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Abstract

Exercising equines, especially horses, exhibit significant changes in the physiological responses and several other vital
signs. The prominent observable physiological indices are the heart rate (HR), velocity at peak Heart rate (V) and
lactate V4. The blood lactate is the biochemical signature of muscular fatigue. Trainings and conditioning schedules
have been devised to include the speed at blood lactate levels of 2.0 and 4.0 mM/I. These indices along with recovery of
heart rate and blood lactate are important indices for judging the performance of exercising horses. Adaptation to
exercise with proper training results in development of cellular tolerance in the exercising muscles and other tissues.
With the development of next generation technologies, the analysis of blood and muscle transcriptomes in exercising
horses has led to identification of performance genes in race horses. Myostatin (MSTN) genotyping is used to identify
and select the horses at early stages for either fast sprint or long distance endurance events. Genes of immune
deregulation, mitochondrial respiration, oxidative phosphorylation, tissue repair, tissue remodelling and specific
cytokines are among the up regulated genes in the race horses while the most suppressed genes are the ones involved in
signal transduction, cell cycle regulation and protein synthesis. Further research is required in the future, to identify
the molecular signatures of stress tolerance in horse breeds other than thoroughbreds and race horses, which have
evolved and adapted to the climate and utility at specific locations in the world. Such an information would facilitate
the horse breeders to devise selection plans in order to improve the exercise and work performance. This would also
facilitate diagnosis of the diseases and metabolic disorders that are caused by exercise induced stress.
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high throughput sequencing techniques, the
complete horse genome has been sequenced for
different breeds starting with a thoroughbred

INTRODUCTION

Horses (Equus ferus caballus), belong to
equines, which are taxonomically the members
of genus Equus under the family
family Equidae. Equines include modern
horses, zebras, asses and hybrids obtained from
them. Domesticated equines (horses donkeys,
mules) are reared in all weather types (ambient
temperature ranging from -40°C to higher than
40°C (Cymbaluk and Christison , 1990). Horses
are best among the domesticated animals in
terms of adaptation and performance for
intense exercise. This is due to the special
modifications in  the  structural and
physiological system in comparison to the other
livestock species.

Identification of perfect diagnostic markers of
performance equines has long been the interest
of breeders and race horse owners. Since ages,
selective breeding has been followed in the
various horse breeds all over the world. With
the advent and ever continuing refinement of
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mare, ‘Twilight” in 2009 (Wade et al., 2009,
Jun et al., 2014). The genome sequences are
now made available publicly for annotations
and related analyses. This has enormously
facilitated the characterization of various tissue
specific transcriptomes and genome wide
polymorphisms leading to the identification of
candidate genes and establishment of definitive
markers of performance equines in the last 5
years.

This paper presents an overview of the
physiological and molecular signatures in
response to exercise and exercise induced stress
in horses. The knowledge of molecular
mechanisms of stress response in equine
athletes can allow us plan an appropriate and
high-grade training programs to obtain better
performance and to preserve horse welfare
(Capelli et al., 2007, Capomaccio et al., 2013).



PHYSIOLOGICAL  RESPONSES
EXERCISE IN HORSES.

TO

Types of exercise in horses:

Exercise is manifested in the horses by three
kinds of movements: trot, canter and gallop.
The flat races are conducted by International
Federation of Horseracing Authorities (IFHA),
while Fédération Equestre Internationale (FEI)
conducts endurance, jumping, dressage and
para, eventing, vaulting and reining. The flat
races comprise of sprint : 5-6 furlongs, <
1300m; Mile: 6.5-9.49 furlong, 1301-1900m;
Intermediate, 9.5-10.5 furlong, 1901-2112m;
Long : 10.51-13.5 f, 2114-2716m (Hill et al.,
2012; www.horseracingintfed.com).
Steeplechase or, National Hunt racing (in UK
and Ireland) involves horses running over
obstacles, fences over distances upto 4.5 miles
(7200m). Endurance races are long distance
cross country runs (40 -160km) and may be run
over two days. All these races involve extreme
physical and psychological activity and
therefore, the code of conduct of these
organizations implies that the horse welfare
must take precedence over all other demands
and horses must be fit, competent and in good
health before they are allowed to compete
(http://fei.org/fei/about-fei/values, Munsters et
al., 2014).

Intensity wise, the light, medium and heavy
work or exercise/training is classified as per
Nutrient Requirement for Horses (NRC, 2007)
as given in Table 1. Exercise physiologists
devise their own standardized exercise tests
(for details refer to reviews by Courouce, 1999;
Munsters et al., 2014) on treadmill or field so
as to test the performance of the horses.

The tests generally comprise of initial warm up
followed with incremental steps at increasing
speeds with or without angle of tilt on the
treadmill or loads when working with draught
horses. The time duration of incremental steps
are designed to mimic the conditions in the flat
racings. Such a time period allows for
development of lactate threshold in the animal.

Table 1. Exercise classification as per Nutrient
Requirements for Horses, NRC (2007)

Exercise Mean Description Types of
Category Heart Events
Rate
Light 80 1-3 Recreational
beats/ | hours/week Riding
minute Beginning of
40% walk, Training
50% trot, Program
10% canter Show Horses
(occasional)
Moderate | 90 3-5 Recreational
beats/ | hours/week Riding
minute | 30% walk, School
55% trot, 10% | Horses
canter Beginning of
training/break
5% gallop, ing
jumping, other | Show Horses
skill work (frequent)
Polo
Ranch Work
Heavy 110 4-5 Ranch Work
beats/ | hours/week Polo
minute Show Horses
20% walk, (frequent,
50% trot, 15% | strenuous
canter events)
Low/medium
15% gallop, level eventing
jumping, other | Race Training
skill work (middle
stages)
Very 110- Varies; ranges | Racing
Heavy 150 from 1 Elite 3-day
beats/ | hour/week event
minute | speed work to
6-12
hours/week
slow work
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Physiological responses, lactate and fitness

indices:

The prominent physiological responses

of

exercise in equines are vital signs, i.e., pulse
rate, respiration rate, rectal temperature, skin
temperature, dehydration, capillary refill time,
jugular refill time, muscular tone, gut sounds,
anal tone, gait, cardiac output, the maximal
oxygen uptake (VO;) and blood lactate.
Treadmill and field tests have relied on these
responses to evaluate the fitness and
performance of exercising horses. Equines, in
particular horses, have several well developed
anatomic features in comparison to the other
domesticated livestock species which provide



them with improved athletic performance. For
instance, anatomically their heart has a high
cardiac capacity that can increase by a factor of
10 than at rest, and ventilation of lungs by 30
(Art and Lekeux, 2005). Thus their maximal
maximal oxygen consumption VO, can also
increase by a factor of 60 (Eaton, 1994; Art and
Lekeux, 2005). Fitness indices for the
exercising horses are calculated from the
relationship between heart rate, blood lactate
and velocity at particular heart rate and blood
lactate (La) during exercise and in the recovery
period. The velocity leading to buildup of a
particular blood lactate V., (Vi) at blood
lactate concentration of 4 mM/l is used to
determine fitness of horses (Linder et al., 2009;
Munsters et al., 2014). It is referred to as
‘lactate threshold’, the point of onset of lactate
accumulation and thereby aerobic capacity of
the horse (Courouce, 1999). The curve of blood
lactate plotted against speed would help
extrapolate the aerobic threshold of the horses
and is defined as the level of work just below
that at which metabolic acidosis occurs
(Wasserman et al., 1973; Munsters et al.,
2014). Alternatively in conjunction with the
Va4, Voo 1s also used to train the horses. Voo is
the velocity at which heart rate of 200 beats per
minute is reached and is considered as an
useful index for comparison of the
cardiovascular capacity of the horses (Persson,
1983; Courouce, 1999; Ohmura et al., 2013).
Recovery at 5 and 10 min post exercise or after
the last step of the standardized exercise test
(HRyecs and HRyec1o) is also recorded for
determining the fitness (Munsters et al., 2014;
Kumar et al., 2015). In most of the mature
horses, the workload carried out at Vg is close
to V4 (658 and 656 m/min respectively in
French trotters, Courouce 1999). Both V4 and
Va0 increases with training in the horses (von
Wittke et al., 1994; Eaton et al., 1999; Lindner
et. al., 2009). On 2 year old Haflinger stallions,
Lindner et al. (2009) showed that the largest
mean increase of 7.3% in V4 after conditioning
when horses were exercised during 45 min at
their Vis5 as  compared with 4.9 and 2.3%
increase for exercise at Vs for 45 min and V4
for 25 min, respectively. For Vg, the largest
increase was calculated in the horses exercising
at their Vs during 45 min (9.6%), followed by
exercise at V4 during 25 min (6.9%) and at V5
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during 45 min (6.4%). Mean speed of horses
during exercise was 3.1, 3.4, and 3.8 m/s for
Vis, Vas, and Vg, respectively. The lactate [La]
after exercise ranged from 1.60 to 6.70 mM/I
after 45 min of exercise at Vs, 1.35 to 6.85
mM/I after exercise V,s, and 2.15 to 8.45 mM/1
after 25 min of exercise at V4 These
observations  confirm that conditioning
schedules in the routine exercise training
programmes enhance oxygen carrying capacity
and lactate tolerance in the exercising muscles
and other tissues.

The heart rates of horses during intense
maximal exercise can increase from 30-40 at
rest to as high as 240 beats per minute (bpm),
(Ohmura et al., 2013, Munsters et al., 2014)
and can return back to 64 bpm within 20
minutes post exercise in well trained horses.
The mean heart rates of 2-yr-old Haflinger
stallions (n=6) during exercise ranged between
148-176; 153-185; and 165-195 beats/min after
running to velocity, Vs of Vis, Va5, and Vg,
respectively (Lindner et al., 2009).

In young Friesian horses on the standardized
exercise test, the heart rates at walk (2m/s),
trot(3.5m/s) and canter (5m/s) were 75-99, 128-
148, and, 159-190 beats/min respectively while
the mean heart rate at rest was 41+8 beats/min
(Munsters et al., 2013). In the same study,
heart rate recovered to 90+9 beats/min at 10
min after a peak of 192+13 beats/min during
the standardized test. In Marwari mares, run to
a distance of 10 km in sandy terrain at a mean
speed of about 5m/s, Kumar et al. (2015)
reported the pulse rates of 41+1.00,
72.25+£5.92, 63+3.0, and 51+5.20 pulse per min
for pre-trail, and at 5, 10 and 20 min post trail
ride respectively. The corresponding values for
respiration rates were: 8+0.71, 45.75+14.17,
42+13.13 and 18+4.32 respirations per minute
(rpm), for rectal temperature, 99+0.22,
102.83+0.28, 102.434+0.16 and 102.05+0.17°F,
for skin temperature, 99+0.22, 102.83+0.28,
102.4340.16 and 102.05+0.17°F respectively.
All other vital signs were found to return to
safe limits at 20 min post exercise. The faster
the recovery better is the horse in terms of
adaptation and fitness. For endurance races,
FEI norms for pulse rate are 64 bpm to recover
within 30 minutes of an endurance races of
atleast 20 km in order to considered fit to
undergo the further distance. Quicker the



return, better the score accorded to the horses.
The horses are also required to be fit 24 h after
the race. The lactate has been observed to rise
to as high as 38.5 mM/l in untrained horses
during instant high intensity exercise . High
lactate production above the threshold causes
leads to its accumulation in the cells and the
lactate may thus get released in to the blood
stream. This causes fatigue in the cells that
have resorted to anaerobic respiration and a
reduction in the performance. In trained equine
athletes, the increase in plasma or blood lactate
is transient and would return back to near
normal values in 30 minutes of rest post
exercise. This has been shown in three studies
in polo ponies. The lactate levels increase
significantly after the match (chukkas) to 10.24
mM/I from 1.21 mM/1 and returned back to 4.7
mM/l after 30 minutes of recovery period
(Zobba et al., 2011). The increase after the
match in other studies were 9.2 mM/1 (Craig et
al., 1985) and 18.70 mM/I (Ferraz et al., 2010 ).
Ohmura et al., (2013) also reported a very high
increase in the lactate level (12.6 to 18.3 mM/1)
during the once per week high intensity
treadmill exercise in thoroughbred horses.

In horses submitted to a 500m full gallop, mean
lactate time to peak (LP) was 8.2+0.7 mM/I at
approximately 5.8£6.09 min, mean Lactate
Minimal Speed (LMS) was 20.754+2.06 km/h
and mean heart rate at LMS was 124.8+4.7
BPM. Blood lactate remained at rest baseline
levels during 10,000 m trial at LMS, but
reached a six fold significantly raise during
10% above LMS trial after 4000 and 6000 m
(p<0.05) and (p<0.01) after 8000 and 10,000 m
(Gondim et al, 2007) In untrained
thoroughbreds, exercised in six incremental
steps to maximal heart rate or fatigue with
mean maximal velocity of 12.4m/s, mean
distance of 4362 m and mean time of 8.77 min,
the maximal heart rate reached 218 beat per
min, and mean post exercise lactate was 13.3
mM/1. (Mc Givney et al., 2009).

Field and standardized treadmill tests could
discriminate the endurance horses based on
V[las] and V,pp in which trained participants of
120 km or more race had these indices higher
than the horses of lower race levels (Fraipoint
etal., 2012).
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MOLECULAR SIGNATURES OF
EXERCISING HORSES.

Each of the physiological and biochemical
indices and signatures of the exercising equine
is controlled at the molecular level. The genes
controlling these behavioral and cellular
adaptations are the control centres of the
performance in equines. Although the horse
genome was sequenced after the genomes of
many other livestock were sequenced, there is
wide utility of the horse genome in
understanding the molecular mechanisms of
human physiological process and disorders as
there is a strong conserved synteny of the
chromosomal arrangement of genes in humans
and horses (Wade et al., 2009; Schroder et al.,
2011). Evolutionary analysis through analysis
of differentially expressed genes pre and post
exercise in an RNA-seq revealed that, during
the period of horse domestication, the older
layer is mainly responsible for adaptations to
inflammation and energy metabolism, and the
most recent layer for neurological system
process, cell adhesion, and proteolysis (Kim et
al., 2013).

The instant and long term changes in the
physiological functions as a result of exercise
in the horses are brought about at the molecular
level by transient changes in the gene
transcriptions. Early studies to identify
exercise induced transcripts revealed the up
regulation of interleukin-8 (IL-8) and Matrix
metalloproteinase-1 as the gene transcripts
upregulated in  the peripheral  blood
mononuclear cells immediately post exercise in
the high level performer Arabian horses in 90-
160km endurance race and levels returned to
basal levels after 24h of the competition
(Cappelli et al., 2007, 2009). The down
regulated transcript fragments were similar to
that of human HSP90, retinoblastoma binding
protein 6(RBBP6) and eukaryotic initiation
translation factor gamma 4 (IF4G3). The
studies showed that endurance race induces
inflammatory response in the blood cells which
inturn  stimulates  production of  anti-
inflammatory chemokines (IL-8) and tissue
remodelers such as MMP-1. The reduced
expression of HSP90 and RBBP6 indicated the
reduction of lymphoproliferative response as a
cause of stress related immune depression



(Cappelli et al., 2007). In another study based
on qRT-PCR of skeletal muscle mRNA, the
effect of adaptation of the energy homeostasis
and cellular respiratory mechanisms in trained
horses (Eivers et al., 2010) were evident. While
the transcripts involved in energy homeostasis
in the muscle (CKM), mitochondrial respiration
and oxidative phosphorylation (COX4I1),
glucose transport (SCL2A4), mitochondrial
biogenesis (PGC-lo) and PDK4 were
upregulated in the untrained horses after 4h of
exercise, no such changes were observed either
immediately after exercise or at 4h after
exercise. Ten months of training, resulted in a
subsided the up regulations of most of the
genes except for PDK4 and PPARGCIA, and
COX412, was down regulated. CKM is the
creatine kinase muscle specific gene and
encodes creatine kinase enzyme muscle
isoform. The enzyme catalyses the conversion
of creatine phosphate and ADP to creatine.
During excessive stress that leads to altered
membrane permeability, the creatine kinase
often leaks into blood. High serum levels of the
enzyme are detected at 4-6 h post exercise
(MacLeay et al., 2000). In comparison to 1%
of human skeletal muscle transcriptome, equine
CKM transcript represents about 6.9 % of the
total annotated equine transcriptome signifying
the highly adapted athletic capacity of the
equine muscles in the thoroughbreds
(McGivney et al., 2010). The G allele, in the
polymorphism for CKM (CKM
2.15884567A>G) has a role in disrupting the
binding site (GCA/GA) of interferon regulatory
factor-1 (IRF-1) while the A allele retains the
site (GCAA). In humans, IRF-1 is shown to
be significantly activated after endurance
exercise (Mahoney et al., 2005). The A allele
was found to be in favour of the elite
performance (Gu et al., 2010).

COX4I1 and COX4I2 are the cytochrome ¢
oxidase genes identified in the oxidative
phosphorylation pathway in KEGG pathway.
The COX4 enzymes transfer an electron from
the reduced cytochrome c to oxygen during
mitochondrial respiration (Gu et al., 2010).
COX4I1 is preferentially transcribed in
normoxic environment while the reverse is true
for COX4I2. The increased basal COX4Il1
activity was observed with training and post
exercise was positively related with the athletic

205

ability of thoroughbred horses reflecting a long
term adaptive response so as to increase
mitochondrial respiratory capacity (Eivers et
al., 2010). An intronic SNP in the COX412
gene g.22684390C>T has been reported to be
associated with the racing performance of
Throughbred horses (Gu et al., 2010). The
favourable allele (T) retains the glucocorticoid
response element (GRE) binding site (TGTT)
while the less favourable allele (¢ ) disrupts the
sitt (CGTT), thereby disabling the
glucocorticoid response element (GRE) binding
and repressing gene expression.

SCL2A4 (Solute carrier family 2 (facilitated
glucose transporter), member 4) regulates the
glucose uptake by the exercising muscles.
PPAR GCI1A (also known as PGC-10a) is a key
regulator of the mitochondrial biogenesis
(Wright et al., 2007) and may influence lactate
uptake into skeletal through monocarboxylate
transporter, MCT1 (Benton et al., 2008; Eivers
etal., 2010, 2012).

In the subsequent years, the majority of
research  focused on  high throughput
sequencing technologies such as Microarray
technology, digital gene expression (Gu et al.,
2009; McGivney et al., 2010; Capomaccio et
al., 2010), whole genome sequencing and
RNA-sequencing to identify the molecular
signatures ( Park et al., 2012; Kim et al., 2013;
Capomaccio et al., 2013). The real time qRT-
PCR was still the prime method to confirm the
regulation of the most abundant, up regulated
and down regulated transcripts identified by
high throughput techniques.

Global mRNA expression profiling of the
exercising horse muscle and peripheral blood
mononuclear cells got initiated from 2009
when McGivney and coworkers reported the
first global transcriptome of Thoroughbred
skeletal muscle during exercise. In untrained
horses, exercised in six incremental steps to
maximal heart rate or fatigue, seven probes that
were highly wupregulated (> +1.5 fold),
belonged to the FOS (v-fos FBJ murine
osteocarcinoma viral homolog gene), HSPA1A
(heat shock 70kDa protein 1A gene), PFKFB3
(6-phosphofructo-2-kinase/ fructose-2,6
biphosphatase 3 gene), EGR1 (Early growth
response 1 gene). HSPAIA, FOS and EGRI1
are members of the immediate-early response
gene family (McGivney et al., 2009). While the



expression of FOS, EGR1 and PFKB3 returned
back to basal levels at 4h post exercise, the
HSPA1A expression continued to remain
higher. The PFKFB3 gene encodes the product
which is involved in energy sensing and
metabolism.  Exercise stimulated glucose
deprivation and hypoxia, are the prime factors
responsible for its increase immediately after
exercise. The prominent among the
signifcantly down regulated genes (>1.5 fold)
were CWF19L2 (CWF19-like protein gene),
UXS1 (UDP-glucuronic acid decarboxylase 1
gene), TXNLS5 (Thioredoxin-domain containing
protein 17 gene), PCOLCE2 (Procollagen C
endopeptidase enhancer 2 precursor gene),
TRAM 1 (translocation —associated membrane
protein 1 gene) and ROBO (roundabout
homolog 1 precursor gene) (McGivney et al.,
2009). The heat shock family proteins are the
molecular chaperones associated with the
transport of various nuclear encoded proteins in
to the mitochondria and translocases of the
outer membrane complex proteins to the
mitochondrial surface in contractile muscles,
thereby providing protection against cellular
damage that could be caused by reactive
oxygen species (McGivney et al., 2009).

Differentially regulated functional group
categories and genes

Most abundant mRNA transcripts in the equine
muscle transcriptome were the ones involved in
muscle contraction, aerobic respiration and
mitochondrial function (McGivney et al.,
2010). All studies involving high throughput
sequencing  technologies have  reported
functional analysis of the expressed genes
using various bioinformatics softwares on gene
ontology groups and KEGG pathways.
Functional groups to which the up regulated
mRNA transcripts (post training as compared
to pre training levels) were assigned included
contractile fibre, muscle contraction, metabolic
process, electron carrier activity, ribosome,
translation regulator activity TCA cycle,
mitochondrion, oxidative phosphorylation, fatty
acid metabolism (McGivney et al., 2010; Park
et al.,, 2012); and inflammatory response,
haematological system development and
function,  haematopioseis, immune cell
trafficking; and antigen presentation in the
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ingenuity pathways (Capomaccio et al., 2010,
2013, Kim et al., 2013). ILIR2 (Interleukin 1
receptor  Type 1), MMPI (Matric
metallopeptidase 1 (interstitial collagenase), IL-
18 (Interleukin-18), STON2 (Stonin 2),
CEBPB (CCAT/enhancer binding protein
(C/EBP) beta, CXCL2 (Chemokine (C-X-C
motif)ligand 2, FST (Follistatin), IL-8
(interleukin 8) were significantly up regulated
genes in these pathways; while, LCK
(Lymphocyte-specific protein-tyrosine kinase
3), FCERIA (FFc fragment of IgE. high
affinity 1. receptor for; alpha polypeptide),
MAP3K1 (Mitogen-activated protein kinase 1),
STAT4 (Signal transducer and activator of
transcription 4), CCLS (Chemokine (C-C
motif) ligand 5), ELK4 (ELK4. ETS-domain
protein (SRF accessory protein 1), COX7A2L
(Cytochrome ¢ oxidase subunit VIla
polypeptide 2 like) genes were the significantly
downregualted gene transcripts (Capomaacio et
al., 2010). Through Microarray analysis, the
gene ontology functional groups with
significantly decreased expression post training
compared to pre training levels included
phosphate transport, inorganic ion transport,
positive regulation of epithelial cell function,
cytoskeleton, sarcoplasm (McGivney et al.,
2010). KEGG pathway categories up regulated
(post training as compared to pre training
levels) were complement and coagulation
cascades, vitamin B6 metabolism, folate
biosynthesis, tyrosine metabolism, nicotinate
and nicotinamide metabolism; and the
significantly down regulated as Tight junction,
JAK-STAT Pathway, Long term potentiation,
Cell communication, ECM-receptor interaction
and the ones with decreased expression
(McGivney et al., 2010).

By RNA sequencing the exercise transcriptome
in high level performer horses in the endurance
races, CXCR4, integrins (ITGAL and ITGAM),
kinases (MAP3K4 and MAPKI4) and
metalloproteinases (MMP1, -8, -25, and -27)
were observed to be upregulated (Capomaccio
et al., 2013). The most highly upregulated gene
in their study was IL22A2 (interleukin-22 A2),
which encodes IL22 binding protein (IL22BP;
a soluble receptor of IL22). This gene is
implicated in several chronic inflammatory
diseases (Beyeen et al., 2010). The most highly
down regulated genes were related to protein



synthesis, growth factors, signal transducers,
and cell cycle regulators (GATA2, BMP2,
GPR56, FLT4), all being well established as
suppressed during severe stress (De Nadal et
al., 2011). Up-regulated genes in both muscle
and blood tissue is in response to the exercise
induced inflammation and involves removal of
necrotic tissue, repair of injured muscle, nerve
fibres, blood vessels and extracellular matrix
(Kim et al., 2013).

MSTN gene sequence polymorphism:

Equine Myostatin gene is located on the
chromosome ECAI18 and encodes skeletal
muscle specific protein Myostatin (Caetano et
al., 1999; Hosoyama et al. 2002). The
Myostatin negatively regulates the skeletal
muscle fibre growth and proliferation, thereby
limiting the skeletal muscle mass (McPherron
et al., 1997; Hill et al., 2011; Dalll’Olio et al.,
2010; Tozaki et al., 2011; Hill et al., 2012a;
2012b). Of as many as six sequence
polymorphisms in the equine Myostatin
(MSTN) gene, the most important and widely
applied polymorphism fin horse race industry is
the g.66493737C/T, This polymorphic gene is
associated with the best race distance among
elite racehorses (Hill et al, 2010, 2012;
Dalll’Olio et al., 2010; Tozaki et al., 2011). The
C/C horses are suited to fast, short-distance
races; C/T horses compete favorably in during
middle-distance races; and T/T horses have
greater stamina (Hill et al., 2010, 2011). Hill et
al (2011) further provided the speed indices
related with theses alleles in the horses. In
thoroughbreds, the C allele g.66493737C/T is
found in very high frequency and therefore
confirms selective breeding of this horse for
short fast sprint races for more than 300 years
down the history. C/C and C/T thoroughbred
horses outperformed all other genetoypes,
thereby providing the most important selection
criteria for the horse race industry i.e., atleast
one C is required to improve speed (Hill et al.,
2012). This SNP is found in the intron 1 region
of the gene and the optimum distances was
found to be 1000-1600m (50-8f) for the C/C
thoroughbred horses, 1400-2400m (7-12f) for
C/T horses, and >2000m for T/T horses (Hill
et al., 2010). The gene is now dubbed as ‘The
Speed Gene’ and exclusive licence for
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commercial use has been granted to the
biotechnology company, Equinome Ltd. (Hill
et al, 2012) thereby establishing the
commercial application of MSTN genotyping
in race horses.

Proteomic markers:

A single study (Bouwman et al., 2010) has
elucidated the differential expression of
proteins in the skeletal muscle of trained and
untrained equines though 2D gel
electrophoresis and mass  spectroscopic
analysis. The differential expression of 16
proteins exhibited structural changes towards
higher oxidative capacity, higher capacity for
long chain fatty acids, and to store more energy
in the form of glycogen. In normal exercise
training, epithelial keratin-1 was highly down
regulated (20 fold decrease) after training. C-
protein phosphatase-1 regulatory subunit 9B,
troponin T, myoglobin, UTP-Glucose-1-
phosphate uridylyltransferase 2 (matched to
bovine), alpha crystalline B chain (pig),
aspartate  aminotransferase = mitochondrial
(horse) were the ones found upregulated. In
case of the intensified exercise, seven proteins
were over expressed, of which only alpha-1
antitrypsin was not found to be increased after
normal training. This protein is postulated to be
considered as a marker for overtraining in the
horses (Bouwman et al., 2010). The increased
expression of the complex of troponin T ,
myoglobin and  mitochondrial  aspartate
aminotransferase I increases oxygen transfer in
the muscle. Troponin T is a thin filament
protein and has both slow and fast isoforms.
The training is supposed to result in an
abundance of slow isoform which leads to
increased oxidative capacity (Bouwman et al.,
2010), a preferred adaptation in the exercising
horses. Alpha crystalline B increased 3.2 fold
during training and facilitates refolding of the
non native proteins. Higher expression of the
mitochondrial aspartate aminotransferase (2.1
fold) leads to increasing uptake of long chain
saturated as well as unsaturated fatty acids by
the metabolic cells thereby sparing glucose and
oxidizing lipids for providing energy during
exercise. (Bouwman et al., 2010).



CONCLUSIONS

Physiological responses and fitness indices
have strong relationship with the performance
of horses under exercise of various intensities.
Long term adaptations to exercise as a result of
training induces both phenotypic and genetic
adaptations. The generation of large amount of
horse transcriptome data through high
throughput sequencing techniques and its
analysis has facilitated identification of several
candidate and functional genes transcripts
which are now being established as definitive
markers of exercise performance in equines.
While genotyping of a few genes such as
MSTN and CKM is being employed for
identification and selection of elite performance
equines for different category of exercise, many
more potential markers are yet to be established
and exploited commercially in the horse
breeding and race industry. Future research on
these lines in the different horse breeds (other
than the widely studied thoroughbreds and
standardbreds), that have evolved and adapted
to extreme climate zones would help enhance
our understanding of the physiological and
molecular principles of exercising performance
and adaptation in horses. Incorporation of
genomic signatures in horse breeding and
training programs would help in development
of healthy, elite and high performance equines.

REFERENCES

Art T., Lekeux P., 2005. Exercise-induced physiological
adjustments to stressful conditions in sports horses.
Livestock science, 92: 101-111

Baar K., Wende A.R., Jones T.E., Marison M., Nolte
L.A., Chen M., Kelly D.P., Holloszy J.O.,2002.
Adaptations of skeletal muscle to exercise: rapid
increase in the transcriptional coactivator PGC-1.
FASEB Journal, 16: 1879-1886

Benton C.R., Yoshida Y., Lally J., Han X.X., Hatta H.,
Bonen A., 2008. PGC- lalpha increases skeletal
muscle lactate uptake by increasing the expression
of MCT1 but not MCT2 or MCT4. Physiological
Genomics 35: 45-54,

Beyeen A.D., Adzemovic M.Z., Ockinger J, Stridh P.,
Becanovic K., Laaksonen H., Lassmann H.,
Harris R.A., Hillert J., Alfredsson L., Celius
E.G., Harbo F., Kockum I., Jagodic M., Olsson
T., 2010. IL-22RA2 Associates with Multiple
Sclerosis and Macrophage Effector Mechanisms in
Experimental ~ Neuroinflammation.  Journal of
Immunology, 185: 6883-6890.

Bouwman F.G., van Ginneken M.M., Noben J.P.,
Royackers E., de Graaf-Roelfsema E., Wijnberg

208

1.D., van der Kolk J.H., Mariman E.C., van Breda
E., 2010. Differential expression of equine muscle
biopsy proteins during normal training and
intensified training in young standardbred horses
using  proteomics  technology.  Comparative
Biochemistry and Physiology, Part D 5: 55-64

Caetano A.R., Pomp D., Murray J. D., and Bowling A.
T., 1. 1999. “Comparative mapping of 18 equine
type 1 genes assigned by somatic cell hybrid
analysis,” Mammalian Genome, 10(3): 271-276.

Capomaccio S., Cappelli K., Barrey E., Felicetti M.,
Silvestrelli M.,  Verini-Supplizi A., 2010.
Microarray analysis after strenuous exercise in
peripheral blood mononuclear cells of endurance
horses. Animal Genetics, 41:166-175

Capomaccio S., Vitulo N., Verini-Supplizi A., Barcaccia
G., Albiero A., D'Angelo M., Campagna D., Valle
G., Felicetti M., Silvestrelli M., Cappelli K., 2013.
RNA Sequencing of the Exercise Transcriptome in
Equine Athletes. PLoS One. 8(12):¢83504

Cappelli K., Verini-Supplizi A., Capomaccio S.,
Silvestrelli M., 2007. Analysis of peripheral blood
mononuclear cells gene expression in endurance
horses by cDNA-AFLP technique. Research in
Veterinary Science82:335-343

Cappelli K., Felicetti M., Capomaccio  S., Pieramati
C.,, Silvestrelli M., Verini-Supplizi  A., 2009.
Exercise-induced up-regulation of MMP-1 and IL-8
genes in endurance horses. BMC Physiology, 9:12.
doi:10.1186/1472-6793-9-12

Couroucé A. 1999. Field exercise testing for assessing
fitness in French standard breed trotters. Veterinary
Journal, 157:112-122.

Craig L., Hintz H., Soderholm L., Shaw K., Schryver H.,
1985. Changes in blood constituents accompanying
exercise in polo horses. Cornell Veterinarian
75:297-302

Cymbaluk N.F., Christison G.I., 1990. Environmental
effects on thermoregulation and nutrition of horses.
Veterinary Clinics of North America: Equine
Practice, 6(2):355-72

Dall'Olio S., Fontanesi L., Nanni Costa L., Tassinari M.,
Minieri L., Falaschini A., 2010. Analysis of horse
myostatin - gene and identification of single
nucleotide polymorphisms in breeds of different
morphological types. Journal of Biomedicine and
Biotechnology, 2010. ID:  542945.  http://
dx.doi.org/10.1155/2010/542945

De Nadal E., Ammerer G., Posas F., 2011. Controlling
gene expression in response to stress. Nature
Reviews in Genetics, 12: 833-845

Eaton M.D., 1994. Energetics and performance. In: D.R.
Hodgson, R.J. Rose (Eds.) The Athletic Horse:
Principles and Practice of Equine Sports Medicine.
W.B.Saunders, Philadelphia, 49-61.

Eivers S.S., McGivney B.A., Fonseca R.G., MacHugh
D.E., Menson K., Park S.D., Rivero J.L., Taylor
C.T., Katz L.M., Hill EZW., 2010. Alterations in
oxidative gene expression in equine skeletal muscle
following exercise and training. Physiological
Genomics 40: 83-93

Eivers S.S., McGivney B.A., Gu J., MacHugh D.E., Katz
L.M., Hill EEW., 2012. PGC-la encoded by the



PPARGCIA gene regulates oxidative energy
metabolism in equine skeletal muscle during
exercise. Animal Genetics, 43(2):153-62.

Ferraz G.C., Soares O.A.B., Foz N.S.B., Pereira M.C.,
Queiroz-Neto A., 2010 . The workload and plasma
ion concentration in a training match session of
high-goal (elite) polo ponies. Equine Veterinary
Journal, 42(Suppl):191-5

Fraipont A., Van Erck E., Ramery E., Fortier G., Lekeux
P., Art T., 2012. Assessing fitness in endurance
horses. Canadian Veterinary Journal, 53(3): 311-
314.

Gondim F. J., Zoppi C. C., Pereira-da-Silva L. de
Macedo D.V., 2007. Determination of the anaerobic
threshold and maximal lactate steady state speed in
equines using the lactate minimum speed protocol.
Comparative  Biochemistry and  Physiology,
146:375- 380

Gu J., MacHugh D.E., McGivney B.A., Park S.D.E.,

Katz L.M., Hill E.W., 2010. Association of sequence

variants in CKM (creatine kinase, muscle) and

COX412 (cytochrome ¢ oxidase, subunit 4, isoform

2) genes with racing performance in Thoroughbred

horses. Equine Veterinary Journal, 42:569-75.

J., Orr N., Park S.D., Katz L.M., Sulimova G.,

MacHugh D.E., Hill EZW. 2009. A genome scan for

positive selection in thoroughbred horses. Plos One

4:57-67.

Hill E.W., Eivers S.S., McGivney B.A., Fonseca
R.G., Gu J.,, Smith N.A., Browne J.A., MacHugh
D.E., Katz L.M., 2010. Moderate and high intensity
sprint exercise induce differential responses in
COX4I12 and PDK4 gene expression in
Thoroughbred horse skeletal muscle. Equine
Veterinary Journal, 42:576-581.

Hill E.W., Gu J., Eivers, S.S., Fonseca R.G., McGivney
B.A., Govindarajan P.,, Orr N., Katz, LM,
MacHugh D.E., 2010. A sequence polymorphism in
MSTN predicts sprinting ability and racing stamina
in thoroughbred horses. PLoS ONE 5:e8645

Hill E.-W., McGivney B.A., Gu J., Whiston R., Machugh
D.E., 2010. A genome-wide SNP-association study
confirms a sequence variant (g.66493737C>T) in the
equine myostatin (MSTN) gene as the most
powerful predictor of optimum racing distance for
Thoroughbred racehorses. BMC Genomics, 11:552.

Hill, E.W., Ryan D.P., MacHugh D. E., 2012. Horses for
Courses: a DNA-based Test for Race Distance
Aptitude in Thoroughbred Racehorses Recent
Patents on DNA and Gene Sequences, 6:203-208

Hosoyama T., Kawada S., Oshiumi R., Yoneda S.,
Soeta C., Yamanouchi K., Hasegawa T., Ishida
N., Mukoyama H., Ishii N., Tachi C., 2002.
Molecular cloning of equine
(thoroughbred) myostatin cDNA and detection
of  mpyostatin precursor  proteins in  the
serum. Journal of  Reproduction and
Development, 48(4):335-342

Jun J., Cho Y.S., Hu H., Kim H.M., Jho S., Gadhvi
P., Park K.M., Lim J., Pack W.K., Han K., Manica
A., Edwards J.S., Bhak J., 2014. Whole genome
sequence and analysis of the Marwari horse breed

209

and its genetic origin. BMC Genomics, 15(Suppl
9):54.

Kim H., Lee T., Park W., Lee J.W.,KimJ., Lee B.Y.,
Ahn H., Moon S., Cho S., Do K.T., Kim H.S., Lee
H.XK., Lee C.K. Kong H.S., Yang Y.M., Park
J., Kim H.M., Kim B.C., Hwang S., Bhak J., Burt
D., Park K.D., Cho B.W., Kim H., 2013. Peeling
back the evolutionary layers of molecular
mechanisms responsive to exercise-stress in the
skeletal muscle of the racing horse. DNA Research,
20(3):287-98.

Koh T.J., Escobedo J., 2004. Cytoskeletal disruption and
small heat shock protein translocation immediately
after lengthening contractions. American Journal of
Physiology and Cell Physiology, 286(3):C713-22

Kumar Vijay, Dedar R. K., Bala P. A., Singh J., Legha
R.A., 2015. Exercise Performances of Marwari
mares in a Ten Kilometer Trail Dide during Peak
Winter in  Subtropical Desert Climate. In
compendium of abstracts ‘The 2nd International
Conference on Bio-resource and Stress Management
during 7-10th Jan 2015 at PJTSAU, Rajendranagar,
Hyderabad, India. P 157

Lindner A., Mosen H., Kissenbeck S., Fuhrmann H.,
Sallmann HP., 2009. Effect of blood lactate-guided
conditioning  of horses with exercises of differing
durations and intensities on heart rate on heart rate
and biochemical blood variables. Journal of Animal
Science, 87(10):3211-7

MacLeay J.M., Valberg S.J., Pagan J.D., Xue J.L., De La
Corte F.D., Roberts J., 2000. Effect of ration and
exercise on plasma creatine kinase activity and
lactate concentration in Thoroughbred horses with
recurrent  exertional rhabdomyolysis.  American
Journal of Veterinary Research 61(11):1390-5

Mahoney D.J., Parise G., Melov S., Safdar A.,
Tarnopolsky M.A., 2005. Analysis of global mRNA
expression in human skeletal muscle during
recovery from endurance exercise. FASEB Journal
19: 1498-1500.

Malinowski K., Potter J.T., Dinger J.E., 1993. Effects of
exercise and competition on plasma cortisol and
lactate concentrations and heart rate in polo
ponies. in: Proceedings of the 13th Equine Nutrition
and Physiology Society Symposium. University of
Florida, Gainesville, FL: 223-224

Marc M., Parvizi N., Ellendorff F., Kallweit E., Elsaesser
F., 2000. Plasma cortisol and ACTH concentrations
in the warmblood horse in response to a
standardized treadmill exercise test as physiological
markers for evaluation of training status. Journal of
Animal Science, 78: 1936-1946

Marlin D., Nankervis K., 2002. Aspects of physiological
stress and fatigue. In: Marlin D., Nankervis K.,
(Eds.) Equine exercise physiology. UK. Blackwell
Science LTD, London, 127132

Marlin D.J., Fenn K., Smith N., Et Al. Changes in
circulatory antioxidant status in horses during
prolonged exercise. Journal of Nutrition, v.132,
p-1622S-16278S, 2002

McGivney B.A., Eivers S.S., MacHugh D.E., et al. 2009,
Transcriptional adaptations following exercise in
thoroughbred horse skeletal muscle highlights



molecular mechanisms that lead to muscle
hypertrophy, BMC Genomics, 10:638.

McGivney B.A., McGettigan P.A., Browne J.A., Evans
A.C.O., Fonseca R.G., Loftus B.J., Lohan A,
MacHugh D.E., Murphy B.A., Katz L.M., Hill EEW.,
2010. Characterization of the equine skeletal muscle
transcriptome identifies novel functional responses
to exercise training. BMC Genomics, 23: 398

McKeever K.H., Eaton T.L., Geiser S., Kearns C.F.,
Lehnhard R.A., 2010. Age related decreases in
thermoregulation and cardiovascular function in
horses. Equine Veterinary Journal, 42:220-227

McPherron A.C., Lawler A.M., Lee S.J. 1997.
Regulation of skeletal muscle mass in mice by a new
TGF-beta superfamily member. Nature,
387(6628):83-90.

Munsters C.C., van den Broek J., van Weeren R., Sloet
van  Oldruitenborgh-Oosterbaan ~ M.M., 2013.
Young Friesian horses show familial aggregation in
fitness response to a 7-week performance test. Vet J.
198(1):193-9

Munsters C.C., van Iwaarden A., van Weeren R., Sloet
van  Oldruitenborgh-Oosterbaan  M.M., 2014.
Exercise testing in Warmblood sport horses under
field conditions. Veterinary Journal, 202(1):11-9

NRC, 2007. Nutrient Requirements of Horses, Sixth
Revised Edition (2007), Committee on Nutrient
Requirements of Horses, National Research Council
of the National Academies, The National Academic
Press, Washington D.C., 20001.

Ohmura H., Matsui A., Hada T., Jones J.H., 2013.
Physiological responses of young thoroughbred
horses to intermittent high-intensity treadmill
training. Acta Veterinaria Scandinavica, 55:59

Park K.D.,Park J.,Ko J,Kim B.C.,Kim H.S., Ahn
K.,Do K.T.,Choi H.,Kim H.M.,, Song S., Lee
S.,Jho S.,Kong H.S., Yang Y.,Jhun B.H., Kim
C.,Kim T.H.,Hwang S.,Bhak J., Lee H.K., Cho
B.W., 2012. Whole transcriptome analyses of six

Persson S.G.B., 1983. Evaluation of exercise tolerance
and fitness in the performance horse. In: Snow D.
H., Persson S.G.B., Rose R.J. (editors). Equine

Exercise Physiology. Cambridge, Granta
publications, pp. 441-57.
Schréder W., Klostermann A., Ottmar D., 2011.

Candidate genes for physical performance in the
horse. The Veterinary Journal, 190: 39-48

Smith Lakier L., 2003 Overtraining, excessive exercise,
and altered immunity: is this a T helper-1 versus T
helper-2 lymphocyte response? Sports Medicine
Auckland New Zealand, 33: 347-364.
thoroughbred horses before and after exercise using
RNA-seq. BMC Genomics, 13:473

Tozaki T., Sato F., Hill E.W., Miyake T., Endo Y., Kakoi
H., Gawahara H., Hirota K., Nakano Y., Nambo
Y., Kurosawa M., Sequence variants at the
myostatin  gene locus influence the body
composition of Thoroughbred horses. Journal of
Veterinary Medicine and Science, 73(12):1617-24.

Von Wittke P., Linder A., Deegen E., Sommer H., 1994.
Effects of training on blood lactate—running speed
relationship in thoroughbred racehorses. Journal of
Applied Physiology, 77:298-302

210

Wade C.M., Giulotto E., Sigurdsson S., Zoli M., Gnerre
S., Imsland F., Lear T.L., Adelson D.L., Bailey E.,
Bellone R.R., Blocker H., Distl O., Edgar R.C,,
Garber M., Leeb T., Mauceli E., MacLeod J.N.,
Penedo M.C., Raison J.M., Sharpe T., Vogel J.,
Andersson L., Antczak D.F., Biagi T., Binns M.M.,
Chowdhary B.P., Coleman S.J., Della Valle G., Fryc
S., Guerin G., Hasegawa T., Hill EW., Jurka J.,
Kiialainen A., Lindgren G., Liu J., Magnani E.,
Mickelson J.R., Murray J., Nergadze S.G., Onofrio
R., Pedroni S., Piras M.F., Raudsepp T., Rocchi M.,
Roed K.H., Ryder O.A., Searle S., Skow L.,
Swinburne J.E., Syvanen A.C., Tozaki T., Valberg
S.J., Vaudin M., White J.R., Zody M.C., Lander E.S.
and Lindblad-Toh K., 2009. Genome
sequence,comparative analysis, and population
genetics of the domestic horse. Science, 326: 865-
867.

Wassermann K., Whipp B.J., Koyl S.N., Beaver W.L.,
1973. Anaerobic threshold and respiratory gas
exchange during exercise. Journal of Applied
Physiology 35: 236-43.

Wright D.C., Han D.H., Garcia-Roves P.M., Geiger P.C.,
Jones T.E., Holloszy J.O. 2007. Exercise-induced
mitochondrial biogenesis begins before the increase
in muscle PGC-lalpha expression. Journal of
Biological Chemistry, 282:194-199.

Zobba R., Ardu M., Niccolini S., 2011. Physiological,
hematological and biochemical responses to acute
intense exercise in polo horses. J Equine Vet Sci,
31:542-8.





