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Exercise-Induced Physiological Fatigue
in Horses: Review

Atlarda Egzersize Bagh Fizyolojik Yorgunluk

ABSTRACT Horses that become fatigued either stop exercising or continue exercising but at a lower
intensity. The researches show that there are many causes of exercise induced fatigue. The deple-
tion of energy stores and accumulation of metabolites during muscle contraction are considered as
the important factors causing fatigue. Furthermore, generated heat during muscle contraction im-
pairs the fluid, electrolyte and acid-base balances of internal environment of horse body. The oc-
currence of physiological fatigue differs according to the type of exercise the horse is performing.
The intensity and the duration of the exercise are very important parameters during the onset of
fatigue. The onset of fatigue in flat racing horses is completely different physiological phenomenon
to fatigue in endurance horses performing with low intensity but long duration exercise. In this re-
view we focus on the underlying physiological mechanisms of fatigue induced by exercise mainly
observed in flat racing and endurance racing horses.

Key Words: Fatigue; horses; exercise; muscle fatigue; electrolytes; water-electrolyte balance;
acid-base equilibrium

OZET Atlarda egzersiz sirasinda yorgunluk olustugunda, at ya hig egzersize devam etmek istemez
ya da egzersizin siddetini diisiiriir. Yapilan arastirmalarda egzersiz sirasinda olugan yorgunlugun
birgok nedeninin olabilecegi belirtilmistir. Yorgunlugun nedenleri arasinda iskelet kas hiicrele-
rinde enerji depolarinin azalmasi ve kas hiicrelerinin kasilmalari sirasinda olugan metabolizma artik-
larinin birikimi 6nemli yer tutmaktadir. Ayrica kasilma esnasinda olusan yiiksek 1s1 viicudun sivi,
elektrolit ve asit-baz dengesinin bozulmasina yol agar. Egzersizin tipi fizyolojik yorgunlugun olu-
sum mekanizmasinda 6nemlidir. Yiiksek hiz gerektiren diiz yarislar ile dayaniklilik 6gesinin 6nemli
oldugu endurans yariglarinda goriilen yorgunlugun farklh fizyolojik temelleri bulunmaktadir. Bu
derlemede 6zellikle diiz yaris ve endurans atlarinda goriilen yorgunlugun olusumunda rol oyna-
yan fizyolojik nedenlere deginilmistir.

Anahtar Kelimeler: Yorgunluk; atlar; egzersiz; kas yorgunlugu; elektrolitler; su elektrolit dengesi;
asid-baz dengesi
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orses are considered as the most superior athlete within the animal

kingdom. Horses are huge investments in terms of both time and

money. Horses get trained to increase their exercise capacity and
improve their overall performance.

Many factors compromise the athletic performance of the horses. Ex-
ercise induced fatigue is one of the limiting factor affecting the equine per-
formance. Although fatigue in human athletes has been interested for more
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than a century, fatigue in equine athletes is still
considered as a new area which requires to be
searched more.!

At a practical level in sport the term fatigue is
described as the sensations of tiredness and the ac-
companying decrease in athletic performance.?
More scientific definition describes fatigue as a
complex and intricate physiologic response to ex-
ercise, leading to the inability to sustain further ac-
tivity at the current intensity.> When fatigue
occurs the horse either stops exercising or contin-
ues exercising at a lower intensities.

Generally, exercise induced fatigue appears to
involve psychological (or neurologic) and physio-
logical contributions.® Psychological fatigue is
mainly related to the motivation of the horse and
generally caused by overtraining of horses, even-
tually becoming listless and sour and their per-
formance will decline.3*Since psychological fatigue
is out of the subject of this review, it is not dis-
cussed here.

Physiological fatigue is mainly related to en-
ergy metabolism and contracting mechanisms of
muscle cells and consequent effect of muscle exer-
cise on the internal environment of the horse.!

Physical exercise occurs when muscles con-
tract and generate force. During exercise some bio-
chemical changes occur in muscle and affect the
equilibrium of muscle cells. Increased muscle
metabolites and the generated heat by muscle con-
traction during exercise may decline not only the
force of muscle but also affect the equilibrium of
internal environment of other body systems of the
horse. All these different complex mechanisms cre-
ate sensation of fatigue and finally, a reduction or
complete cessation of exercise occurs. Depending
on the type of exercise, sooner or later fatigue will
occur.!

Many factors can influence the onset of fatigue
in horses such as the age, the fitness, and the envi-
ronmental factors. Apart from these factors, the in-
tensity and the duration of exercise are very
important parameters on the onset of physiologi-
cal fatigue. Fatigue in response to high intensity ex-
ercise (e.g. flat racing) has different underlying

physiological mechanisms from fatigue during pro-
longed submaximal exercise (e.g. endurance rac-
ing).?

In this review we will focus on fatigue caused
by changes in muscle cell and fatigue caused by
changes in internal environment of the horse body
during exercise.

I FATIGUE CAUSED BY CHANGES
IN SKELETAL MUSCLE CELLS
(MUSCULAR FATIGUE)

The energy source for contraction of muscle cells
(muscle fibres) is adenosine triphosphate (ATP).!
The amount of ATP is low and will only support
exercise for several seconds of muscular activity.?
When ATP is broken down it should be regener-
ated again. The major pathways for ATP regenera-
tions in the muscle are:'®

1. A rapid production of ATP from creatine
phosphate (CP) in sarcoplasm of muscle cells. The
stores of CP are limited and can only support exer-
cise for a few seconds.?

2. A somewhat slower production of ATP by
anaerobic glycolysis in sarcoplasm of muscle cells.
Muscle glycogen is broken down to lactic acid. The
generation of ATP by anaerobic glycolysis is also
very limited and can support exercise for 1-2 min-
utes.* This pathway is essential at the onset of exer-
cise before aerobic systems have come up to speed.?

3. A slower but very effective production of
ATP by aerobic pathways of carbohydrate (muscle
glycogen or blood glucose) and fat metabolism in
mitochondria of muscle cells. This pathway can
support the exercise for hours (by aerobic metabo-
lism of carbohydrates) and even days (by aerobic
metabolism of fats). This pathway is fundamental
for endurance horses which have lower intensity
but longer duration of exercise compared to flat
racing horses.>*

Repeated, intense use of muscles leads to
changes in many muscle properties including en-
ergy stores, intracellular metabolites, extracellular
and intracellular ions and related action potential
of muscle cells that cause fatigue during exercise.
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DEPLETION OF ENERGY STORES

Aerobic pathway for energy production is used in
exercise intensities below the anaerobic threshold
(blood lactate < 4 mmol/l). Aerobic energy path-
way utilises free fatty acids and glycogen. Lipid
stores supply enough fuel for days to sustain low
grade exercise. Whilst it is possible to deplete mus-
cle and liver glycogen, it is almost impossible to de-
plete lipid stores in a single bout of exercise. Even
a thin endurance horse is estimated to have enough
fat to complete 5X100 mile race.? The limiting fac-
tor for endurance horses is the availability of glu-
cose (from glycogen within liver and active muscle)
rather than free fatty acids. During endurance ex-
ercise muscle glycogen stores decrease slowly and
the muscle tissue gradually increases its consump-
tion of blood glucose.! Finally, the availability of
glucose is smaller than the glucose consumption
and the concentration of blood glucose may even
decrease.® It is reported that horses at the end of
100 mile endurance competition have very low
blood glucose concentration (< 2.5mmol/1), indi-
cating considerable depletion of liver glycogen
stores.? In endurance horses when this occurs,
horse can maintain exercise in very low intensity
since free fatty acids can be used as a fuel. Glycogen
replacement after depletion may take 24-72 hours.*
Depletion of muscle glycogen is also seen in human
marathon runners and is referred to as ‘hitting to
wall’.! When this point is reached, the marathon
runner obtains the energy from aerobic metabo-
lism of free fatty acids but is limited as to maximum
speed and unable to accelerate.” The same scenario
for endurance horse might occur.

METABOLIC PRODUCTS AND CHANGES IN ION
CONCENTRATIONS OF MUSCLE CELL

When muscle cells are contracting many intra-
muscular metabolites form and intramuscular and
extra muscular changes occur which affect the
muscle force causing the sensation of fatigue. These
are mentioned below:

Accumulation of Phosphate lons (PI)

Independent of which pathway is dominating,
muscle contraction will always be associated with
an increase in adenosine diphosphate (ADP) and

inorganic phosphate (Pi).! However, the break-
down of CP during high intensity exercise accu-
mulates more Pi and increased Pi can depress the
contractile functions of muscle fibres. Accumula-
tion of Pi in the sarcoplasm causes a decrease in
contractile force due to the inhibition of cross
bridge interaction between actin and myosin fila-
ments.? Most studies imply that accumulation of Pi
is the most important cause of fatigue during high
intensity exercise both in human and equine ath-
letes."*® Therefore, fatigue caused by Pi accumula-
tion in muscle cell is an important factor for flat
race horses but not for endurance horses which
have lower intensities of exercise.

Accumulation of Lactic Acid and Hydrogen lons (H+)

When the intensity of exercise reaches a certain
level, energy is supplied by anaerobic glycolysis.
Muscle glycogen is broken down to lactic acid and
furthermore lactic acid dissociates into lactate ions
(LA") and hydrogen ions (H*). LA™ ions form a salt
with sodium (Na*) or potassium (K*) ions hence do
not pose a threat to the muscle cells.* Accumula-
tion of H* ions in the sarcoplasm causes a decrease
in the contractile force due to the inhibition of
cross bridge interactions of actin and myosin fila-
ments. In addition, the accumulation of H* may
cause a depression of calcium ion (Ca*) reuptake
in the sarcoplasmic reticulum and this might pro-
longs the relaxation time and cause fatigue.' In-
creasing concentrations of H* decline the pH of
muscle and cause intramuscular acidosis. Intra-
muscular acidosis may be responsible for the oc-
currence muscular fatigue due to disturbance in
mitochondrial function, impairment of glycolysis
and consequent decline in muscle ATP concentra-
tion, swelling of mitochondria and sarcoplasmic
reticulum.*!°

Inhibition of Calcium lons (Ca2*) Release

With accumulation of Pi and H* ions, Ca?* release
is incited by the precipitation of calcium phosphate
within the lumen of sarcoplasmic reticulum.! De-
clined pH in muscle cell also disturbs morphologi-
cal structure of sarcoplasmic reticulum and the
ability of sarcoplasmic reticulum to release Ca*'.
Reduced Ca* concentrations in sarcoplasm result
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in a less powerful contraction of muscle cell. The
uptake of Ca** by mitochondria also reduces the ef-
ficiency of ATP regeneration.>!! Hence, intramus-
cular Ca* disturbance may be an important factor
in fatigue for endurance horses.?

Increased Efflux of Potassium lons (K*)

In rested muscle, the intracellular K* concentration
is 160 mmol/l and extracellular K* concentration is
4 mmol/1."? During muscle contraction, very small
amount of K* (approximately 2-10 pmol/l) is lost
from muscle cells to extracellular compartment.!
High intensity exercise may lead to K* concentra-
tion in excess of 10 mmol/l in extracellular com-
partment.'* Activity induced changes in ion
concentration of K* are not compensated by the ac-
tivity of Na*- K* pumps and other means and lead
to reduction in membrane potential and conse-
quent muscle excitability and force." It has been
reported that increased K* concentration in extra-
cellular compartment induces muscle fatigue by
decreasing membrane potential and causing neu-
romuscular conduction disturbance.’

Accumulation of Magnesium lons (Mg?*)

During muscle activation an increase in Mg?** con-
centration occurs in sarcoplasm. In high intensity
exercise, while ATP concentration decreases, Mg**
concentration rises because ADP, AMP and IMP
all have much lower affinity for Mg* than ATP.!®1>

Mg?* ions play important roles in the function
of sarcoplasmic reticulum. Increased Mg?* concen-
tration in sarcoplasm reduces Ca?* fluxes across the
membrane of sarcoplasmic reticulum and causes fa-
tigue by reducing muscle force.!®”

Accumulation of Reactive Oxygen Species (ROS)

Exercise enhances the production of reactive oxy-
gen species (ROS). ° The increased demand for en-
ergy activates mitochondrial respiration as a
consequence, increases oxygen uptake in the mus-
cle.’® The source of ROS is the partial reduction of
oxygen in mitochondria during oxidative phos-
phorylation and the xanthine oxidase during degra-
dation of purine nucleotides.”” About 5% of the
total amount of oxygen in mitochondria is con-

verted into reactive oxygen species such as super-
oxide anion (+ O?°), hydrogen peroxide (HyO,) and
hydroxyl radical (- OH).20%

There is strong evidence that ROS contribute
to the process of fatigue during exercise.”!! It has
been suggested that exercise induced fatigue may
be related to the modification of muscle cell mem-
brane caused by ROS.?*It has been also indicated
that increased amounts of ROS cause decline in
force by damaging the contractile proteins and the
Na*-K* pumps of muscle cells."

I FATIGUE CAUSED BY CHANGES
IN INTERNAL ENVIRONMENT OF THE
HORSE BODY

Apart from muscle, many other systems are in-
volved to maintain homeostasis during exercise.
While the steady state of muscle cell is deteriorated
during exercise, some changes occur in other sys-
tems of horse body as well. Exercise causes many
changes in internal environment of horse body
such as increased production of heat, consequent
increase in sweat loss, increased production of CO»,
hydrogen ions, lactate, ammonia in blood and in-
creased consumption of oxygen and nutrients
(glycogen, glucose and fatty acids). The larger
workload the larger the effects of these variables
are seen in the internal environment. A deteriora-
tion of steady state of internal environment by ex-
ercise can induce sensation of fatigue and have
devastating effect on exercise performance.! Since
changes in internal environment is very integrated
and involve wide range of body systems we will
mention only the most involved ones that has been
suggested as fatigue factors in exercising horses.

HYPERTHERMIA

During intense exercise heat production by mus-
cles increases up to 50 times that of the resting
value. The body temperature rises from 37-38°C to
43°C.* Thus, exercise cause heat load in the internal
environment.' This high temperature disturbs not
only the structural, physiological and biochemical
properties of muscle cells but also all other cell
types ( including brain cells) in whole body system.
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Hence, high body temperature can be life threat-
ening unless body’s own cooling system gets in-
volved and works properly. The success of horse
delaying fatigue caused by high temperature relies
on the ability to dissipate the heat during exercise
which it does mostly by sweating.

DISTURBANCES IN FLUID-ELECTROLYTE AND
ACID-BASE BALANCES

During exercise, fluid-electrolyte balance of the
body should be considered together with the acid
base balance. Changes in pH are closely linked to
the changes in electrolyte balance between intra-
cellular fluid (ICF) and extracellular fluid (ECF).?

The changes in pH during exercise can be res-
piratory and metabolic origin. An increase in blood
pCOy (> 45 mmHg) causes decline in pH (pH< 7.35)
resulting with acidemia while a decrease in pCO,
(< 35 mmHg) causes increase in pH (pH> 7.45) re-
sulting with alkalemia.?® Apart from CO,, strong
ion difference (SID) are considered as independent
variables to affect pH changes in blood during ex-
ercise.”? Na*, K*, Cl', LA" are the major strong ions
determine the pH changes during exercise.” Stew-
art equitation formula of plasma acid base balance
is referred as strong ion difference (SID) and
adapted for exercise as SID= ([Na*]+[K*])-([Cl7]-
[LA-]). According to this formula, when SID de-
creases pH also decreases.”’?’ The SID should be in
constant value to maintain pH in normal range (pH
7.35-7.45). If SID is different from the constant
value the body try to compensate the changes via
dependent variables such as H* and HCO3 ions.”

There have been many papers published on
the effect of acute exercise on whole body acid base
status in the horse.”®? In the horse, short duration
with high intensity exercise creates a respiratory
and metabolic acidosis resulting a decrease in blood
pH from resting values of 7.4 to levels 6.8.% During
high intensity exercise, pCO, increases and the rate
of elimination is inadequate because the horse does
not hyperventilate during exercise as do humans.”
Consequently hypercapnea occurs and dramatic
decrease in pH is observed.” The decrease in SID
value also contributes to a decrease in pH. The de-
crease in SID is caused by lactic acid efflux from

muscle fibres to the blood in high intensity exer-
cises.” High concentrations of LA™ in blood cause a
decrease in SID and blood pH. Plasma K* and Na*
concentrations have also been increased but not as
much as LA~.% Interestingly it has been reported
that plasma Cl concentration has not been
changed after high intensity of exercise.”* The in-
crease in plasma LA~ concentration is higher than
the increase in plasma K* and Na* concentrations
in high intensity exercise. As a consequence
metabolic acidosis will be inevitable during high
intensity exercises. The decrease pH in both mus-
cle and blood are one of the factors causing fatigue
in high intensity exercise.

In endurance races, acid base balance is related
to the tremendous amount of sweat lost by horse
during low intensity but prolonged exercise.”” The
heat during exercise must be dissipated through
mainly sweating. In hot conditions a horse com-
peting in endurance race may lose up to 10% of its
body weight.”® The water for sweating is derived
from both extracellular and intracellular fluids, and
represents 15 % of total body water.! The loss of
that amount of water by sweat lead to dehydration.
The sweat of horse is hypertonic compared with
the plasma.**? Therefore, its production is accom-
panied by a loss of electrolytes such as Na*, K*, Ca**
and especially Cl~, with a consequent reduction of
these ions in plasma.”3® Therefore, the amount of
electrolytes lost by sweating is very high in horses.
This affects SID value and consequently acid base
status of blood. In endurance race the horse en-
counters a disproportional loss of C1~ by sweat.”?>
The loss of high amount of Cl~ causes Cl~ deficit
in plasma (hypochloremia). Hypochloremia in-
creases SID value.” Consequently, pH rises up to
7.8 by retention of HCO3~ from kidney to the
blood.??

Electrolyte losses also cause an imbalance in
the distribution of electrical charges on either side
of cell membrane and this can disrupt the normal
function of excitable tissues such as muscle and
nerve.* Especially loss of Ca** and Mg?* can lead to
sensitisation of the phrenic nerve of diaghragm.**
At sensitised state it begins to fire at the same time

with heart since this nerve passes through heart
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route. This is known synchronous diaphragmatic
flutter (SDF) or thumbs and considered as elimina-
tion factor from endurance races as considered as
severe fatigue syndrome.* All these alterations in
fluid, electrolyte and acid-base status impairs per-
formance capacity of horse and may even be life
threatening.?!

I CONCLUSION AND RECOMMENDATION

Many physiological changes occur in horse body
when horses are exercising. Fatigue in horses
mainly occurs due to the physiological and bio-
chemical changes in muscle cells and in the in-
ternal environment of horse body. Sooner or later
fatigue will occur in all exercising horses. The
causes of fatigue are very complex, integrated and
depend on the intensity and duration of exercise.
Fatigue in response to high intensity exercise (e.g.

flat racing horses) is mainly due to the depletion
of ATP, CP, accumulation of lactate in muscle
cells and subsequent decrease in intramuscular
and extracellular pH. During prolonged, lower in-
tensity exercise (e.g. endurance horses) fatigue
mainly develops due to the depletion of muscle
and liver glycogen, hyperthermia, subsequent de-
hydration and electrolyte imbalance of horse
body. A good knowledge of exercise-induced fa-
tigue, its physiological mechanisms may help
trainers minimize its occurrence by appropriate
training and competition programmes, acclimati-
zation methods, nutrition and diet supplements
and help veterinarians to apply preventative and
emergency treatments before and after fatigue oc-
curs. There is still more to discover for the phys-
iological mechanisms of fatigue in exercising
horse.
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