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a b s t r a c t

Between 30% and 50% of the horses that start international endurance events, over dis-
tances of 100–160 km, are eliminated at the vet gates, although elimination rates vary in
the different geographical areas and race categories. Elimination rates appear to have
increased over recent years, which is a source of concern for the sport’s ethics and image.
Main reasons for elimination are lameness and metabolic disturbances, associated with
dehydration and electrolyte disturbances, and with substrate depletion in active muscle
fibers. Moreover, there are severe consequences of these metabolic derangements,
including heat stroke, rhabdomyolysis, colic, kidney and liver insufficiency, laminitis, and
disseminated intravascular coagulation. The prevention starts with the selection of a fit,
healthy horse, free of subclinical diseases. A proper training is one of the best and more
secure ways to reduce the risk of these metabolic diseases. Considerations regarding the
transport to the place of the event and acclimatization to the new environmental condi-
tions (particularly if weather is hot and humid) should be taken into account. During
competition, the control of fluid and electrolyte losses to avoid dehydration and heat
accumulation, as well as the control of the substrate utilization to reduce muscle fibers
depletion, are of pivotal importance. The management of race intensity is essential, and
this can be done by obtaining the lactate aerobic threshold (lactate concentration of
2 mmol/L). Other strategies include ride management, according to the terrain and
weather conditions, rider education to detect early signs of critical fatigue, and veterinary
examinations.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

All muscular work if sustained long enough eventually
might result in fatigue. In exercises of short duration,
recuperation from fatigue is quite rapid, and therefore, it
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does not progress to exhaustion. On the contrary, in exer-
cises of long duration, such as endurance rides, the fatigue
is not rapidly overcome and it might result in severe
physiological changes that may be even life threatening.
For that reason, the present paper will be focused in the
metabolic diseases of endurance horses, although the same
diseases can also appear in 3-day event horses. In addition,
horses that experience exhaustion might present serious
complications after that characterized by multiorgan
dysfunction with renal and hepatic failure, laminitis, colic,
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myonecrosis, pulmonary edema, and disseminated intra-
vascular coagulation [1,2]. Nevertheless, it is important to
remark that any horse, that is, exercised more intensely
that its fitness level permits, would develop metabolic
diseases.

Metabolic diseases are, after lameness, the second
reason of elimination of endurance horses in competition.
The first epidemiologic study regarding rate of elimination
from competition was performed by Burger and Dollinger
[3] using the database from the Endurance and Long Dis-
tance Ride Conference. These authors showed that of all
eliminated horses, 62.7% were eliminated by lameness, 24%
for metabolic reasons, 0.3% for other reasons, and in 13% of
the eliminations, the reason was not recorded. Some
studies performed in the last years from data obtained from
the FEI (Fédération Equestre Internationale) in European
and Arabian countries reported that approximately 30% of
horses are eliminated from lameness and 8%–10% for
metabolic reasons [4–6]. More recently, it has been stated
that nearly 50% of the horses participating in endurance
events are eliminated at veterinary examinations (vet
gates) [7]. Unfortunately, elimination rates appear to have
increased over recent years, which are a source of concern
for the sport’s ethics and image [8].

Horses are eliminated by metabolic reasons if the
metabolic status is compromised, based on clinical exam-
ination, heart rate (HR), cardiac recovery index, color, and
moisture of mucous membranes, capillary refill time,
presence and intensity of intestinal sounds, and presence of
other clinical manifestations of neuromuscular and acid–
base disorders [9–12]. These clinical signs are secondary to
dehydration, electrolyte and acid-base disturbances, heat
accumulation, and substrate depletion [13]. These patho-
logic mechanisms can be avoided following some strategies
before, during, and after competition.

2. Strategies Before the Endurance Competition

2.1. Selection of the Proper Horse

Prevention of metabolic diseases begins with the se-
lection of the horse. Some breeds and some horses are less
prepared for endurance work, especially at intense levels of
competition or they simply are poor endurance athletes.
Breeds particularly successful in endurance exercises are
Arabian and cross-Arabian, due to their higher aerobic ca-
pacity and better running economy [14–16]. In addition,
Arabian and crossbred horses of medium size have more
appropriate ratio body size/body surface area for heat
dissipation [17].

Other factors to consider are coat color and density of
the hair coat. Coat color will affect the quantity of solar heat
absorbed, and a long hair coat will limit evaporative heat
loss, predisposing these horses to heat stress [18]. There-
fore, long hair coat should be clipped to facilitate cutaneous
heat loss [19].

2.2. Health Status

Having a healthy and fit horse is one of the best ways of
reducing risk of metabolic diseases in competition. Horses
with subclinical anemia, respiratory, cardiovascular dis-
eases, or lameness have increased risk for elimination for
metabolic diseases during competition [1,20]. Anemia has
been associated with decreased supply of oxygen to the
contracting muscles, promoting muscle fiber injuries and
rhabdomyolysis [20]. Ventilatory alterations might result in
hypoxemia and low alveolar tension oxygen, and therefore,
horses with respiratory diseases would have a more anaer-
obic response to exercise, determining a reduction in per-
formance and earlier onset of fatigue. The integrity of the
respiratory systemhas a great impact on the performance of
fast horses (thoroughbreds and standardbreds), but this
factor has not been evaluated in endurance horses. How-
ever, the report of Fraipont et al [21] showed that endurance
horses suffering from respiratory disorders had lower per-
formance parameters in response to a treadmill standard-
ized exercise test. The effects of cardiac abnormalities
(including heart murmurs and arrhythmias) on perfor-
mance have been scarcely evaluated in endurance horses.
Previous researchers have demonstrated that Thorough-
bred horses with low performance have increased risk of
premature ventricular and supraventricular depolarizations
[22]. It is supposed that heart arrhythmias would reduce
ventricular filling volume, and therefore, cardiac output
would be reduced, affecting blood supply to the active tis-
sues during exercise. Fraipont et al [21] did not find signifi-
cant correlations between valvular regurgitation (both
prevalence and degree of regurgitation) and performance
during a treadmill standardized exercise test in endurance
horses. Moreover, significant differences in valvular regur-
gitation were not found when comparing groups of horses
with different performance. Heart arrhythmias, on the other
hand, are common in endurance horses eliminated for
metabolic reasons, in association with electrolyte imbal-
ances [23], but also in successful endurance horses, partic-
ularly during the recuperation period [24].

As indicated before, lameness is the most common
cause of elimination from competition in endurance horses,
and it has been proposed that mild or subclinical lameness
might contribute to the onset of exhaustion [13,25]. An
undetected lameness might cause a horse to move differ-
ently, leading to the excessive use of some normally used
neuromuscular groups or to the use of different muscle
groups than are used normally. These variations in muscle
use may result in focal or more diffuse exertional rhabdo-
myolysis, pain, increased HR, and reduced HR recovery
time. In addition, lameness results in increased circulating
endogenous catecholamine and cortisol concentrations
[26]. Enhanced circulating concentrations of stress hor-
mones might lead to peripheral vasoconstriction and sub-
sequently, to poor blood flow to tissues. This results in an
exacerbation of the laminitic effects that often appear in
exhaustion and dehydration with hypovolemia [13,25].

2.3. Training and Learning

Any horse, even if it is well suited for endurance exer-
cise, is placed at greater risk of metabolic diseases and
exhaustion if ridden competitively when unfit [13,25].
Therefore, arriving at an endurance event with a well-
trained horse is the best way to prevent exhaustion. In
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order to prescribe a proper training program, it is of pivotal
importance to subject the horse to exercise tests, where
functionality indices, such as HRLA2, HR at 2 mmol/L of
lactate, are calculated. The knowledge of the individual
values of HRLA2 is also essential for management of exercise
intensity during racing [16]. During an exercise with in-
tensity lower than HRLA2, metabolism is mainly dependent
on fats, with the consequent sparing effect on glycogen and
with a lower production of lactate and metabolic heat. All
of these facts interact resulting in a delay of fatigue [16].

The effects of training on the reduction of risk of
developing metabolic diseases in endurance horses in
competition are described later in this paper. Furthermore,
the horses should learn to drink water and eat at every
opportunity during training and competition.

2.4. Transport to the Competition

During transport to the competition, a horse can expe-
rience a substantial body weight loss (approximately 3 kg/
hr of transport) and dehydration, even when access to
water and food is maintained [27]. If the transport period
was long, the animal would require sufficient time to
recover such hydration and electrolyte balances are normal
before starting competition [27].

2.5. Acclimatization to Environmental Conditions

It is reasonable to assume that horses that live and train
in climate conditions are at greater risk of exhaustion if
they compete in new challenged environmental conditions,
including high temperature, high humidity, and altitude
[25]. In an experimental study, unacclimatized horses
tolerate cool and dry and hot and dry conditions but have
reduced performance in hot and human conditions [28]. As
environmental temperature increases, the thermal
gradient between the skin and the environment is reduced,
and sensible heat losses (convective and radiative heat
transfer) impaired. Further, when ambient temperature
exceeds skin temperature, the gradient for heat transfer is
reversed and the horse gains heat from environment.
Table 1
Strategies to follow prior to the competition in order to diminish the risk of exh

Strategy Pra

Select the best horse for endurance
Breed Ma
Coat Clip
Health status Dia

Fre
Management of conditions prior to the competition
Transport Fre

Avo
Acclimatization to the new environmental conditions Mo

Tra
Fat

Training Bes
Con

r
Learning Tra

Tra
Tra
When humidity rises, the gradient between skin and
ambient dew point is reduced and evaporative heat loss is
impaired [29,30]. Therefore, under conditions of high
ambient temperature and relative humidity, the rate of
thermolysis may be inadequate to prevent progressive rise
in body temperature, and the horse is in increased risk of
thermal stress and hyperthermia [30].

Human studies have demonstrated that the process of
heat acclimatization begins within a few (3–5) days of
regular exposure to and exercise in the heat, with most
adaptations completed within a period of 14–15 days [31–
33], and the same appear to happen in the horse [34].
Careful planning is required for horses transport from a
temperate weather to a hot humid climate to compete.
Horses should have an excellent fitness level before trav-
eling. It has been demonstrated that training in a cool or
temperate environmental improves physiological re-
sponses when athletes are exercised in hot conditions [35].
Fat supplementation has been advocated as a means for
reducing thermal stress in horses transported to places
with high temperature. A high fat diet (8%–10% on a total
diet basis) might reduce the heat, which is greater when
the horse consumes carbohydrates [36].

A summary of these strategies are presented in Table 1.
3. Strategies During and After the Endurance
Competition

3.1. Ride Management

It has been suggested that weather and terrain can
promote exhaustion and alters the interpretation of
metabolic and lameness examinations [13]. In human
marathon runners, it has been demonstrated that any
decrease or increase from the optimal temperature range
will result in running speed decrease and reduction of
performance [37]. Langlois and Robert [38] reported that
more horses needed treatment for metabolic problems at
temperatures higher than 22�C than at cooler tempera-
tures. The managers and the veterinarians who hold
endurance rides are responsible for judgments and
austion.

ctical Recommendations

inly Arabian and cross-Arabian
hair coat when is long

gnose and treat (sub)clinical diseases
e of muscle and skeletal diseases

quent stops. Provide food and water
id stress
ve to the place of the competition several days before
in properly to tolerate high temperature/humidity
supplementation reduces thermal stress
t way to reduce risk of exhaustion
trol training establishing objectives and programming according to the
esults of periodical exercise tests
in to drink water everywhere and any kind of water
in to take electrolytes (paste, oral powder in water or food)
in to eat at each opportunity
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modifications of ride conditions. A sum of environmental
temperature (�C) and humidity (%) higher than 110 is an
indication of inappropriate conditions for competition,
exposing the horse to risk of exhaustion and the ride should
be curtailed.

3.2. Rider Education

Rider awareness is critical for preventing exhaustion. If
the rider is able to interpret the signs of exhaustion early,
the horse might have stopped early and the subsequent
intensive treatment if underwent might have been alto-
gether unrequired.

HR monitoring during competition is an objective way
of assessing metabolic and cardiovascular response to ex-
ercise. With the HR, the rider would be able to control the
exercise intensity in the different terrains, sparing energy,
and maximizing oxygen supply and use. In addition, it
could permit an early diagnosis of metabolic alterations or
lameness [39].

3.3. Veterinary Examinations

A proper veterinary examination is essential to detect
early fatigue and prevent horses to continue exercise at the
same speed that eventually leads to exhaustion [13,20]. In
fact, Barnes et al [40] demonstrated that veterinarians are
able to detect compromised horses using clinical exami-
nations. Consequently, horses must be carefully monitored
during the vet gates, where it is decided whether they are
fit to continue [10–12]. Precompetition examination is also
important to detect horses with infectious diseases, lame-
ness, or dehydration.

3.4. Controlling Fluid and Electrolytes Losses

Sustained prolonged exercise results in generation of
considerable intramuscular heat because only about 20%–
25% of the energy produced is converted to useful me-
chanical energy in the form of muscle movement. Core
body temperature could increase 0.25�C per minute of ex-
ercise if the heat is not dissipated [1]. The heat is shifted
from the muscle and the core toward the skin via periph-
eral vasodilatation and increased skin temperature. The
skin is then cooled by convection, radiation (to a limited
extend), and especially by evaporation, which is the most
efficient means of heat dissipation, about 65% of the total
heat load. In addition, sweating could be the only means of
thermolysis in a hot environment. The amount of sweat
produced by the horse depends on its size, fitness level,
exercise intensity, and environmental conditions [17,41]. A
sweat rate up to 10–15 L/hr has been described when ac-
tivity levels are maintained at a high rate (more than
15 km/hr). Thus, during an endurance competition, horses
may lose 4%–7% of their body weight [17].

In the first 2 hours of exercise, fluid loss from the
extracellular (intravascular) compartment is replaced by
the intracellular fluid volume. After this period, there is a
decrease in both intracellular and intravascular compart-
ments [1,42]. The hypovolemia reduces perfusion in skel-
etal muscles and in other vital organs, such as kidneys and
liver. Inadequate tissue perfusion leads to inefficient oxy-
gen and substrate transport, and hampers thermoregula-
tion. Therefore, both frequently applications of cooling
methods and maintenance of a proper hydration status are
essential to avoid heat stroke [1].

Cooling methods are imperative and should be applied
whatever possible. The horses should be kept in the shade
during the stop periods to reduce solar heating, particularly
if they have dark coat color. The use of fans would improve
convective cooling. Devices that release flow of air con-
taining chilled water droplets can reduce ambient tem-
perature [18]. Copious and frequent application of cold
water is needed in order to reduce the rate at which heat is
stored. The water can be applied with buckets, sponges, or
sprays. Application of cold water (with temperatures of
6�C–15�C) appears to be safe when climatic conditions are
very hot [43]. Traditionally, application of cold water was
not recommended in horses. In human beings, Khogali [44]
expressed his concern about cold water inducing dermal
vasoconstriction, resulting in a slower rate of cooling.
Marlin et al [45], in horses, demonstrated that application
of cold water (6�C) did not cause vasoconstriction of blood
vessels in the skin, at least during the first phases of cool-
ing. However, skin vasoconstriction was observed later,
although it did eliminate the benefits of conductive cooling
by further applications of cold water. Water should be
scraped from body surface to remove hot water before next
application. Water should be applied in the parts of the
body surface with higher rate of sweat glands and with
superficial large vessels. These vessels become dilated with
exercise, extending the area exposed to the environment to
facilitate heat elimination [18]. If possible, walking the
horse between periods of cooling would probably serve to
maintain a higher cardiac output and increased blood flow
to areas of effective heat exchange, enhancing cooling [29].

Dehydration has a high cost for the endurance horse.
During exercise, large volumes of blood are required by the
muscles for oxygen and substrate supply and metabolic
waste removal [46]. Hyperthermia increases cardiac output
due to increased HR for extra peripheral blood flow for heat
dissipation. When hypovolemia appears, there is a
competition for blood flow, and thermolysis is impaired by
shift of blood to other organs [46,47]. Further, hypovolemia
promotes a decrease in blood flow to the splacnic area,
inducing hypoperistaltismdparalytic ileus and clinical
signs of colic. With continued dehydration, perfusion of
vital organs is reduced, with increased blood viscosity, liver,
and kidney hypoperfusion and less blood supply to muscle
with rhabdomyolysis and exhaustion [13,46]. Monitoring of
rectal temperature is critical to early detection of heat
exhaustion and other heat illnesses. Immediately after ex-
ercise, an increase in body surface temperature is found,
presumably resulting from a greater proportion of cardiac
output being directed toward the skin once the muscle
demand for blood flow decreased, as demonstrated with
thermography [45]. A rectal temperature that exceeds 42�C
indicated the need for immediate and vigorous cooling.
Persistence of tachypnea after the horse is placed in a
cooler environment or is vigorously cooled might sug-
gested that hyperthermia persists, and therefore, the horse
is at risk of heat stroke [1,45,46].
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Sweating-induced dehydration is always accompanied
by electrolyte loss [10–12,48–50]. Equine sweat is isotonic
to slightly hypertonic in relation to plasma and contains
high concentrations of sodium, chloride, potassium, and
some calcium and magnesium [50]. Sweat sodium con-
centrations are approximately 150 mmol/L, which are
similar to those found in plasma. Absolute loss of sodium in
sweat may represent a 8.4% of the total plasma sodium
content [1]. Plasma sodium concentration in endurance
horses in competition can remain within the reference
values because both water and sodium are loss in the same
proportion [10–13,51,52]. Sodium and fluids loss with
sweating may result in hypotonic dehydration, leading to a
lack of thirst sensation. Increased serum concentrations are
found in those horses that are not allowed or refuse to
drink [10–13,53]. Depletion of sodium together with
dehydration and hypovolemia has been associated with
increased blood viscosity, inadequate tissue perfusion, and
inefficient oxygen and substrate supply to active [54,55].
Absolute sodium loss leads to tachycardia, hypotension,
neurologic signs, muscle spasms, and fatigue [56].

Because sweat chloride concentrations are twice those
of plasma, prolonged sweating leads to a significant
reduction in plasma chloride concentrations [9–12].
Hypochloremia is associated with reabsorption of bicar-
bonate in the kidney in order to maintain a normal anion
gas [1]. Consequently, hypochloremic metabolic alkalosis
with paradoxic aciduria appears in endurance horses [57].
In addition, a reduction in plasma sodium concentration
stimulates the release of aldosterone, with increased ab-
sorption of sodium in kidneys and gastrointestinal tract, at
the expense of potassium and hydrogen ions, contributing
to the alkalosis [10–13,58]. Furthermore, increased alveolar
ventilation for heat dissipation results in respiratory alka-
losis [1].

Sweat potassium concentration is between 8 and 20
times greater than plasma potassium concentration, and
therefore, significant potassium loss occurs during endur-
ance exercise [1,9–13,48,59,60]. During the first phases of
exercise, however, there is not a decrease of plasma po-
tassium because potassium moves from muscle fibers to
plasma [59]. Plasma potassium concentrations also
decrease because of metabolic alkalosis, which drives po-
tassium into the cells and a physiologic reentry into the
intracellular compartment on cessation of exercise [9,61].
In addition, as presented before, increased aldosterone
concentrations promote hypokalemia [49,58]. These
changes, although happen in most of endurance horses in
long rides, are more pronounced in those that develop
exhaustion and metabolic problems [10–13]. Clinical con-
sequences of hypokalemia are commonly found in
exhausted horses and consist in muscle flaccid paralysis,
hypoperistaltism, hyperirritability of long nerves (syn-
chronous diaphragmatic flutter), and rhabdomyolysis
because of cellular irritability and vasoconstriction [57].
Low intracellular potassium concentration might lead to a
low nerve threshold and increased excitability and heart
arrhythmias [57].

Calcium losses in sweat and intracellular (muscle cells)
calcium shifts might lead to total hypocalcemia [62]. In
addition, metabolic alkalosis might decrease plasma
ionized calcium concentrations due to increased protein
binding. Hypocalcemia affects nervous sodium channels,
resulting in neuro-irritability, involuntary muscle contrac-
tions, and synchronous diaphragmatic flutter [1,52,57].
Sweat magnesium concentration is greater than those
found in plasma, and therefore, increased sweat production
has been associated with hypomagnesemia. Hypomagne-
semia increases the release of acetylcholine at the neuro-
muscular junctions, promoting muscle spasms, and
tetanies [63].

As presented before, the prevention of electrolyte and
water losses is essential to reduce the risk of exhaustion,
and different strategies before, during, and after exercise
have been assessed. In human athletes, hyperhydration
prior to prolonged submaximal exercise has resulted in
better cardiovascular functionality and heat dissipation
than exercise performed in an euhydrated state [64],
although recently, some studies have failed to demonstrate
the same results [65,66]. Similarly, the trials carried out in
horses have resulted in equivocal results. Geor and
McCutcheon [67] observed that hyperhydration before
exercise maintained cardiovascular function and sweating
rate and decreased heat storage. By contrast, Sosa León et al
[68] found that hyperhydration before exercise helped
horses to maintain plasma volume, but cardiovascular
function and thermoregulation were not improved, and in
addition, fluid administration resulted in arterial hypox-
emia. Although the benefits of fluid loading prior to pro-
longed exercise have not been scientifically established in
horses, it could be more critical in the heat when heat
dissipation is most dependent on sweat evaporation [67].

Administration of solutions with glycerol is another
strategy followed to induce hyperhydration before exercise
in human beings. Glycerol administration results in fluid
retention because of delayed urinary excretion of excess of
fluid [69]. Glycerol administration in horses was not more
effective than electrolytes alone in maintaining euhydra-
tion during endurance exercise [70]. Administration of a
salt supplement together with free access towater is a good
strategy before exercise. Electrolyte administration leads to
increased water uptake before exercise in humans [71]. The
retention of water and electrolytes in the gastrointestinal
track peaks at 4–6 hours after feeding, and therefore, this is
the period before exercise for electrolyte supplementation.
It is very important to ensure the horses drink water
because if electrolytes are supplied without water, osmo-
lality in the gastrointestinal tract may increase sequestra-
tion of fluid from the blood. Moreover, an overdose of
electrolytes should be avoided. Increased plasma sodium
concentrations would promote an increase in blood pres-
sure and, a result, an increased release of natriuretic pep-
tide leading to excessive excretion of sodium in the urine
[72].

Allowing horses to drink salt water (if adapted) during
and immediately after exercise appears to be the best way
to promote rehydration [73]. This practice enhances total
fluid intake during the early phase of recovery and atten-
uates the magnitude of weight loss [73]. If horses are not
used to drink salt water, other options are mixing electro-
lytes in grain or pelleted feeds or by direct oral adminis-
tration. Several factors should be considered with oral
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electrolyte administrations during competition. The
composition, temperature, and tonicity of the solution
should be taken into account. In human athletes, fluid ab-
sorption is optimal if the oral electrolyte solution is hypo-
tonic, contains glucose, and is below room temperature
[74]. Addition of glucose to these solutions appears to in-
crease electrolyte absorption because sodium absorption in
the small intestine is coupled with glucose absorption.
However, Sosa León et al [75] found that temperature of the
solution and the addition of glucose to the electrolyte mix
did not affect oral absorption in horses. Other authors,
however, recommend using fructose instead of glucose in
the electrolyte solutions. Ingestion of fructose produces a
smaller increase in blood insulin compared with glucose.
Increased blood insulin concentrations may adversely
inhibit lipolysis. However, in horses, it has been demon-
strated that the insulin response to exercise did not differ
between both carbohydrates [76].

Tonicity of the solution did affect gastrointestinal ab-
sorption. Hyyppa et al [77] demonstrated that adminis-
tration of carbohydrate-electrolyte solutions after exercise
resulted in a greater plasma volume expansion compared
to the same volume of water. Electrolyte administration
Table 2
Strategies to follow during and after the competition in order to diminish the risk
of 2 and 4 mmol/L; HR, heart rate).

Strategy Practical Recommenda

Ride management
Cold weather and/or rain Blanketing during rest
High temperature and/or humidity Change ride conditions
Always in the competition Calculation of individu

HRLA2 and HRLA4 obtai
Rider education
HR monitoring Teach the rider to inte

Be aware of changes in
Veterinary examinations
Managing temperature
Cooling methods Keep the horse in the

Frequent water applica
Water scraped from bo
Application of water in
Fans (better with chille
Walk the horse to mai

Managing fluid and electrolyte losses Euhydration before ex
Hyperhydration does n
Provide water and elec
Avoid overdose of elec
Drink salt water durin

electrolyte powder
Better solutions with g

Managing substrate repletion Fat administration dur
Carbohydrate-based di
Small amount of grain
Hay, grass, or forage o

Proper training
Improved cardiovascular stability and functionality Plasma volume expans

Improved heat dissipa
Reduced HR in respon

Improved muscle functionality Better muscle aerobic
Predominant use of fat
Sparing effect of glyco
Increased buffering cap

Improved thermoregulatory functionality Lower sweating thresh
Decreased water and e
Decreased heat produc

Abbreviation: HR, heart rate.
directly in the mouth, although is a common practice, has
been associated with increased risk of nonglandular ulcers
in endurance horses [78] because of hypertonicity.

3.5. Controlling Substrate Depletion

Carbohydrates and fat can be used simultaneously
during an endurance activity, but the ratio of utilization
depends on the intensity and duration of exercise and on
the fitness and training levels of the horse [79]. Horses
normally store high concentrations of glycogen in muscle,
but these concentrations can be reduced by more than 50%
leading to muscle fatigue [46,80,81]. Low muscle glycogen
concentration before exercise has been associated with
decreased performance, whereas high muscle glycogen
content enhances endurance performance [82]. Therefore,
feeding strategies before, during, and after exercise that
increase or spare muscle glycogen content are important in
endurance competitions.

In humans, the term “glycogen loading” refers to max-
imation of muscle glycogen stores prior to a prolonged
competition in which performance might be limited by
depletion of muscle glycogen [83]. Studies in horses have
of exhaustion (HRLA2 and HRLA4, heart rates at blood lactate concentrations
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periods
if required (duration, velocity control)
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Fig. 1. Complex interrelationships between physiological, pathologic events, and clinical consequences that might eventually happen in an exhausted endurance
horse.
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shown that only a modest (10%) increase in muscle
glycogen content can be achieved through dietary manip-
ulation [79]. Probably, this is due to the high intake in hy-
drolyzable carbohydrate needed to replenish glycogen
muscle, which is not safe for horses because the high risk of
gastrointestinal dysfunction and laminitis.

Fat is the greatest energy store for the endurance horse.
Muscle fibers can use both triglycerides stored inside of
these fibers and free fatty acids from the blood [46,84].
Once the glycogen is depleted in some muscle fibers, ex-
ercise can only be maintained at the rate at which free fatty
acid are supplied. However, oxidation of fats is limited in
absence of carbohydrates [84,85]. Adding fat to the diet of
endurance horses during training decreases the amount of
grain necessary to meet energy requirements, and in
addition, it reduces the risk of gastrointestinal disturbances
and laminitis. Fat administration also providesmore energy
for aerobic metabolism, has a sparing effect on muscle and
liver storage of glycogen, delays the onset of fatigue asso-
ciated with glycogen depletion, decreases lactate concen-
trations during exercise, and reduces heat production
[36,84].

The horse should eat a carbohydrate-based diet (grain
or concentrates) at least 3 hours before the event [84].
Carbohydrate ingestion within 3 hours before to competi-
tion may be detrimental to performance because suppres-
sion of lipid oxidation and accelerated rate of carbohydrate
oxidation. These facts could lead to premature muscle
glycogen depletion [86]. It is of the great importance to give
the horse as much opportunities as possible to eat on the
competition and during the resting periods, in order to
assure a replacement of the energy consumed [84]. Small
amounts of grain or pelleted feeds can be supplied to
replenish energy stores in the muscle fibers. In addition,
grass, hay, or forage of excellent quality are essential. The
amount of dietary fiber appears to influence the size of the
large intestinal fluid in the horse, which acts as a reservoir
of water and electrolytes during exercise [84]. Excessive
calcium feeding (such as alfalfa forage and other types of
feeds with high content in calcium) is generally not rec-
ommended during training, even though the effect of per-
formance has not been evaluated in endurance horses. It is
though that excessive calcium in the diet may impair the
normal response of the parathyroid gland to hypocalcemia,
predisposing to the horse to exhibit clinical signs of calcium
deficit. However, it would be of interest to provide this type
of feed to the horse the day before and during the
competition [57].

3.6. Beneficial Effects of Training

As indicated before, the best way to reduce the risk of
exhaustion and othermetabolic diseases is to competewith
a fit andwell-conditioned horse. Training results in benefits
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in respiratory, cardiovascular, muscle and skeletal systems,
together with changes in heat tolerance and sweat rate.
Improvement of cardiovascular function is a direct conse-
quence of training. There is an increase in plasma volume,
stroke volume, and cardiac output, contributing to
increased cardiac stability [87]. Expansion of plasma vol-
ume in the trained horse improves also heat dissipation by
reducing the extent to which cutaneous blood flow is
compromised. Increased resting plasma volume reduces
the reduction of cardiac output during exercise in response
to sweat fluid losses. Furthermore, increased stroke volume
after training is associated with a reduced HR in order to
get the same cardiac output [87].

Muscle fibers undergo intense changes with training in
order to increase the ability to transform chemical energy
into mechanical energy of muscular movement. The most
evident muscle adaptations to endurance exercise are
those: increased capillarization to facilitate transport of
substrates and waste products and gas exchange, greater
storage of fats and glucose; increased muscle enzyme
concentrations associated with oxidation of fats and
glycogen sparing; increased mitochondrial density in the
exercising muscles with increased oxidative capacity; and
increased production of cellular proteins to augment the
buffering capacity of the muscle cells [88–90]. These
changes happen together win an increase in the number of
oxidative type IIA fibers.

Training also improves the horse’s ability to dissipate
heat by evaporation of sweat and respiratory tract [18]. At a
given exercise intensity, trained athletes have a higher
metabolic rate and, hence, a greater heat production.
However, the trained horse is able to maintain a similar
core temperature compared to untrained subjects. Training
results in an increased sweating sensitivity in horses [91].
Despite these higher sweating rates in trained horses, de-
creases in sweating rate during recovery result in an overall
reduction in sweat fluid losses. This improvement in
sweating economy after training may help to minimize
demands placed on the circulatory system by reducing the
extent of dehydration associated with sweating [91].

These strategies are summarized in Table 2. The
complicated network of physiological and pathologic
events that might eventually lead to exhaustion in an
endurance horse during a competition is presented in Fig. 1.
4. Conclusions

Metabolic diseases (associated to dehydration, electro-
lyte disturbances, heat accumulation, and substrate
depletion) and their clinical consequences are after lame-
ness, an important reason of elimination of endurance
horses in competition. This type of alterations, however, is
of maximum concern for horse’s welfare. Our increased
knowledge regarding pathophysiology of the metabolic
abnormalities experienced by these horses, together with a
better understanding of physiological adaptations to pro-
longed exercise and training would make us able to
develop preventive strategies, in order to be applied before,
during, and after competition.
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