mares'
erythrocytes slightly more susceptible to oxidative or chemical damage. Also, estrogens
are known to improve membrane fluidity and increase the activity of antioxidant enzymes
like glutathione peroxidase (GSH-Px), which protects against oxidative stress
(Massafra C. et al., 2002; Tsuda K. et al., 2002). However, further studies incorporating
hormonal profiling and membrane lipidomics would be necessary to confirm these
mechanistic links. Nevertheless, the interaction between sex hormones and erythrocyte
membrane dynamics in equine athletes is not well understood and requires targeted
investigation using advanced lipidomic and proteomic techniques.

A study by Cywinska A. et al. (2011) demonstrated that exercise-induced
intravascular haemolysis occurs in racehorses, but that it exhibits distinct gender-
dependent patterns. Following routine training sessions, mares exhibited increased
plasma haemoglobin and decreased serum haptoglobin levels, indicating transient
haemolysis. In contrast, stallions did not display such changes. Mares also had higher
baseline haptoglobin concentrations, suggesting a greater capacity to adapt to the
oxidative and mechanical stress associated with exercise. The authors concluded that
exercise-induced haemolysis in horses is of limited clinical relevance, as it is mild and
transient with no cumulative effects. These findings support the view that haemolytic
responses to physical exertion depend on physiological adaptation and gender-specific
factors, which may influence erythrocyte membrane stability and antioxidant defences.
In the context of our results, they highlight that susceptibility to acid-induced erythrocyte
damage may also vary depending on the animal's adaptive status and its individual
physiological characteristics. This highlights the importance of incorporating sex-based
physiological profiling into experimental designs that assess erythrocyte fragility and
stress responses.

Andriichuk A. and Tkachenko H. (2017) examined the effects of moderate-
intensity exercise on haematological, biochemical and oxidative parameters in Holsteiner
stallions and mares. Both sexes exhibited adaptive haematological responses to exercise,
though the magnitude of the changes differed between the two sexes. Stallions showed
significant increases in erythrocyte count, haemoglobin concentration, haematocrit,
leukocytes and granulocytes after exercise, along with elevated aspartate
aminotransferase (AST) activity, which suggests higher metabolic and oxidative stress.
In contrast, mares demonstrated a reduction in platelet volume after exercise. Despite
these differences, the acidic resistance of erythrocytes (tested in 0.1 M HCI) remained
similar in both groups and there were no statistically significant changes in the percentage
of haemolysed cells before or after exercise. These findings suggest that gender-related
physiological responses are primarily expressed in haematological and enzymatic
parameters under moderate workloads, while erythrocyte membrane stability remains
largely unaffected. However, more intense or prolonged exercise could reveal differences
in membrane resilience that are not apparent under moderate conditions. Our previous
findings suggest that the biomarkers of aerobic and anaerobic metabolism are largely
independent of sex, indicating the presence of stable adaptive mechanisms that help
ponies to maintain blood homeostasis throughout the year (Tkaczenko H. et al., 2024).
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Exercise had a significant impact on erythrocyte stability in both sexes (Fig. 1).
Immediately after physical exertion, the acid haemolysis curves shifted upwards,
indicating higher absorbance peaks in the initial exposure period (0.5-5 minutes). This
indicates an increased rate of haemoglobin release, which corresponds to reduced
erythrocyte resistance to 0.2 N HCI. While the mean optical density and area under the
curve (AUC) values remained consistent before and after exercise, the earlier onset of
lysis (tso decreased to 11.0 minutes in stallions and 13.0 minutes in mares) suggests a
transient decrease in erythrocyte membrane integrity. This reduction in resistance
following exercise can be attributed to various physiological mechanisms, such as an
elevated body temperature, an increased plasma lactate concentration, acidosis and an
enhanced generation of reactive oxygen species (ROS) during muscular activity (Wang F.
et al., 2021; Powers S. K. et al., 2024). These factors may alter lipid-protein interactions
within the erythrocyte membrane, promote the peroxidation of unsaturated phospholipids
and lead to reversible changes in membrane permeability (Andriichuk A. et al., 2014).
Such changes may also be influenced by the duration and intensity of exercise, as well as
the horse’s individual antioxidant capacity. These factors should be considered in future
studies. These alterations are usually short-lived and reversible, consistent with the rapid
recovery of erythrocyte parameters observed in post-exercise studies.

Andriichuk A., Tkachenko H. and Kurhaluk N. (2014) investigated the impact of
gender on oxidative stress biomarkers, antioxidant responses and erythrocyte stability in
well-trained sport horses. The results revealed that both stallions and mares experienced
oxidative stress following exercise; however, the antioxidant defence mechanisms were
gender-dependent. Stallions exhibited reduced lipid peroxidation and increased
glutathione reductase activity, suggesting an improved redox balance and protection
against oxidative damage. Mares, on the other hand, demonstrated higher superoxide
dismutase activity after exercise, reflecting a compensatory antioxidant response.
Notably, no significant gender differences were observed in erythrocyte osmotic
resistance or the degree of haemolysis before or after exercise, suggesting that training
adaptation mitigates exercise-induced erythrocyte damage. These findings emphasise
that, while oxidative stress responses differ between sexes, training status plays a crucial
role in maintaining erythrocyte membrane integrity during physical exertion. This
emphasises the importance of long-term conditioning in reducing cellular vulnerability,
regardless of gender.

The convergence of haemolysis curves between 12 and 15 minutes post-exposure
indicates that the differences between pre- and post-exercise erythrocytes are negligible
once the more fragile subpopulation has been lysed. This indicates that exercise-induced
membrane destabilisation primarily affects the most susceptible erythrocyte fraction,
while more resilient cells remain relatively resistant to acid stress. The total duration
required for complete lysis remained consistent across all groups, suggesting that exercise
does not permanently compromise the structural integrity of erythrocytes, but rather
temporarily shifts the balance towards greater fragility. This transient effect may play a
role in the physiological process of removing damaged or senescent erythrocytes from
circulation (Lippi G. and Sanchis-Gomar F., 2019). Such selective clearance may help to
maintain optimal blood rheology and oxygen transport efficiency during repeated periods
of exertion.

The observed results are consistent with previous reports describing a decrease in
erythrocyte osmotic resistance and an increase in oxidative haemolysis following physical
exercise in horses and other athletic animals (Bazzano M. et al., 2015). This phenomenon
may be physiologically significant in terms of adaptive erythrocyte turnover: mechanical
and oxidative stress during exercise damages older or less stable red blood cells more
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readily, prompting their removal from circulation and stimulating erythropoiesis. This
process replaces senescent cells with younger, more deformable erythrocytes that are
better suited to oxygen delivery during repeated exertion (Schmidt W. et al., 1988;
Smith J. A., 1995; Mairbaurl H., 2013). This adaptive mechanism highlights the dynamic
nature of erythrocyte populations in athletic species and the importance of red cell
resilience in maintaining performance and oxygen transport efficiency. It also suggests
that erythrocyte fragility could be used as a biomarker to indicate training load and
recovery status, which could be useful in equine sports medicine.

Bazzano M. et al. (2015) investigated the effects of dietary polyunsaturated fatty
acid (PUFA) supplementation on erythrocyte osmotic fragility (EOF) and related blood
parameters in show jumping horses. PUFA-supplemented horses exhibited a smaller
increase in blood lactate, haematocrit, red blood cell count and haemoglobin following
intense jumping exercise compared to the control group. Furthermore, PUFA
supplementation was found to reduce EOF, suggesting enhanced erythrocyte resistance
to the osmotic stress induced by exercise. These results suggest that PUFA
supplementation could enhance cellular membrane stability and improve the overall
physiological performance of high-level athletic horses. EOF assessment was confirmed
as a useful indicator of exercise-induced stress and athletic capacity. Further research is
needed to explore the long-term effects of PUFA supplementation on erythrocyte
turnover and oxidative resilience in horses competing in different disciplines.

Andriichuk A. et al. (2016) conducted a study to evaluate the effects of moderate-
intensity exercise on oxidative stress, antioxidant enzyme activity and erythrocyte
osmotic resistance in well-trained Ukrainian Warmblood and Holsteiner horses. Exercise
increased erythrocyte count, haemoglobin and haematocrit, while regular training
enhanced antioxidant enzyme activity and reduced oxidative stress. Following exercise,
lipid peroxidation and protein oxidation in erythrocytes decreased; however, breed-
specific differences in catalase, glutathione reductase and superoxide dismutase were
observed. A significant increase in erythrocyte haemolysis after exercise indicated
impairment of cell stability related to oxidative stress. These results imply that monitoring
oxidative stress and antioxidant biomarkers could offer valuable insights into the fitness,
health, and performance of equine athletes. Training protocols and recovery strategies
could be further refined by incorporating breed-specific physiological profiles.

In summary, exposing equine erythrocytes to 0.2 N HCI revealed clear differences
in membrane stability related to exercise and sex. Physical activity was found to
transiently decrease erythrocyte resistance to acid-induced lysis, reflecting post-exercise
oxidative and metabolic stress. Under resting conditions, stallions showed marginally
higher resistance than mares, suggesting sex-related physiological differences in
membrane composition and redox homeostasis. These findings further our understanding
of the behaviour of erythrocytes under stressful conditions and could inform the
evaluation of the physiological condition, training adaptation and recovery status of
horses in sporting and endurance disciplines. Thus, the evidence suggests that erythrocyte
fragility testing can be used as an additional tool for monitoring performance and
managing equine athletes.

Conclusions. This study shows that the resistance of red blood cells to acid-
induced haemolysis in horses is affected by exercise and sex. Physical exertion
temporarily reduces erythrocyte stability, primarily affecting the most vulnerable
subpopulation. This is likely due to the oxidative stress, acidosis and metabolic strain
induced by exercise. Under resting conditions, stallions generally exhibited slightly
higher erythrocyte resistance than mares, suggesting sex-related differences in membrane
composition and redox homeostasis. However, these differences were temporary and
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overall membrane integrity was restored after exercise, indicating the resilience of
erythrocytes to physiological stress in well-trained horses.

Our findings emphasise the importance of considering physiological status and
sex when evaluating erythrocyte stability, and highlight acid-induced haemolysis as a
valuable tool for assessing red blood cell integrity under stress. Furthermore, the study
reinforces the concept that regular training and dietary interventions can modulate
erythrocyte resistance and support optimal oxygen transport during exercise. These
insights could inform targeted strategies for monitoring fitness, optimising recovery and
enhancing performance in equine athletes.

This research has been supported by Pomeranian University in Stupsk (Poland),
and it is cordially appreciated by the authors.

References

Andriichuk, A., & Tkachenko, H. (2017). Effect of gender and exercise on
haematological and biochemical parameters in Holsteiner horses. Journal of
animal  physiology and animal nutrition, 101(5), e404—e413.
https://doi.org/10.1111/jpn.12620.

Andriichuk, A., Tkachenko, H., & Kurhaluk, N. (2014). Gender differences of oxidative
stress biomarkers and erythrocyte damage in well-trained horses during exercise.
Journal of Equine Veterinary Science, 34(8), 978-985.
https://doi.org/10.1016/j.jevs.2014.05.005.

Andriichuk, A., Tkachenko, H., & Tkachova, I. (2016). Oxidative stress biomarkers and
erythrocytes hemolysis in well-trained equine athletes before and after exercise.
Journal of Equine Veterinary Science, 36, 32-43.
https://doi.org/10.1016/j.jevs.2015.09.011.

Bachman, E., Travison, T. G., Basaria, S., Davda, M. N., Guo, W., Li, M., Connor
Westfall, J., Bae, H., Gordeuk, V., & Bhasin, S. (2014). Testosterone induces
erythrocytosis via increased erythropoietin and suppressed hepcidin: evidence for
a new erythropoietin/hemoglobin set point. The journals of gerontology. Series A,
Biological  sciences and  medical  sciences, 69(6), 725-735.
https://doi.org/10.1093/gerona/glt154.

Bazzano, M., Rizzo, M., Arfuso, F., Giannetto, C., Fazio, F., & Piccione, G. (2015).
Increase in erythrocyte osmotic resistance following polyunsaturated fatty acids
(PUFA) supplementation in show jumper horses. Livestock Science, 181, 236—
241. https://doi.org/10.1016/j.livsci.2015.08.011.

Cywinska, A., Szarska, E., Kowalska, A., Ostaszewski, P., & Schollenberger, A. (2011).
Gender differences in exercise--induced intravascular haemolysis during race
training in thoroughbred horses. Research in veterinary science, 90(1), 133-137.
https://doi.org/10.1016/j.rvsc.2010.05.004.

Fried, W., Degowin, R., & Gurney, C. W. (1964). Erythropoietic effect of testosterone in
the polycythemic mouse. Proceedings of the Society for Experimental Biology and
Medicine. Society for Experimental Biology and Medicine (New York, N.Y.), 117,
839-842. https://doi.org/10.3181/00379727-117-29713.

Gitel'zon, 1. 1., & Terskov, I. A. (1955). O prisuststvi v krovi grupp eritrotsitov razlichnoi
stoikosti [Presence in the blood of groups of erythrocytes of various degrees of
resistance]. Doklady Akademii nauk SSSR, 100(4), 821-823.

Hanzawa, K., Kai, M., Hiraga, A., & Watanabe, S. (1999). Fragility of red cells during
exercise is affected by blood pH and temperature. Equine veterinary journal.
Supplement, (30), 610-611. https://doi.org/10.1111/j.2042-3306.1999.tb05294.x.

246



:l
Hayxoeo-mexniunuii broremens Incmumymy meapunnuumea HAAH, 2025, Ne135 F=&

Husakouskaya, E. V., Filistovich, T. I., Yermakovich, M. S., & Spadnikaila, A. A. (2024).
Induction of red blood cells hemolysis and methods of its correction. Biomedical
Journal of Scientific & Technical Research, 54(3).
https://doi.org/10.26717/BJSTR.2024.54.008563.

Ivanov I. T. (1999). Low pH-induced hemolysis of erythrocytes is related to the entry of
the acid into cytosole and oxidative stress on cellular membranes. Biochimica et
biophysica  acta,  1415(2), 349-360. https://doi.org/10.1016/s0005-
2736(98)00202-8.

Ivanov I. T. (2001). Sravnenie mekhanizmov kislotnogo i shchelochnogo gemoliza
éritrotsitov cheloveka] [Comparison of acid and alkaline hemolysis mechanisms
in human erythrocytes]. Biofizika, 46(2), 281-290.

Kietbik, P., & Witkowska-Pitaszewicz, O. (2025). Iron Status in Sport Horses: Is It
Important for Equine Athletes? International Journal of Molecular Sciences,
26(12), 5653. https://doi.org/10.3390/ijms26125653.

Lippi, G., & Sanchis-Gomar, F. (2019). Epidemiological, biological and clinical update
on exercise-induced hemolysis. Annals of translational medicine, 7(12), 270.
https://doi.org/10.21037/atm.2019.05.41.

Mairbdurl H. (2013). Red blood cells in sports: effects of exercise and training on oxygen
supply by red blood cells. Frontiers in physiology, 4, 332.
https://doi.org/10.3389/fphys.2013.00332.

Massafra, C., Gioia, D., De Felice, C., Muscettola, M., Longini, M., & Buonocore, G.
(2002). Gender-related differences in erythrocyte glutathione peroxidase activity
in  healthy  subjects.  Clinical endocrinology, 57(5), 663-667.
https://doi.org/10.1046/j.1365-2265.2002.01657 .X.

Muifioz, A., Riber, C., Trigo, P., & Castejon, F. (2008). Erythrocyte indices in relation to
hydration and electrolytes in horses performing exercises of different intensity.
Comparative Clinical Pathology, 17(4), 213-220.
https://doi.org/10.1007/s00580-008-0738-y.

Obeagu, E. I., Igwe, M. C., & Obeagu, G. U. (2024). Oxidative stress's impact on red
blood cells: Unveiling implications for health and disease. Medicine, 103(9),
e37360. https://doi.org/10.1097/MD.0000000000037360.

Pakula, P. D., Halama, A., Al-Dous, E. K., Johnson, S. J., Filho, S. A., Suhre, K., &
Vinardell, T. (2023). Characterization of exercise-induced hemolysis in endurance
horses. Frontiers in veterinary science, 10, 1115776.
https://doi.org/10.3389/fvets.2023.1115776.

Powers, S. K., Radak, Z., Ji, L. L., & Jackson, M. (2024). Reactive oxygen species
promote endurance exercise-induced adaptations in skeletal muscles. Journal of
sport and health science, 13(6), 780-792.
https://doi.org/10.1016/j.jshs.2024.05.001.

Savignone, C., Zeinsteger, P., Barber6n, J., Ventura, B., & Palacios, A. (2019). Effect of
exercise on hematological values and its relationship with erythrocyte membrane
damage in horses. International Journal of Cell Science & Molecular Biology,
6(3), 555687. https://doi.org/10.19080/IJCSMB.2019.06.555687.

Schmidt, W., Maassen, N., Trost, F., & Boning, D. (1988). Training induced effects on
blood volume, erythrocyte turnover and haemoglobin oxygen binding properties.
European journal of applied physiology and occupational physiology, 57(4), 490—
498. https://doi.org/10.1007/BF00417998.

Schooley J. C. (1966). Inhibition of erythropoietic stimulation by testosterone in
polycythemic mice receiving anti-erythropoietin. Proceedings of the Society for
Experimental Biology and Medicine. Society for Experimental Biology and

247



P
E" Scientific and Technical Bulletin of Livestock farming institute of NAAS, 2025, Is. 135

Medicine (New York, N.Y.), 122(2), 402-403. https://doi.org/10.3181/00379727-
122-31146.

Sentiirk, U. K., Giindiiz, F., Kuru, O., Aktekin, M. R., Kipmen, D., Yal¢in, O., Bor-
Kiigtikatay, M., Yesilkaya, A., & Bagkurt, O. K. (2001). Exercise-induced
oxidative stress affects erythrocytes in sedentary rats but not exercise-trained rats.
Journal of applied physiology (Bethesda, Md.: 1985), 91(5), 1999-2004.
https://doi.org/10.1152/jappl.2001.91.5.1999.

Smith J. A. (1995). Exercise, training and red blood cell turnover. Sports medicine
(Auckland, N.zZ.), 19(1), 9-31. https://doi.org/10.2165/00007256-199519010-
00002.

Stanisz A. 2006, 2007. An affordable course of statistics using STATISTICA PL on
examples from medicine. VVol. 1-3. Basic Statistics. StatSoft Polska, Krakow,
2006, 2007. — 532 p., ISBN 83-88724-18-5.

Thorn, B., Dunstan, R. H., Macdonald, M. M., Borges, N., & Roberts, T. K. (2020).
Evidence that human and equine erythrocytes could have significant roles in the
transport and delivery of amino acids to organs and tissues. Amino acids, 52(5),
711-724. https://doi.org/10.1007/s00726-020-02845-0.

Tkachenko, H., Kurhaluk, N., & Tkachova, I. (2020). Exercise-induced alterations of the
oxidative stress biomarkers in erythrocytes of ponies involved in recreational
horseback riding. Scientific and Technical Bulletin of the Livestock Farming
Institute of NAAS of Ukraine, (123), 39-48. https://doi.org/10.32900/2312-8402-
2020-123-39-48.

Tkaczenko, H., Lukash, O., & Kurhaluk, N. (2024). Analysis of the season-dependent
component in the evaluation of morphological and biochemical blood parameters
in Shetland ponies of both sexes during exercise. Journal of veterinary research,
68(1), 155-166. https://doi.org/10.2478/jvetres-2024-0017.

Tsuda, K., Kinoshita-Shimamoto, Y., Kimura, K., & Nishio, 1. (2002). Effect of oestrone
on membrane fluidity of erythrocytes is mediated by a nitric oxide-dependent
pathway: An electron paramagnetic resonance study. Clinical and experimental
pharmacology & physiology, 29(11), 972-979. https://doi.org/10.1046/j.1440-
1681.2002.03764.x.

Wang, F., Wang, X., Liu, Y., & 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.

248



