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Eivers SS, McGivney BA, Fonseca RG, MacHugh DE, Menson K,
Park SD, Rivero JL, Taylor CT, Katz LM, Hill EW. Alterations in
oxidative gene expression in equine skeletal muscle following exercise
and training. Physiol Genomics 40: 83–93, 2010. First published October
27, 2009; doi:10.1152/physiolgenomics.00041.2009.—Intense selection
for elite racing performance in the Thoroughbred horse (Equus caballus) has resulted in a number of adaptive physiological phenotypes
relevant to exercise; however, the underlying molecular mechanisms
responsible for these characteristics are not well understood. Adaptive
changes in mRNA expression in equine skeletal muscle were investigated by real-time qRT-PCR for a panel of candidate exerciseresponse genes following a standardized incremental-step treadmill
exercise test in eight untrained Thoroughbred horses. Biopsy samples
were obtained from the gluteus medius before, immediately after, and
4 h after exercise. Significant (P ⬍ 0.05) differences in gene expression were detected for six genes (CKM, COX4I1, COX4I2, PDK4,
PPARGC1A, and SLC2A4) 4 h after exercise. Investigation of relationships between mRNA and velocity at maximum heart rate (VHRmax) and peak postexercise plasma lactate concentration ([La]T1)
revealed significant (P ⬍ 0.05) associations with postexercise
COX4I1 and PPARCG1A expression and between [La]T1 and basal
COX4I1 expression. Gene expression changes were investigated in a
second cohort of horses after a 10 mo period of training. In resting
samples, COX4I1 gene expression had significantly increased following training, and, after exercise, significant differences were identified
for COX4I2, PDK4, and PPARGC1A. Significant relationships with
VHRmax and [La]T1 were detected for PPARGC1A and COX4I1.
These data highlight the roles of genes responsible for the regulation
of oxygen-dependent metabolism, glucose metabolism, and fatty acid
utilization in equine skeletal muscle adaptation to exercise.
mRNA; physiology; performance
SKELETAL MUSCLE RESPONDS TO alterations in bioenergetic demands through changes in gene expression (17, 33, 39, 54).
Exercise-induced hypoxia is a key signal for such responses
(22) that result in mitochondrial biogenesis, improved ATP
provision (23), and muscle hypertrophy via coordinated molecular events (21). A single bout of endurance exercise generates multiple stresses in skeletal muscle that leads to increased oxygen consumption (4). Following exercise, skeletal
muscle recovery is promoted by decreasing glucose consump-
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tion (31), elevated fatty acid oxidation (66), and the resynthesis
of muscle glycogen (42).
Thoroughbred horses have a large offset between oxygen
supply and demand during exercise (12) and therefore provide
a valuable biological model to improve our understanding of
the molecular response of skeletal muscle to exercise. The elite
athletic phenotypes observed in Thoroughbred horses are a
result of 400 years of selective breeding for structural and
functional adaptations that enable superior performance. Thoroughbred horses have a range of extreme physiological characteristics enabling both high anaerobic and aerobic metabolic
capabilities (14). The aerobic capacity or maximum oxygen uptake
(V̇O2max) of Thoroughbreds (⬎200 ml O2 ·kg⫺1 ·min⫺1) is superior to other athletic species of similar size (24) and is obtained
by an extraordinary oxygen carrying capacity and delivery
assisted by adaptations within the respiratory and cardiovascular systems (11). As well as a large lung volume, high maximum hemoglobin concentration and cardiac output, adaptations include a large muscle mass (⬃55%)-to-body weight
ratio, high skeletal muscle mitochondrial density and oxidative
enzyme activity, and considerable intramuscular stores of energy substrates (primarily glycogen) (20). In Thoroughbred
horses (as in humans), the V̇O2max is generally restricted by
oxygen supply to the mitochondria rather than by mitochondrial oxidative capacity (26), and as a result during maximal
exercise increased oxygen requirements that cannot be fulfilled
can lead to an exercise-induced arterial hypoxemia (12). It has
been proposed that a greater efficiency of oxygen supply could
therefore increase maximal performance in racehorses (16).
In most living organisms the requirement for cellular
oxygen homeostasis has resulted in an efficient and rapid
molecular response system that senses hypoxia, leading to
the induction of an array of adaptive genes that facilitate
increased oxygen supply and support anaerobic ATP generation (61). This response is governed by the transcription
factor HIF (hypoxia-inducible factor). Because of the large
requirement of the musculature for oxygen during exercise
in the Thoroughbred, we investigated the gene expression
responses of a panel of HIF-responsive genes, including
glycolytic enzymes (56) and genes encoding key proteins
for oxidative metabolism that are expressed in hypoxic
conditions (18).
The transcriptional coactivator PGC-1␣ has emerged as a
critical control factor in skeletal muscle adaptation to exercise
acting via transcriptional coactivation of genes responsible for
fatty acid oxidation, oxidative phosphorylation, mitochondrial
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Table 1. Subject characteristics, physiological and biochemical details for group A, group B, and group C
Group A
Mean

SE(⫾)

Mean

8
50
565.75
560.75
165.25
32.63
217.50
12.43
4362.87

0.65
13.71
13.27
1.44
1.42
3.32
0.24
102.71

2.42
12.95
13.25
2.96
1.19
6.46
4.14

0.07
1.57
1.21
0.32
0.03
0.07
0.02

biogenesis, muscle fiber type composition, and angiogenesis
(5). The central role of PGC-1␣ in exercise led us to also
investigate exercise-induced changes in expression of the gene
encoding PGC-1␣ (PPARGC1A).
A single bout of acute exercise induces multiple stresses in
skeletal muscle (34, 53), and the responses to these stressors
can be divided into two broad categories: the return to homeostasis and the adaptive response. The adaptive response is
the process whereby skeletal muscle responds to repeated
exercise bouts (training) in ways that cumulatively lead to an
enhanced ability to maintain muscle homeostasis during exercise. This training response involves both morphological
changes such as hypertrophy and metabolic responses such as
an increased capacity for oxidative substrate metabolism in
mitochondria and a shift toward oxidizing a higher proportion
of fats and less glucose during exercise (1, 10). The role of
genes involved in oxidative metabolism may therefore alter
with training. Here, we report changes in Thoroughbred skeletal muscle gene expression following a period of exercise
training.
The products of many genes are likely to influence systemwide physiological responses. As Thoroughbreds have an unusually large muscle mass we investigated whether the expression of genes responsible for skeletal muscle adaptation affect
overall physiological performance by exploring relationships
between skeletal muscle mRNA expression profiles and measures of 1) overall athletic ability [velocity at maximal heart
rate (VHRmax)] and 2) anaerobic capacity (postexercise lactate
concentration).
While studies investigating gene expression during human
exercise exist (50, 54), the role of molecular signaling pathways in the phenotypic adaptation of skeletal muscle to exercise training in the horse has not been reported. This study
reveals underlying molecular responses to exercise and training
adaptations in equine skeletal muscle and the effect of such
responses on system-wide physiological performance.
MATERIALS AND METHODS

All animal procedures were approved by the University College
Dublin, Animal Research Ethics Committee; a license was granted
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Group C
SE(⫾)

12
21
446.92

1.42
8.12

154.58

0.87

Mean

9
32
447.11
162.44
49.33
226.11
13.69
5430.89
10
3
1.40
13.34
14.77
1.03
1.34
3.20
3.56

SE(⫾)

1.48
9.65
1.43
4.65
2.58
0.17
126.93
1.68
3.21
0.18
0.93
0.96
0.31
0.23
0.24
0.11

from the Department of Health and Children (Ireland); and owners’
consent was obtained for all horses.
Subjects
Details of subject cohorts are outlined in Table 1.
Group A. Four-year-old untrained Thoroughbred horses (castrated
males, n ⫽ 8) were raised at the same farm for the previous 12 mo and
destined for National Hunt racing with the same trainer.
Group B. Two-year-old (n ⫽ 12) untrained Thoroughbred horses
(n ⫽ 9 females, n ⫽ 3 entire males) were raised on the same farm for
the previous 2 mo and destined for Flat racing with the same trainer.
Group B undertook a regular exercise regime with the same trainer for
10 mo (for details see Supplemental Information).1
Group C. A subset of n ⫽ 9 horses (n ⫽ 6 females, n ⫽ 3 entire
males) from group B participated in an exercise test following the 10
mo period of training.
Exercise Protocol
Group A (untrained) and group C (trained) participated in a
standardized incremental-step exercise test (52) on a high-speed
equine treadmill (Sato, Knivsta, Sweden) (for details see Supplemental Information). HR was measured continuously by telemetry (Polar
Equine S810i heart rate monitor system; Polar Electro, Warwick, UK).
Blood samples for plasma lactate:. Venous blood samples were
collected before, immediately after exercise, 5 min after exercise, and
4 h postexercise and placed in fluoride oxalate tubes for the determination of plasma lactate concentrations using the YSI 2300 STAT
Plus lactate analyzer (YSI UK, Hampshire, UK) (group A) or the
L-Lactate randox kit and RX imola instrument (Randox, Antrim, UK)
(group C).
Muscle Biopsy Sampling
Percutaneous needle muscle biopsies (29) were obtained from
the dorsal compartment of the gluteus medius muscle (13) using a
6 mm diameter, modified Bergstrom biopsy needle (Jørgen
KRUUSE, Veterinary Supplies). The gluteus medius is one of the
largest locomotory muscles and is important for the generation of
propulsive forces during exercise (49) and shows considerable
adaption to training (57). Biopsy samples intended for mRNA gene
expression analyses were preserved in RNAlater (Ambion, UK).
1
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Horses, n
Age, mo
Pre-exercise body weight, kg
Postexercise body weight, kg
Height, cm
Resting heart rate, beats/min
Maximum heart rate, beats/min
Velocity at maximum heart rate, m/s
Distance, m
Work days, n
Races, n
Pre-exercise lactate T0, mmol/l
Postexercise lactate T1, mmol/l
Postexercise lactate T1 (5 mins), mmol/l
Postexercise lactate T2 (4 h), mmol/l
Preexercise muscle biopsy T0, h-min
Postexercise muscle biopsy T1, min-s
Postexercise muscle biopsy T2, h-min

Group B
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Biopsy samples intended for muscle fiber type analyses were
systematically frozen by immersion in isopentane (47).
Muscle biopsy samples for group A and group C were collected
at rest pre-exercise (T0), immediately postexercise (T1), and 4 h
postexercise (T2). For group B, muscle biopsy samples were
collected at rest (T0) before training and at rest (T0) following
training. The time points were chosen to examine both the immediate and delayed response to endurance exercise (33) and the
response to training.
RNA Isolation and Purification

cDNA Synthesis and Real-time Quantitative RT-PCR
We reverse transcribed 2 g of total RNA from each sample to
cDNA with 50 M oligo(dT) primers using a SuperScript III firststrand synthesis SuperMix kit (Invitrogen). Real-time quantitative
RT-PCR (qRT-PCR) reactions were carried out as described by
O’Gorman and colleagues (37) using the Applied Biosystems 7500
Fast qRT-PCR system [Apperla (ABI), Dublin, Ireland]. Reactions
were performed in duplicate and control samples (no template controls) were run for each primer set.
Prior to the availability of the annotated horse genome sequence
(EquCab2.0) PCR primers were designed by a comparative genomics approach. Homo sapiens or Bos taurus transcript sequences
were extracted from the Ensembl genome browser (58) for each
gene. The equine nucleotide sequence with greatest homology to
the human/bovine transcript was identified along with its chromosomal location by basic local alignment search tool (BLAST)
searching EquCab1.0 (3). The EquCab2.0 database was interrogated for titin (TTN) sequence. Primers for real-time qRT-PCR were
designed to span an exon-exon boundary using the Vector NTI Advance
software package (Invitrogen) or Primer3-web 0.3.0 version
(www.primer3.sourceforge.net) and were commercially synthesized
(Invitrogen and MWG Biotech). Primers were checked for sequence
homology to other genomic regions using the National Center for
Biotechnology Information BLAST (2). On availability of
EquCab2.0, in silico PCR on the UCSC Genome Browser confirmed
amplicon locations except the ACTB gene. The ACTB primers were a
perfect match at two independent chromosome locations, the correct
location for ACTB (Table 2), and the actin-␣1, skeletal muscle gene
(ACTA1) located on chromosome 12:6,869,114-6,869,212. For each
primer pair, a preliminary qRT-PCR assay was performed to evaluate
optimal primer concentrations, by titrating 100, 300, and 900 nM final
concentrations, and disassociation curves were examined to evaluate
the presence of nonspecific products or primer dimer artifacts. Details
of primer sets, including those for the panel of reference genes, are
given in Table 2.
Housekeeping Gene Normalization and Calculations
A panel of putative reference or “housekeeping” genes
[GAPDH, glyceraldehyde-3-phosphate dehydrogenase (69); TTN,
titin (17); B2M, ␤-2-microglobulin (32); and ACTB, actin-␤ (36)]
was evaluated for appropriateness using geNorm version 3.4 for
Microsoft Excel (64). The average pairwise variation of each gene
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against all other genes was calculated for constant expression
stability (M). Reference genes were ranked by M (the accepted
limit is ⬍1.5). The genes that displayed the greatest stability
(lowest M) over the three time course samplings (T0, T1, T2) were
GAPDH and TTN (M ⫽ 0.602). Glycolytic enzymes have been
identified as target genes of HIF-1 (56); therefore, GAPDH was
excluded. Consequently, TTN was used as a single standard reference gene for these experiments.
Amplification efficiencies (E) were calculated for each primer pair
using 1:6 serial dilutions of a template cDNA (pooled from the
individuals studied). The amplification efficiency of each gene was
determined to be ⱖ1.9 (90 –102%) (62). Significant changes in gene
expression were determined from the Ct (cycle threshold) values using
the 2⫺⌬⌬Ct method (30) where 2⫺⌬⌬Ct ⫽ (Ctgene of interest ⫺
Ctreference gene) Tx ⫺ (Ctmean gene of interest ⫺ Ctmean reference gene) T0.
Tx corresponds to the time of interest. Relative fold changes in
gene expression were determined across the time course for group
A (T0 T1, T2), group B (T0, untrained; T0, trained), and group C
(T0, T1, T2). Data were normalized to the reference gene (TTN)
relative to resting gene expression (T0), which represents a fold
change of 1.
Data Analysis
Normal distribution of the gene expression data was confirmed
using the one-sample Kolmogorov-Smirnov test (SPSS, Chicago, IL).
PDK4, PRKAA2, and PPARGC1A did not have normal distributions,
and therefore the log10 transformation was applied [log10(2⫺⌬⌬Ct)].
Student’s t-test (parametric, paired, two-tailed test) identified significant differences (␣ ⫽ 0.05) in gene expression between samples at
each time point.
Linear regression and correlation analyses determined relationships
between gene expression (2⫺⌬⌬Ct) and physiological variables {VHRmax
and peak postexercise lactate concentration ([La]T1)} (GraphPad Software, San Diego, CA). The correlation coefficient (r), 95% confidence
interval, significance value (P), and best-fit linear regression (including
95% confidence interval bands) were calculated.
Muscle Fiber Type and Myosin Heavy Chain Analyses
Muscle biopsy samples were cross-sectioned serially in a cryostat
for immunocytochemistry (45, 47) followed by immunoperoxidase
staining protocol with avidin-biotin complex (46).
Image Analysis and Morphometry
Serial sections were visualized and digitized within 2–3 h after
staining (45). To establish muscle fiber type composition, at least
250 muscle fibers were identified in each muscle biopsy specimen.
To correlate quantitative data between immunohistochemistry and
myosin heavy chain (MyHC) electrophoresis, the hybrid type IIax
fibers were split so that one-half were combined with type IIa and
one half with type IIx fibers (46). These revised data were used to
correlate with MyHC isoform electrophoretical composition.
MyHC Electrophoresis
MyHC electrophoresis was performed following the sodium
dodecyl sulfate polyacrylamide gel electrophoresis protocol validated for horse muscle (48). Gels were scanned (GS-700; Bio-Rad,
Hercules, CA), and a quantification of each MyHC isoform was
obtained in relative terms for each muscle biopsy specimen (MultiAnalyst version 1.0, Bio-Rad).
RESULTS

This study describes mRNA transcript profiles for a panel
of candidate genes in equine skeletal muscle following a
single bout of exercise and after a 10 mo period of training.
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Total RNA was extracted from ⬃100 mg tissue, using a protocol
combining TRIzol reagent (Invitrogen, Paisley, UK), DNase treatment
(RNase-free DNase; Qiagen, Crawley, UK) and RNeasy Mini-Kit
(Qiagen). RNA was quantified using a Nano Drop ND1000 spectrophotometer V 3.5.2 (NanoDrop Technologies, Wilmington, DE), and
RNA quality and purity were assessed using the 18S/28S ratio and
RNA integrity number (RIN) on an Agilent Bioanalyser with the RNA
6000 Nano LabChip kit (Agilent Technologies Ireland, Dublin, Ireland). The RNA isolated from group A had an average RIN of 8.43 ⫾
0.08 (range 8.0–9.0), and group B and C had an average RIN of 7.63 ⫾
0.07 (range 6.3– 8.3).
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adenylate kinase 1
aldolase A, fructose-bisphosphate
creatine kinase, muscle
cytochrome c oxidase subunit IV isoform 1
cytochrome c oxidase subunit IV isoform 2 (lung)
enolase 3 (␤, muscle)
hypoxia-inducible factor 1, ␣-subunit (basic
helix-loop-helix transcription factor)
lactate dehydrogenase A
lon peptidase 1, mitochondrial
pyruvate dehydrogenase kinase, isozyme 1
pyruvate dehydrogenase kinase, isozyme 2
pyruvate dehydrogenase kinase, isozyme 4
phosphoglycerate kinase
peroxisome proliferator-activated receptor ␥, coactivator 1␣
protein kinase, AMP-activated, ␣2 catalytic subunit
solute carrier family 2 (facilitated glucose transporter),
member 3
solute carrier family 2 (facilitated glucose transporter),
member 4

AK1
ALDOA
CKM
COX4I1
COX4I2
ENO3
HIF1A

SLC2A4

LDHA
LONP1
PDK1
PDK2
PDK4
PGK1
PPARGC1A
PRKAA2
SLC2A3

actin-␤
␤2-microglobulin
glyceraldehyde-3-phosphate dehydrogenase
titin

Gene Name

TGTGGCATTCTTTGAGATTGGC

CCGTGTTATCGGAAGTGGTTGC
GGAGAAGGAGGACAAGGACGC
GGATCAGGAACCGACACAATGATG
GGTGCTAGAGTACAAGGACA
GCTGGTTTTGGTTATGGCTTGC
GAATGGGATGCCTTTGCTAAGG
TCTACCTAGGATGCATGG
TGCCACCTCTTATAGCAGACAGCC
GGAGACCACCACCAATGTCTAAGC

CAACGAGGAGACCATCAAGAAGC
TGAGAACACAGAGGAGAACCGACG
AACTACAAGCCCGAAGAG
ACGAGAGCTTTGCTGAAATG
TACACCAACTACCACGCCCAGC
GTGGCAGCATCAGAGTTCTATCG
GACTTCCAGTTACGTTCC

Genes of Interest

GTCACCCACACTGTGCCCATCTACG
GCGTGTTCCGAAGGTTCAGG
GAGATCAAGAAGGTGGTGAAGC
GCATGACACAACTGGAAAGC

Reference Genes

Forward Primer Sequence (5=-3=)

CCATGCCAATGATGAAGTTGC

AGAATCTCCATGCTCCCCAAGG
TGAGGAGTGGTTGTCCAGCAG
TGAACATTCTGGCTGGTGACAGG
TAGAAGCGGTCCAGGAAGTA
TCCACAGACTCAGAAGACAAAGCC
AGCACAGCAAGTAGCAGTGTCTCC
GTGCAAGTAGAAACACTGC
CTGACTTCGGATTCCAAGATGCC
TCCTGGGTTACAACCTGATGAGG

ATGCCCCGTTTCTCGTAGAAGG
ACGCCCATCATCTGCTTTCTGG
CATCATCCAGAGTGAAGC
TGCTTCTCCCAGATCAGAAG
AGCTGCCCTTCTCCTTCTCCTTC
AGCTTCTCCCCAGTGATGTGC
GTTAGTGACGGTAGGAAGA

CTTCATGAGGTAGTCCGTCAGGTCC
CGGTCGACTTTCATCTTCTCTCC
CATCGAAGGTGGAAGAGTGG
AACTTTGCCCTCATCAATGC

Reverse Primer Sequence (5=-3=)

25
13
10
3
22
11
24
7
7
18
11
4
20
3
2
6
11

121
133
103
80
137
114
93
119
110
137

13
1
18
18

Chr

84
130
130
109
106
92
132

99
144
121
113

Amplicon
Size, bp
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ACTB
B2M
GAPDH
TTN

Gene Symbol

Table 2. Equine oligonucleotide primers for real-time qRT-PCR

50,291,318-50,291,454

86,630,874-86,630,994
3,471,557-3,471,689
51,624,272-51,624,374
25,838,750-25,838,829
38,965,192-38,966,723
47,802,289-47,802,402
100,878,084-100,878,176
3,150,720-3,150,838
35,459,954-35,460,063

31,255,356-31,255,439
19,618,764-19,618,893
15,887,783-15,887,912
32,772,517-32,772,625
22,683,852-22,683,957
49,570,216-49,570,307
8,988,772-8,988,903

2,464,594-2,464,692
144,494,328-144,494,471
70,952,995-70,953,115
56,685,621-56,685,862

Location
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Exercise Parameters

Fig. 1. A: skeletal myosin heavy chain (MyHC) composition, muscle fiber type
distribution (%) in gluteus medius biopsy samples in group A (n ⫽ 8) derived
by gel electrophoresis (light gray), immunohistochemistry (black bars); data
are expressed as means ⫾ SE. B: blood plasma lactate concentrations (mmol/l)
for group A at rest (T0), immediately postexercise (T1), and 4 h postexercise (T2).
Physiol Genomics • VOL

40 •

Muscle Fiber-Type and MyHC Composition in Untrained
Horses
In group A type II fibers were most abundant (⬎90%).
The relative proportions of each myosin heavy chain
(MyHC, %) determined by electrophoresis and immunohistochemistry were: MyHC-I (9.37, 6.54); MyHC-IIa (43.39,
36.88); and MyHC-IIx (47.24, 56.58) (Fig. 1). The mean
proportions of MyHC-I, MyHC-IIa, and MyHC-IIx derived
electrophoretically were similar to the relative proportions of type I, IIa and IIx fiber types determined by immunohistochemistry (MyHC I, R2 ⫽ 0.847, P ⬍0.001; MyHC
IIa, R2 ⫽ 0.665, P ⬍ 0.05; MyHC IIx, R2 ⫽ 0.795, P ⬍
0.01).
Skeletal Muscle mRNA Expression Following Exercise
To investigate the effect of exercise on skeletal muscle
mRNA expression we analyzed by qRT-PCR the gene
expression responses of 18 genes with functions in the
following KEGG pathways and gene ontology biological
processes: glycolysis/gluconeogenesis (ALDOA, ENO3,
GAPDH, LDHA, PGK1); oxidative phosphorylation (COX4I1,
COX4I2); ATP-dependent proteolysis (LONP1); insulin signaling pathway (PPARGC1A, PRKAA2); phosphocreatine
biosynthetic process (CKM); phosphotransferase activity
(AK1); response to hypoxia (HIF1A); carbohydrate metabolic process and glucose metabolic process (PDK1, PDK2,
PDK4); and glucose transport (SLC2A3, SLC2A4). For
group A qRT-PCR was performed for all genes before
exercise (T0), immediately postexercise (T1), and 4 h postexercise (T2). Table 3 shows the relative mean fold differences between pre- and postexercise time points (T0 vs. T1;
T0 vs. T2).
Analyses of mRNA profiles revealed no significant transcriptomic differences immediately postexercise (T0 vs. T1).
However, 4 h postexercise (T2) six of the 18 genes had
significant (P ⬍ 0.050) differences relative to pre-exercise
levels: CKM (1.3-fold, P ⫽ 0.013); COX4I1 (1.4-fold, P ⫽
0.003); COX4I2 (⫺2.0-fold, P ⬍ 0.001); PDK4 (7.4-fold, P ⫽
0.007); PPARGC1A (6.0-fold, P ⫽ 0.005); and SLC2A4 (1.4fold, P ⫽ 0.007). Graphical representations of mean fold
changes following exercise are shown relative to pre-exercise
values in Fig. 2.
To validate these findings we performed a follow-on
study in a cohort of trained horses (group C). A set of four
genes (COX4I1, COX4I2, PDK4, and PPARGC1A) that had
the greatest differences between time points and also had a
significant relationship with a physiological variable in
group A was selected. Table 4 shows the mean fold changes
relative to pre-exercise mRNA expression (T0 vs. T1, T0 vs.
T2). Analyses of mRNA profiles revealed no significant fold
differences immediately postexercise (T0 vs. T1). Three of
the four genes had significant (P ⬍ 0.05) fold differences 4
h postexercise (T0 vs. T2): COX4I2 (⫺1.5-fold, P ⫽ 0.005);
PDK4 (2.3-fold, P ⫽ 0.046); and PPARGC1A (3.4-fold, P ⬍
0.001). Graphical representations of mean fold changes
following exercise are shown relative to pre-exercise values
in Fig. 3.
To investigate whether the basal expression of these genes
changed with training, we created mRNA profiles for the same
set of four genes in group B. COX4I1 gene expression inwww.physiolgenomics.org
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To provide context for the gene expression data physiological measurements during the exercise experiments were recorded. In both exercise groups (group A and group C), lactate
concentrations reached levels ⬎13 mmol/l, consistent with the
work intensity reflecting a contribution of anaerobic metabolism to energy production (51).
Group A. Following warm-up, the exercise test comprised
an average of six (range 5–7) incremental steps achieving a
mean maximum velocity of 12.4 ⫾ 0.2 m/s and a mean
distance of 4,362.9 ⫾ 102.7 m for an average duration
of 8.77 ⫾ 0.5 min. Mean [La]T1 was 13.3 ⫾ 1.2 mmol/l
(Fig. 1), which was significantly (P ⬍ 0.0001) higher than
pre-exercise values.
Group C. Following warm-up, the exercise test comprised
an average of nine (range 8 –10) incremental steps achieving
a mean maximum velocity of 13.7 ⫾ 0.2 m/s and a mean
distance of 5,430.9 ⫾ 126.9 m for an average duration of
11.33 ⫾ 0.29 min. Mean [La]T1 was 14.3 ⫾ 1.0 mmol/l,
which was significantly (P ⬍ 0.0001) higher than preexercise values.
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Table 3. Relative gene expression fold changes between time points following treadmill exercise in group A
T0 vs. T2

T0 vs. T1

ATP-dependent proteolysis
Carbohydrate/glucose metabolic process
Glucose transport
Glycolysis/gluconeogenesis

Oxidative phosphorylation
Phosphocreatine biosynthetic process
Phosphotransferase activity

Fold Change

P Value

Fold Change

P Value

1.03
1.01
⫺1.08
3.01
1.61
1.14
1.19
1.15
1.18
1.13
1.02
1.03
1.26
1.12
1.07
⫺1.17
1.05
1.09

0.695
0.742
0.242
0.222
0.236
0.067
0.328
0.360
0.055
0.277
0.768
0.865
0.304
0.891
0.544
0.069
0.345
0.434

⫺1.07
⫺1.03
⫺1.08
7.51
1.16
1.42
1.01
1.02
1.16
⫺1.15
1.05
⫺1.03
5.95
⫺1.06
1.36
ⴚ2.02
1.27
1.10

0.449
0.452
0.183
0.007
0.673
0.007
0.898
0.816
0.115
0.202
0.564
0.803
0.005
0.571
0.003
0.000
0.013
0.437

T0, at rest pre-exercise; T1, immediately postexercise; T2, 4 h postexercise. Boldface indicates significant fold change.

creased significantly following a 10 mo period of training
(1.3-fold, P ⫽ 0.020). Graphical representations of fold
changes following training are shown relative to untrained
values in Fig. 3A.
Relationship Between Skeletal Muscle mRNA Expression and
Physiological Variables
We investigated the relationships between mRNA abundance and two measured physiological variables: VHRmax and
[La]T1. These analyses were limited to the six genes that had

significant fold differences between T0 and T2 (CKM, COX4I1,
COX4I2, PDK4, PPARGC1A, SLC2A4). Linear regression and
correlation analyses were performed for individual 2⫺⌬⌬CT
values and VHRmax and [La]T1 at each time point (T0, T1, T2)
for group A.
In group A, significant relationships between mRNA level
and VHRmax and [La]T1 were detected for two genes,
PPARGC1A and COX4I1. Both genes had significant relationships with VHRmax 4 h postexercise: COX4I1 (R2 ⫽
0.607, P ⫽ 0.023) and PPARGC1A (R2 ⫽ 0.730, P ⫽ 0.007)

Fig. 2. Relative mean fold changes in mRNA expression of candidate genes determined by real-time qRT-PCR in untrained horses. Influence of a single bout
of endurance exercise in Thoroughbred horses from group C at T0, T1, and T2. Data represent significant mean fold changes in mRNA expression for 6 genes
CKM (A), COX4I1 (B), COX4I2 (C), PDK4 (D), PPARGC1A (E), SLC2A4 (F) between the sampling time points. qRT-PCR data was normalized to the reference
gene (TTN), relative to resting gene expression (T0), which represents a fold change of 1. *P ⬍0.05, **P ⬍ 0.01, ***P ⬍ 0.001 determined by paired Student’s
t-tests.
Physiol Genomics • VOL

40 •

www.physiolgenomics.org

Downloaded from http://physiolgenomics.physiology.org/ by 10.220.33.1 on October 10, 2017

Hypoxic response
Insulin signaling pathway

Gene Symbol

LONP1
PDK1
PDK2
PDK4
SLC2A3
SLC2A4
ALDOA
ENO3
GAPDH
LDHA
PGK1
HIF1A
PPARGC1A
PRKAA2
COX4I1
COX4I2
CKM
AK1
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Table 4. Gene expression changes between time points following a period of training (group B) and following treadmill
exercise in trained horses (group C)
Rest

Trained - Exercise

UT vs. T

T0 vs. T1

T0 vs. T2

Gene Symbol

Fold Change

P Value

Fold Change

P Value

Fold Change

P Value

PDK4
PPARGC1A
COX4I1
COX4I2

⫺1.41
1.08
1.28
1.12

0.226
0.755
0.020
0.260

1.24
⫺1.08
⫺1.04
1.24

0.282
0.473
0.184
0.134

2.33
3.37
1.09
ⴚ1.53

0.046
0.000
0.768
0.005

T, trained; UT, untrained. Boldface indicates significant fold change.

DISCUSSION

While the phenotypic adaptations to elite athleticism in
Thoroughbred horses are well described, the molecular
mechanisms underlying these characteristics are poorly understood and there are few documented studies describing
gene and protein expression in equine skeletal muscle following exercise (15, 25, 35). Here we report for the first
time that in equine skeletal muscle a single bout of treadmill
exercise alters expression of metabolic genes. To understand
the relevance of these findings to overall athletic capability

we investigated expression relationships with physiological
performance measures and compared the findings with gene
expression observations following a period of training.
Lack of Evidence for HIF-activated Response in Exercising
Equine Skeletal Muscle
Local hypoxia is an important stimulus for structural and
functional changes in skeletal muscle (4). As horses routinely develop a marked arterial hypoxemia during intense
exercise (55) we investigated the effect of exercise on
HIF-1␣-dependent gene expression. HIF-1␣ protein accumulation is dependent on posttranscriptional mechanisms
(4), and therefore it was not surprising that we did not
observe a significant alteration in HIF1A (encoding HIF-1␣)
transcript expression. Prolonged exercise training under
hypoxic conditions may, however, increase HIF1A mRNA
levels in human skeletal muscle (65). The observed increase
in HIF-1␣ protein (Supplemental Fig. S1) and elevated
lactate concentrations postexercise are suggestive of stimuli
for activation of glycolysis. Surprisingly, we observed no
significant change in gene expression for the panel of

Fig. 3. Relative mean fold changes in mRNA
expression of candidate genes determined by
real-time qRT-PCR in trained horses. A significant mean fold change in gene expression was
determined for COX4I1 in group B following a
10 mo training period (T0) (A). Influence of a
single bout of endurance exercise in Thoroughbred horses from group C at T0, T1, and T2.
Significant changes in mRNA expression were
identified for COX4I2 (B), PDK4 (C), and
PPARGC1A (D) between T0 vs. T2 following a
single bout of endurance exercise in trained Thoroughbred horses from group C (rest, T0; immediately postexercise, T1; 4 h postexercise, T2).
qRT-PCR data was normalized to the reference
gene (TTN), relative to resting gene expression
(T0), which represents a fold change of 1.
*P ⬍ 0.05, **P ⬍ 0.01, ***P ⬍ 0.001 determined by paired Student’s t-tests.

Physiol Genomics • VOL

40 •

www.physiolgenomics.org

Downloaded from http://physiolgenomics.physiology.org/ by 10.220.33.1 on October 10, 2017

(Fig. 4). The strongest correlation was between [La]T1 and
PPARGC1A mRNA 4 h postexercise (R2 ⫽ 0.939, P ⬍
0.001). Significant associations between COX4I1 mRNA
and [La]T1 before exercise (R2 ⫽ 0.588, P ⫽ 0.027) and 4
h postexercise (R2 ⫽ 0.577, P ⫽ 0.029) were also observed
(Fig. 4).
We also performed these analyses in the trained cohort
(group C). Resting (T0) PPARGC1A mRNA had a significant inverse relationship with [La]T1 (R2 ⫽ 0.464, P ⫽
0.043) (Fig. 4).
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glycolytic enzymes despite elevated lactate concentrations
indicating increased glycolytic flux. This is both in agreement and conflict with human exercise studies (54, 67) and
may be a function of the duration and intensity of the
exercise and the time at which samples were collected.
As well as a role in the regulation of glycolysis, HIF-1␣
regulates the oxidative enzyme COX4 (cytochrome c oxidase,
subunit 4) in an oxygen dependent manner by alternately
recruiting the isoforms COX4-1 (COX4I1) and COX4-2 (COX4I2)
(18). In normal oxygen concentrations gene expression of
COX4I1 is increased and COX4I2 is repressed. Alternatively,
under conditions of reduced oxygen, HIF-1␣ activity is increased along with a number of downstream genes including
COX4I2 and a mitochondrial protease gene LONP1, required
for COX4I1 protein degradation. The COX4 subunit switching
provides a mechanism to maximize the efficiency of respiration
under different oxygen concentrations (18). We found no
alteration in the expression of LONP1 and a significant decrease in COX4I2 mRNA 4 h postexercise in both the untrained
(⫺2.0-fold, P ⬍ 0.001) and trained (⫺1.5-fold, P ⫽ 0.005)
cohorts, a pattern consistent with sufficient oxygen availability.
This was supported by the significant increase in COX4I1
expression at the same time point (1.4-fold, P ⫽ 0.003). The
exercise duration and intensity was indicative of the horses
exercising at V̇O2max. Shorter duration (i.e., ⬍70 s) and higher
intensity (supramaximal) exercise in trained individuals may
be necessary to illicit a HIF-mediated response resulting in
COX4 subunit switching.
Physiol Genomics • VOL
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Basal COX4I1 Activity Increases With Training and Postexercise Expression is Positively Related to Athletic Ability
While COX4I1 transcripts increased significantly postexercise
in the untrained cohort, significant increases in COX4I1 expression were not observed in the trained cohort. The positive relationship between COX4I1 and overall athletic ability (measured as
VHRmax) in the untrained cohort suggested the importance of
local transcriptional changes contributing to the system-wide
phenotype. This was supported by our observation of a significant
increase in basal COX4I1 (1.3-fold, P ⫽ 0.020) following the 10
mo training period. There is a direct relationship between mitochondrial COX4 abundance and mitochondrial density (17), and
the increase in COX4I1 mRNA transcripts following training may
reflect a long-term adaptive response resulting in increased mitochondrial capacity. It is well established that training improves
oxidative capacity, and recently it has been demonstrated that
endurance training increases basal oxidative flux enhancing muscle insulin sensitivity via increased fatty acid oxidation in the
resting state, while not affecting energy production (7). In horses,
COX4I1 mRNA responses may therefore reach a plateau during
training following the accumulation of mitochondria that enable
improved basal oxidative activity.
Significant Relationship Between PGC-1␣ and Plasma
Lactate Accumulation
PGC-1␣ plays a key role in cellular energy metabolism and
homeostasis (40) and is induced under multiple physical exercise regimes including either single endurance or long-term
www.physiolgenomics.org
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Fig. 4. Candidate gene expression relationships with measured physiological variables. Relationships between velocity at maximum heart rate (VHRmax) and peak
postexercise lactate concentration ([La]T1) and mRNA gene expression (2⫺⌬⌬Ct) for COX4I1 and PPARGC1A in group A (A–E) and group C (F). Regression
and correlation analyses for COX4I1 T0 vs. [La]T1 (A), COX4I1 T2 vs. [La]T1 (B), COX4I1 T2 vs. VHRmax (C), PPARGC1A T2 vs. VHRmax (D), PPARGC1A
T2 vs. [La]T1 (E), PPARGC1A T0 vs. [La]T1 (F).

GENE EXPRESSION IN EQUINE SKELETAL MUSCLE

Targeted Selection for Fatty Acid Metabolism
PGC-1␣ is a key regulator of insulin sensitivity by controlling glucose transport. In an inactive or fasting state glucose
uptake into muscle is mediated by SLC2A3 (59), while during
exercise, this process is regulated by SLC2A4 (GLUT4) (27).
We observed a significant increase in SLC2A4 [solute carrier
family 2 (facilitated glucose transporter), member 4] gene
expression 4 h postexercise and a significant linear relationship
(r2 ⫽ 0.566, P ⫽ 0.031, data not shown) with PPARGC1A.
The utilization of glucose is also tightly regulated by the
assembly of the pyruvate dehydrogenase complex (PDC),
which is controlled by pyruvate dehydrogenase kinase (PDK).
PDK blocks the formation of the PDC resulting in the ␤-oxidation of fatty acids to acetyl-CoA as the substrate for oxidative phosphorylation. We observed a 7.5-fold increase in PDK4
mRNA 4 h postexercise in the untrained cohort of horses.
While there was also a significant increase in PDK4 in the
trained cohort, it was twofold less than the untrained group.
Physiol Genomics • VOL
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The increase in PDK4 mRNA during recovery from exercise is
consistent with prolonged inhibition of the PDC to decrease
glucose oxidation and increase mitochondrial fatty acid oxidation (66). In a population genomics-based genome scan we
recently identified a number of key genomic regions that have
been targets for selection in Thoroughbreds that contain genes
relevant to exercise-related traits. In particular metabolic
genes, including PDK4 and COX4I1, with biological functions
in insulin signaling and fatty acid metabolism, were enriched in
positively selected regions (19).
As well as directly influencing the mitochondrial phenotype,
PGC-1␣ has been reported to be involved in muscle fiber type
switching from fast-twitch (type II) to slow-twitch (type I)
fibers (28). Unusually for mammalian species horses have a
much greater proportion of type II fibers (41) and in particular
type IIx fibers that have a maximal velocity of shortening that
is three times higher than that of IIa fibers (43) but a very low
oxidative capacity. The untrained cohort in our study had a
significantly higher proportion of fast-twitch muscle fibers
(Fig. 1A). While muscle fiber types were not quantified in the
trained cohort, it has been established that training in Thoroughbred horses induces the conversion of MyHC-IIx to
MyHC-IIa isoforms leading to increased resistance to fatigue (44).
In summary, we have presented the first study to identify
temporally altered metabolic gene transcripts in equine skeletal
muscle following exercise. In particular genes responsible for
fatty acid metabolism, oxidative metabolism, and mitochondrial function are differentially regulated. The most notable
finding was the strikingly similar pattern observed for the four
tested genes in the trained cohort; compared with the untrained
group there was a markedly reduced (PPARGC1A, PDK4,
COXI2) or absent (COX4I1) response following exercise.
While our results indicate that local mRNA adaptations contribute in part to the overall athletic phenotype, it is likely that
many genes and their products will contribute additively to
effect an adapted physiology.
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