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Effects of beta-hydroxy beta-methylbutyrate (HMB) supplementation on gluteus
medius muscle fiber composition and muscle performance in adult Thoroughbred

horses exercising to fatigue on a high-speed treadmill

Nicolas Ignacio Busse Esser

ACADEMIC ABSTRACT

Consumption of B-hydroxy B-methylbutyrate (HBM), a leucine metabolite, alters muscle
composition and metabolism leading to strength and agility improvements in human athletes. To
determine if HMB affects athletic performance and muscle function in horses, Thoroughbred
geldings were fed a control (CON; n=5) or HMB (n=6) supplement (30 mg/kg/day) for 6 weeks
prior to completing a standardized exercise test (SET). Gluteus medius (GM) muscle samples were
obtained before the SET for fiber-typing and venous blood was collected before and immediately
upon completion of the SET for lactate measurements. Heart rate (HR), biceps femoris (BF) and
semitendinosus (ST) surface electromyograms, and fore- and hindlimb metacarpophalangeal joint
angles were captured for the duration of the SET. Results demonstrate that HMB supplementation
increased (P < 0.05) the percentage of type 1A muscle fibers in the GM with a corresponding
decrease (P < 0.05) in type 11X fibers. The percentage of type | fibers was unaffected by diet.
Supplementation with HMB did not result in any significant effects on performance, muscle
function or biomechanical properties by comparison to CON. Increasing treadmill speed resulted
in an increase (P < 0.05) in stride length and maximal extension angle of the fore fetlock, and a
shortening (P < 0.05) of the stance phase of the gait cycle. Integrated EMG (iEMG) increased (P
< 0.05) with increasing treadmill speeds for both the BF and ST, with the BF exhibiting greater
IEMG values than the ST. In summary, HMB increased the percentage of type 1A fibers which

did not translate into immediate, improved athletic performance.

KEYWORDS: B-hydroxy B-methylbutyrate, equine, exercise physiology, myofiber



Effects of beta-hydroxy beta-methylbutyrate (HMB) supplementation on gluteus
medius muscle fiber composition and muscle performance in adult Thoroughbred

horses exercising to fatigue on a high-speed treadmill

Nicolas Ignacio Busse Esser

GENERAL AUDIENCE ABSTRACT

Muscles depend on their fibers, innervation, energy supply, and blood flow to contract.
Failure to meet one or more of these requirements precludes muscle tissue from performing work,
situation termed fatigue. Identification of fatigue indicators is of interest to the horse industry for
a number of reasons, including horse and human safety, prevention of unnecessary expenses, and
general public opinion of the sport disciplines. Diet supplementation with legal, performance-
enhancing compounds is of interest to riders and horse owners alike. Molecules such as beta-
hydroxy beta-methylbutyrate (HMB) improve muscle function, protein synthesis, and muscle
tissue repair. Assessment of the athletic capacity and performance of horses by evaluating fatigue
indicators favors responsible training regimes. Techniques to achieve this goal include muscle

sampling, biochemical, electromyographic, and biomechanical analysis.

We hypothesized that dietary supplementation of HMB would have positive effects on the
athletic performance of horses. This study evaluated the effects of 45-day HMB supplementation
on muscle fiber composition, muscle performance, and rates of fatigue in adult Thoroughbred
horses by use of a high-speed treadmill. Muscle biopsies, blood lactate, high-speed video captures,
and electromyography were analyzed. These analyses revealed that HMB supplementation
increased the number of fatigue-resistant fibers in muscles but caused no substantial, immediate

improvements on the athletic performance of horses.

KEYWORDS: beta-hydroxy beta-methylbutyrate, equine, exercise physiology, muscle
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CHAPTERII

INTRODUCTION

Musculoskeletal injuries are the major cause for turnover in training stables, precluding
19-33% of affected horses from returning to training in the United States. Training failure and
early wastage of Thoroughbred horses results in a diminished economic return for the owners. A
median of $23,000 USD difference in economic return at 2-year-old sales has been previously
reported (Hernandez and Hawkins 2001; Stover 2003). The horse industry in the United States
generates over $102 billion USD in yearly economic impacts for the U.S. national economy;
over $26 billion (>25.4%) of these are related to the racing segment (American Horse Council
2005). Maximizing performance and reducing wastage are key elements to maintaining this
industry (both commercial and academic), and its peripheral associated fields.

Nutrition in plays an integral role in the life of the successful athlete and the racehorse is
no exception. Depending on boarding facilities, diet, training and performance level, nutrition
alone accounts for 31-60% of an athlete’s stabling costs (Guelph 2013). Adequate nutrition
during a horse’s early life stages should be maximized to promote optimal musculoskeletal
growth and prevent developmental orthopedic diseases. In adult athletes, however, nutrition aims
to enhance performance, reduce recovery times, replenish substrate stores, and improve tissue
repair (Firth et al. 2004; Geor 2006; Harris 2009). The global supplement industry had a market
consisting of over $75 million USD by 2018, with an annual growth rate predicted to reach over
$100 million USD by 2027. Both North America (e.g. United States) and Europe (e.g. United
Kingdom, Germany) hold major shares of this market. This is driven by the consumer’s
heightened concerns about efficacy and safety of alimentary supplements, as well as increasing

numbers of athletes engaging in high-performance equestrian disciplines (Transparency Market



Research 2019). The interest of owners, riders, and trainers in gaining a competitive advantage
makes the industry susceptible to production and advertisement of goods without proper
evidence of their claimed effects. A majority of ergogenic supplements and nutraceuticals claim
to boost performance, hasten recovery, or prevent joint disorders (Geor 2006).

Ergogenic supplements seek to increase an individual’s capacity to perform work by
providing a beneficial compound or set of molecules. The leucine metabolite B-hydroxy -
methylbutyrate (HMB), or hydroxymethylbutyrate, may prevent muscle damage in athletes
performing high intensity exercise and aid in its repair and recovery (Nissen et al. 1996;
Ostaszewski et al. 2012) and has gained traction as ergogenic aid. The ergogenic effects
displayed by HMB are not seen in other branched chain amino acids (BCAA) such as valine and
isoleucine, bolstering the notion that leucine and HMB are responsible for these effects (Holecek
et al. 2009). As a supplement, HMB has been extensively studied in humans (Nissen et al. 1996;
Kaczka et al. 2019), but only recently been reported as a possible equine dietary supplement
(Miller et al. 1998; Ostaszewski et al. 2012).

The project tested the hypothesis that supplementation with calcium beta-hydroxy beta-
methylbutyrate monohydrate in adult horses will have a positive impact on their athletic
performance by delaying the onset of fatigue and prompting a myofiber transdifferentiation of
myofibers towards more fatigue-resistant fiber types in the gluteus medius muscle, within the

scope of increasing general athletic performance.



LITERATURE REVIEW
Beta-hydroxy beta-methylbutyrate

The molecule B-hydroxy B-methylbutyric acid (HMB) is a bioactive leucine metabolite
with ergogenic capabilities, and approximately 5% of ingested leucine is converted to HMB. The
metabolite is formed by transamination of leucine to a-ketoisocaproate (KIC) in muscle tissue
and subsequent oxidation of KIC to B-hydroxy B-methylbutyrate in the liver (Nissen and
Abumrad 1997; Arazi et al. 2018). Beta-hydroxy beta-methylbutyrate is then transformed into
different molecules including cholesterol, beta-hydroxybutyrate, beta-methylglutaconyl-CoA,
and isovaleryl-CoA, with a small percentage lost in urine (Nissen et al. 1996; Arazi et al. 2018).
In its free acid form, ingested HMB is absorbed faster by the proximal gastrointestinal tract and
possesses an elimination half-life approximately 20% longer than HMB in its calcium-
conjugated counterpart (Fuller et al. 2015; Hu et al. 2020). This compound presents valuable
traits to different fields such as exercise physiology, orthopedics, oncology, neurology,
gerontology, and nutrition in a variety of species (Zanchi et al. 2011; Rahman et al. 2014;
Szczesniak et al. 2015; Holecek 2017; Arazi et al. 2018; Engelen and Deutz 2018; Suryawan et
al. 2020). The molecule, found naturally in minor quantities in plants such as alfalfa, asparagus
and grapefruit, displays anabolic properties on protein synthesis including activation of
mechanistic target of rapamycin (mTOR) protein kinase, stimulation of cholesterol biosynthesis
pathways, decreased activity of apoptotic pathways, and increased satellite cell (SC) proliferation
in vitro (Wilson et al. 2008; Szczes$niak et al. 2015; Brook et al. 2016; He et al. 2016; Barrientos
et al. 2017; Kaczka et al. 2019). Beta-hydroxy beta-methylbutyric acid and its calcium-
conjugated salts have been proposed to be beneficial to muscle metabolism in humans, including

increases in muscle strength, improvement in aerobic capacity, and faster returns to normal



performance after over-training (Nissen et al. 1996; Lamboley et al. 2007; Wilson et al. 2014).
This compound is commercially available as over-the counter supplements in different
presentations for human consumption, and as top-dress powdered supplement for animal use.
Recent studies in exercising Thoroughbred horses have shown decreased muscle damage after
exercise, improved performance, and faster recovery times (Ostaszewski et al. 2012). To attain
ideal anti-catabolic effects, a period of HMB consumption prior to damage-inducing exercise has
been described in humans (Wilson et al., 2013) but this timeframe has yet to be established in
racehorses. Studies in rats and chicken models have shown a decrease in muscle proteolysis by
80% and increase in protein synthesis by 20%. Immune response, particularly lymphocyte
blastogenesis, was also positively affected by HMB in in vitro studies in an ovine model and
human model (Nissen and Abumrad 1997). With extensive research being done on rats and
humans, HMB has been reported to inhibit the ubiquitin-proteasome system, phosphorylate the
mechanistic target of rapamycin (mTOR), increase insulin-like growth factor 1 (IGF-1), improve
cell membrane integrity through cholesterol synthesis, and stimulating muscle satellite cells to

proliferate and differentiate (He et al. 2016; Kaczka et al. 2019; Suryawan et al. 2020).

Muscle biology and protein synthesis

Protein synthesis is achieved by phosphorylation of the mechanistic target of rapamycin
(mTOR) complex 1 (MTORCL), fulfilling homeostatic and growth control roles (Saxton and
Sabatini 2017; Zhang et al. 2019). Studies have reported HMB-mediated activation of mTORCL1
through different mechanisms than those used by leucine. Leucine inactivates the inhibitory
complex Sestrin2-GATOR2 while increasing RagA-mTOR and RagC-mTOR complex

formation, whereas HMB does not interact with those mediators. These reports also confirm that



protein synthesis mediated by leucine and HMB do not participate in growth-factor-mediated
mTORC1 activation pathways (Wolfson et al. 2016; Lima-Soares et al. 2017; Davis et al. 2018;
Suryawan et al. 2020). Protein breakdown is hindered by inhibition of the ubiquitin proteasome
system through a decrease in the expression of the 20S catalytic proteasome a subunits and
down-regulation of the ubiquitin-conjugating E14k enzyme (Smith et al. 2005). Expression of the
p42 and MSS1 subunits of the 19S proteasome regulatory complex is attenuated by HMB in
MAC16 cells (Smith et al. 2005; Tanaka 2009). Beta-hydroxy beta-methylbutyrate shows a
favorable effect in the cholesterol metabolism of tissues including muscle and the immune
system (Zanchi et al. 2011; Lima-Soares et al. 2017). The branched chain amino acid (BCAA)
metabolite acts as a direct precursor of cholesterol in the form of beta-hydroxy beta-
methylglutaryl-CoA (HMG-CoA). Cholesterol, a sterol precursor of steroid hormones, vitamin
D, and bile acids, is an indispensable structural element in membranes of animal cells and can
comprise up to 55% of the lipid bilayer. Here it plays essential roles including decreasing
membrane fluidity, stabilization of vesicles, and fusion capabilities of a membrane, as well as
intracellular transport and signaling roles. (Barrientos et al. 2017; Lee et al. 2017). Use of HMB
as a substrate for intracellular synthesis of cholesterol is particularly important in tissues that rely
on de novo synthesis of cholesterol (Nissen et al. 2000). Besides the intake and local utilization
of cholesterol, muscle tissue is able to reverse its cholesterol transport and has been hypothesized
to participate in cholesterol homeostasis at a systemic level (Muscat et al. 2002). Availability of
HMB as substrate for cholesterol synthesis contributes to restore damaged or synthesize new cell
membranes; key processes during repair of the sarcolemma after exercise or production of new
mitochondria, respectively (Nissen and Abumrad 1997; Arazi et al. 2018). Mitochondrial

biogenesis is influenced by HMB via peroxisome proliferator-activated receptor gamma co-



activator 1-alpha (PGC-1a), favoring the transition of fibers towards the oxidative-capable,
mitochondria-rich type I myofibers (He et al. 2016). Downstream activation of the myocyte
enhancer factor-2 (Mef2) and nuclear factor of activated T-cels (NFAT) genes enhances type |
myofibril expression through binding to the slow troponin 1 locus in mice (Naya et al. 2000; He
et al. 2016). In supplemented individual conversion of HMG-CoA into Acetoacetyl-CoA within
the mitochondria is enhanced and provides additional Acetyl-CoA by action of acetyl-CoA
acetyltransferase and allows for the tricarboxylic acid cycle (TCA) to continue over extended
periods of time (Nissen and Abumrad 1997). Higher concentrations of precursors for oxidative
phosphorylation and energy production translates to a delay in adenosine triphosphate (ATP)
depletion and the onset of acute fatigue. Insufficient supply of oxygen forces the muscle to
produce energy under anaerobic conditions by utilizing glycolytic pathways in the cytoplasm.
Higher concentrations of available precursors (such as creatine, glycogen and fatty acids)
for use in oxidative phosphorylation, paired with increased mitochondrial numbers, favor a
delayed onset of acute fatigue and increased workload capacity (Ament and Verkerke 2009;
Arazi et al. 2018). Favoring a shift in skeletal muscle fiber types towards slow, oxidative fibers
(type I fibers) is beneficial in stamina-based disciplines (e.g. endurance racing), whereas a shift
towards fast, fatigable, glycolytic fibers (type 11X fibers) improves performance in speed-based
activities (e.g. racing, reining) (Barlow et al. 1984; Rivero et al. 1993; Rivero and Hill 2016). In
type 11X fibers the cross-sectional area is greater than their type | counterparts, implying not only
a different myosin heavy chain (MyHC) expression, but a higher volume of content (Paul and
Rosenthal 2002). Adaptation to different exercise stimuli can manifest as myofiber remodeling
with metabolic changes to tolerate longer periods of physical activity, or fiber hypertrophy to

increase power output while retaining the biochemical properties of the fiber (Serrano et al.



2000). Hypertrophy of muscle tissue achieve greater strength by expanding the number of
myofibrils within the sarcolemma of the myofiber. Unlike other tissues, skeletal muscle
hypertrophies by expanding intracellular volume and fusion of satellite cells. Tissues comprised
of mononucleated cells increase their cytoplasm-to-nucleus ratio instead (Paul and Rosenthal
2002). Muscle adaptation to increasing workloads is one of several mechanisms to prevent
musculoskeletal injury. Muscle injury-regeneration events involve a cascade of intricate signaling
processes including release of inflammatory cytokines and intracellular contents by damaged cells
(e.g. tumor necrosis factor-a, interferon-y, insulin-like growth factor-1, interleukin-10), gene
expression and activation of transcription factors such as mTOR, MRF4, Myf5, MyoD, MYOG,
MYMK, p38-MAPK, DUSP1, among others upregulation of membrane proteins (e.g. myomaker, c-
MET), activation, proliferation and differentiation of SC populations, and fusion of myoblasts with
damaged myofibers (Goh and Millay 2017; Siles et al. 2019).

Muscle tissue in the equine comprises up to 55% of total body weight, distributed proximally
to the center of mass to aid in efficient locomotion (Valberg 2014). Mammalian skeletal is composed
by an heterogenous pool of fibers, frequently classified as muscle fibers as type I, 1A, 11X or 11D, or
11B alludes to the predominant physiological properties of the fiber given by their MyHC isoform
content. (Serrano et al. 2000; Talbot and Maves 2016; Schiaffino 2018). Muscle fiber types are
commonly categorized glycolytic and oxidative metabolic properties, or a combination of the latter
two as types I, 1A, 11X/D and I1B (Snow and Guy 1976), by their speed and fatigue index as fatigue
resistant or fatigable (Burke 1978), or by contraction rates as slow twitch (10-30 Hz) and fast twitch
(30-70 Hz) (Feher 2012). In the equine species 1B fibers are absent from skeletal muscle (Rivero et
al. 1996). Equine adult skeletal muscle predominantly expresses MyHC-7 in type I fibers, MyHC-2

in type 1A fibers, and MyHC-1 in type 11X myofibers, with the potential to co-express more than



one isoform simultaneously (“hybrid” fibers). Slow-twitch, fatigue-resistant type I fibers have lower
contraction frequencies, lower power output and increased mitochondrial numbers and oxidative
capacity. These fibers primarily express MyHC-7. This myosin heavy chain beta isoform makes
them better suited for stamina-based activities such as endurance running, and repeated or extended
isometric muscle contractions, as well as every-day maintenance of posture. Eventual fatigue of these
myofibers can be central (neural or psychological) or peripheral (motor unit involved) in nature
(Kawai et al. 2009). More fatigable, fast-twitch, type |1 fibers have opposite attributes, displaying less
mitochondria and using glycolysis as its main source of energy. Expression of MyHC-1 and 2 in
these fibers is abundant and not mutually exclusive. Higher percentages of type Il myofibers provide
muscles with increased ability for short bursts of high-powered motions, single explosive
contractions such as weightlifting or sprinting (Kawai et al. 2009). Fatigue of these fibers is most
commonly peripheral in nature and short lived due to a rapid energy (ATP and substrates) depletion
but can also be afflicted by central fatigue (Ament and Verkerke 2009; Wan et al. 2017). Expression
of MyHC-4 within type 11B fibers does not commonly occur in large mammals despite the
responsible gene MYH4 being present in the DNA sequence (Brearley et al. 2021). On rare
occasions, isolated, single-fiber expression of MyHC-3 (abundantly expressed by embryonic
myofibers) within equine adult muscle tissue occurs (unpublished data). In the horse, only fibers of
type I, 1A, 11X, as well as intermediate hybrids, have been identified (Lindner et al. 2002; Yamano et
al. 2002). Plasticity of muscle tissue allows for structural or metabolic adaptations to take place in
response to external demands such as exercise programs, or reverse in cases of detraining (Serrano et
al. 2000). Fiber composition will shift towards the oxidative end of the fiber spectrum (Revold et al.
2010), and transcriptome changes can be observed after a single bout of high-intensity exercise

(Bryan et al. 2017). Increased numbers of oxidative-capable fibers (I, 1A, IAX hybrids also called



I1C translates into more efficient delivery of energy (Billeter et al. 1980; Rivero et al. 1996). Higher
numbers of total mitochondria and upregulation of rate-controlling genes such as NADH
dehydrogenase and mitochondrial respiratory chain complex I, improve oxidative phosphorylation
(Bryan et al. 2017).

Energy required for the interaction between myosin and actin in a ratchet-like contractile
mechanism is provided by metabolization of ATP via aerobic oxidative (slower, efficient) or
anaerobic glycolytic (faster, inefficient) pathways (McMiken 1983). Energy sources available for
muscle include free ATP, creatine, molecules of lipid origin such as esterified fatty acids and
triglycerides, and carbohydrates including glucose and intramuscular deposits of glycogen
(McMiken 1983; Van Hoven 2006). Higher concentrations of available precursors (such as
creatine, glycogen and fatty acids) for use in oxidative phosphorylation, paired with increased
mitochondrial numbers, favor a delayed onset of acute fatigue and increased workload capacity
(Ament and Verkerke 2009; Arazi et al. 2018). Theoretically, increases in oxidative capacity of
muscle tissue would delay fatigue onset or lessen the impact of energy depletion on the onset of
fatigue. Favoring a shift in skeletal muscle fiber type composition towards slow, fatigue-
resistant, oxidative fibers (type | myofibers) is beneficial in stamina-based disciplines (e.g.
endurance racing), whereas a shift towards fast, fatigable, glycolytic fibers (type 11X myofibers)
improves performance in speed-based activities (e.g. racing, reining) and strength-based
disciplines (e.g. show jumping, eventing) (Barlow et al. 1984; Rivero et al. 1993; Denoix 2013;
Rivero and Hill 2016). In type 11X fibers the cross-sectional area is greater than that of their type
I and 1A counterparts, implying not only a different myosin heavy chain (MyHC) expression,

but also a higher total volume of content (Paul and Rosenthal 2002).



Biomechanical assessment: electromyography and kinematics

Electromyography (EMG) has been extensively used in multiple animal species before
(\Valentin and Zsoldos 2016). Electromyography has been used in humans to assess athletic
performance, research of neuromuscular activity, and diagnosis of neurological and
musculoskeletal disorders in a clinical setting. Despite some intrinsic limitations of animal
research (Reaz et al. 2006), electromyography has gained traction in the muscular evaluation of
different species in the last few decades (Valentin and Zsoldos 2016). Numerous variables and
analyses derived from electromyographical data collected in a static or dynamic setting have
been described as useful in racehorses (Takahashi et al. 2018; Williams 2018). Successive
recruitment of motor units will occur until all available motor units are activated in an attempt
met demands of force generation. The recruitment order follows the size principle and begins
with the smaller, highly excitable motor units, progressing towards the larger motor units.
Consecutive action potentials causing contractions of the muscle fiber before relaxation is
allowed will ultimately cause a state of tetany and a maximal, sustained generation of force. This
phenomenon is known as summation of force (Feher 2012). Direct visualization of EMG data
allows for descriptive assessment of onset, duration, offset, and timing of myoelectrical activity,
as well as electrode placement, noise, and artifacts if bilateral evaluation of a muscle is
performed. Analysis of EMG signals often require noise removal by use of high- and low-pass
filters, and subsequent rectification to obtain a positive signal that fluctuates according to the
strength of motor unit action potentials. Integrated EMG (IEMG) provides a way to evaluate
summation of muscle workload between different exercise timepoints. The area under the curve
of the integrated EMG trace provides a “volume” of the work performed, proportionately

increasing with contraction intensity (Williams 2018). Furthermore, IEMG has been employed to
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determine fatigue rate in human muscle using individual motion cycles (Malinzak et al. 2001).
Median frequency will increase as activity commences plateauing at approximately 60-70 Hz for
the equine species indicating activation of fast fibers. As muscle fatigue progresses, fast-twitch
fibers stop contracting effectively while slow-twitch fibers remain active, thus shifting the median
frequency towards 30 Hz (Colborne et al. 2001a; Reaz et al. 2006; Phinyomark et al. 2012).
Kinematic evaluation describes to the motions of an individual performing an action.
Determination of the positioning of an object of interest can be in a bi-dimensional or tri-
dimensional space. Multiple methods for achieving this exist and include infrared motion
tracking in three dimensions, bidimensional reflective videography, traditional marker-less
videography, and both digital and physical goniometry (Back et al. 1997). Gathering of data for
this purpose allows for vector decomposition, determining angles, velocities and acceleration of
the objects of interest, namely a marker on a known anatomical structure (Buchner et al. 1994).
Joint angles will tend to be consistent within the same gait and speed, while suffering alterations
towards fatigue as compensatory mechanisms kick in, allowing the organism to maintain a
desired speed or force demand (Edouard et al. 2018). Evaluation of these motions in contrast
with comparable, known values of normality allow for interpretation of the individual’s status in
respect of other variables (Colborne et al. 2001b; Clayton and Hobbs 2017). Such variables can
include lesions, training, supplementation, or drug effects, among other factors. Small changes in
proximal areas of the body can have significant effects on distal portions, as well as distant,

unrelated parts of the body (Hardeman et al. 2019; Hardeman et al. 2020).
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Exercise and response to fatigue

Exercising and muscular conditioning in the horse aim at increasing force output,
improving aerobic metabolic capacity, increase in glycogen muscle deposits, optimization of
muscle fiber composition, structural adaptation of tissues (Van Hoven 2006; Gerard et al. 2013).
Simply put; improving speed, strength, and stamina (Rivero 2007; Rogers et al. 2007). Degree
and nature of muscular response to exercise will depend on two main factors: status of muscle at
the beginning of training (breed, age, sex, fitness level), and type of stimulus (intensity, duration,
frequency, type) (Rivero 2007). Different exercise regimens will cause distinct structural and
biochemical adaptations in the muscle that will subsequently modify the physiological traits of
speed, endurance, and strength, until conditioning is achieved (Serrano et al. 2000; Rivero 2007;
Leisson et al. 2008). Muscle adaptation to exercise will follow two paths: increasing individual
fiber size irrespective of the number of nuclei (hypertrophy) with local microvasculature
remodeling (Paul and Rosenthal 2002; Rivero 2007) resulting in increased power output
capacity, and metabolic transitioning with changes in mitochondrial numbers and fiber-type
shifts where a decrease in muscle fatigability is primarily seen (Rivero 2007).
Muscle fatigue, commonly defined as a decrease in the force-generating capacity of muscle
tissue, has been divided in central and peripheral components (Fowler 2002; Pedersen et al.
2004; Mueller-Wohlfahrt et al. 2013). Fatigue has also been previously termed anaerobic fatigue
and can be subdivided in two different components, depending on the etiopathogenesis, as
neurogenic and muscular (McMiken 1983; Gerard et al. 2013). Neurogenic acute fatigue depends
on neurotransmitter depletion or electrolyte imbalances disrupting membrane potentials such as
in endurance conditions (McMiken 1983). Muscular acute fatigue relies on depletion of local

energy substrate, and local accumulation of metabolites such as lactate (McMiken 1983).
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Central fatigue refers to events occurring in the central nervous system and structures
located proximally to the neuromuscular junction that decrease neural drive to the muscle
through different mechanisms. Conversely, peripheral fatigue involves alteration to components
of the neuromuscular junction; motor axons, endplate, and innervated muscle fibers (Ament and
Verkerke 2009; Wan et al. 2017). Muscle fatigue encompasses a wide array of signs that
ultimately presents as the incapacity of the tissue to continue performing work at a given rate or
intensity, a loss of power output, and electrical or contractile disturbances. Muscle fatigue signs
in humans has been described as longer reaction times, decreased coordination and motor control
precision, reduced force generation capacity, and lower performance (Kellis and Liassou 2009).
Similarly, signs of muscle fatigue in horses manifest as decreased stride frequency, increased
stance times, increased maximum metacarpophalangeal joint (MCPJ) extension angle, stride
lengthening with increased suspension time, increased vertical range of motion, general decrease
in speed, fasciculations (post activity), muscle soreness, tenderness, and reluctancy to move
(Foreman 1998; Colborne et al. 2001a; Cifrek et al. 2009; Pugliese et al. 2020). If muscular work
is continued, fatigue will progress to a state of exhaustion in which a stiff gait, muscle stiffness
and cramping are present (Foreman 1998). Continued strenuous work beyond the homeostatic
capabilities of an individual can progress into moderate to severe multisystemic and
hemodynamic disturbances, as well as onset of exertional heat illness (Brownlow and Mizzi
2021). Thermal stress originated from internal sources (e.g. muscle contractions, metabolism) or
external sources (e.g. ambient temperature, excessive insulation) hasten fatigue onset and can
lead to early exhaustion by reaching critical core temperatures of >40° Celsius (Brownlow and
Mizzi 2020). Once this threshold is crossed, a drastic drop in performance can be observed as a

safety mechanism to prevent homeostatic failure (Schlader et al. 2011). Blood circulation plays a
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major role in heat dissipation originating from non-superficial tissues such as organs, muscle,
and brain (Hodgson et al. 1993; Brownlow and Mizzi 2020). Increased skin vascular demand for
thermoregulating competes with muscle tissue demands for a finite cardiac output, fostering
dyshomeostasis (Brownlow and Mizzi 2021). Heat production above the body’s dissipation
capabilities rapidly increases core temperature and decreases the cardiovascular system’s
efficiency creating a negative feedback loop (Ament and Verkerke 2009; Schlader et al. 2011).
Decreased blood flow to peripheral tissues, including muscle and central nervous system, further
favor glycolytic process and central thermoregulatory dysregulation, respectively (Krogh 1919;
Ament and Verkerke 2009). The central nervous system in mammals is particularly susceptible
to hyperthermia (Hodgson et al. 1993). Hyperthermia-induced alterations to the nervous system
in humans will manifest, in a continuum, as fatigue, weakness, altered behavior, disorientation,
encephalopathy, coma, and ultimately, death (Brownlow and Mizzi 2021). Specialized
anatomical structures to relieve CNS hyperthermia have been evolved by some prey species (e.g.
carotid rete in artiodactyls), but such anatomical adaptations have yet to be confirmed in the

equine (Brownlow and Mizzi 2020).
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Energy metabolism

L-Lactate is the levorotatory isomer of lactic acid and an intermediate reservoir supplying
pyruvate needed in oxidative phosphorylation. Synthesis of lactate occurs constantly in aerobic
and anaerobic conditions, but its production is enhanced in the absence of oxygen. Elevated
lactate concentrations can have different significances and meanings, based on concentrations
and physiological context, increasing proportionately to a workload (Munsters et al. 2014). In
anaerobiosis the TCA and oxidative phosphorylation are halted. Glycolysis then takes over as a
fast but inefficient process for supplying energy via lactate dehydrogenase activity by causing an
increase in NAD+ through the oxidation of NADH, allowing for the respiratory chain to
continue, although at a lower efficiency rate (Harris and Snow 1988; Rogatzki et al. 2015; Sun et
al. 2017; Ferguson et al. 2018; Brooks 2020). This reaction takes place in multiple tissues
including blood, brain, muscle tissue with the purpose of supplying substrate for the respiratory
chain (Brooks 2020). Lactate is continuously recycled into ATP, CO2 and H2O under aerobic
conditions whereas it accumulates locally and systemically under anaerobic conditions (Brooks
2020). Increases in lactate concentrations cause a momentary metabolic acidosis by increased
hydrogen concentration that is buffered by bicarbonate ions (Brooks 2020). In higher
concentrations, lactate diffuse to the interstitial space and will be transported via systemic
circulation to the liver where it will be converted to pyruvate and then to glucose following
Cori’s cycle. This conversion allows the muscles to utilize glucose and partially replenish ATP
allowing for further muscle activity (McMiken 1983). Once the tipping point between respiration
and glycolysis (the lactate threshold) is crossed, hydrogen ion concentrations increase, lowering
the pH as a result. This acidosis is dampened by buffering hydrogen ions with bicarbonate and

generating carbonic acid that exothermically dissociates into carbon dioxide and water. Excess
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CO: is exhaled during breathing, process relying on adequate lung perfusion and ventilation to
achieve maximal efficiency (Ament and Verkerke 2009; Ferguson et al. 2018). Lactate fulfills its
metabolic purposes as a precursor of gluconeogenesis and as source of energy for mitochondrial
oxidation by means of the intracellular lactate shuttle, as well as a signaling purpose by acting as
an autocrine, paracrine, and endocrine molecule. High concentrations of lactate prompt a surge in
reactive oxygen species inside the cells, an increased expression of angiogenic factors, and
synthesis of sirtuins (Sir2 family) responsible for cellular homeostasis involved in mitochondrial
function regulation. Lactate-mediated modulation of mitochondrial biogenesis occurs as an
adaptive response to energy deficient conditions. This mechanism is paradoxically responsible
for suppressing adipose lipolysis by binding to the hydroxycarboxylic acid receptor 1 (HCAR-1)
G-protein, further impairing energy supply. Lactate is presumed to have an epigenetic influence
on the genome by lactylation of lysine residues on histones, thus modifying gene expression and

protein synthesis (He et al. 2016; Brooks 2020).

STUDY HYPOTHESIS

The hypothesis of this study was that supplementation of a balanced diet with calcium
beta-hydroxy beta-methylbutyrate monohydrate would increase a horse’s athletic performance
by delaying the onset of fatigue and elicit a myofiber type shift increasing the percentages of

oxidative fibers and expression of their associated myosin heavy chain (MyHC) isoforms.
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CHAPTER II

Beta-hydroxy beta-methylbutyrate (HMB) supplementation to adult Thoroughbred horses
increases type 1A fiber content in the gluteus medius without direct improvement of muscle

performance during intense high-speed treadmill exercise

Nicolas I. Busse, Madison L. Gonzalez’, Mackenzie L. Krason, and Sally E. Johnson®

T Department of Animal and Poultry Sciences, Virginia Polytechnic Institute and State

University, Blacksburg, VA 24061
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ABSTRACT

Consumption of B-hydroxy B-methylbutyrate (HBM), a leucine metabolite, alters muscle
composition and metabolism leading to strength and agility improvements in human athletes. To
determine if HMB affects athletic performance and muscle function in horses, Thoroughbred
geldings were fed a control (CON; n=5) or HMB (n=6) supplement (30 mg/kg/day) for 6 weeks
prior to completing a standardized exercise test (SET). Gluteus medius (GM) muscle samples
were obtained before the SET for fiber-typing and blood was collected before and immediately
upon completion of the SET for lactate measurements. Heart rate (HR), biceps femoris (BF) and
semitendinosus (ST) surface electromyograms, and fore- and hindlimb metacarpophalangeal
joint angles were captured for the duration of the SET. Results demonstrate that HMB
supplementation increased (P < 0.05) the percentage of type 1A muscle fibers in the GM with a
corresponding decrease (P < 0.05) in type 11X fibers. The percentage of type | fibers was
unaffected by diet. Supplementation with HMB did not result in any measurable effects on
performance, muscle function or biomechanical properties by comparison to CON. Increasing
treadmill speed resulted in an increase (P < 0.05) in stride length and maximal extension angle of
the fore fetlock, and a shortening (P < 0.05) of the stance phase of the gait cycle. Integrated
EMG (iEMG) increased (P < 0.05) with increasing treadmill speeds for both the BF and ST, with
the BF exhibiting greater iEMG than the ST. In summary, HMB increased the percentage of type

I1A fibers which did not translate into improved athletic performance.
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INTRODUCTION

Beta-hydroxy B-methylbutyrate (HMB), alternatively referred to as
hydroxymethylbutyrate, is a metabolite of leucine used by athletes as an ergogenic aid. Oral
supplementation strategies in conjunction with resistance training or a combination of skill and
strength training results in an increase in lean body mass (LBM), power (watts) and speed in
adult men (Wilson et al. 2014; Durkalec-Michalski et al. 2017). The gains in LBM correlate with
a reduction in skeletal muscle protein degradation, and a modest increase in muscle protein
synthesis (Nissen et al. 1996; Wilkinson et al. 2018). The protein accretion effects are duplicated
in pigs and rats consuming HMB (He et al. 2016). Improved body composition in response to
HMB also is linked to altered systemic hormone and cytokine profiles. Minor increases in
growth hormone occurs in rats fed HMB and improved insulin Kinetics are observed in both
rodents and humans in response to the diet supplement (Kaczka et al. 2019). Pigs administered
HMB show improved LBM coincident with greater concentrations of serum interleukin-15 and
fibroblast growth factor-21, both myokines involved in fat metabolism and decreased fat
deposition (He et al. 2016; Duan, Li, et al. 2018). Thus, the means by which HMB positively
affects muscle form and function is multifaceted and includes protein turnover and enhanced
metabolism.

High intensity exercise, such as that experienced by racehorses, results in fatigue that can
lead to injuries and lost training time (Boston and Nunamaker 2000). An improved capability to
identify the early onset of muscle fatigue may limit tissue damage, thereby allowing for the
design of athlete-specific training and conditioning programs. Biomechanical gait analysis of
horses working on a high-speed treadmill reveals an increase in stride length, decrease in stance

time and an increase in fetlock joint angle of (Corley and Goodship 1994; Wickler et al. 2006;
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Cruz et al. 2018). The general changes in kinematic parameters are duplicated by horses working

on dirt racetracks with a decrease in stride length occurring with fatigue (Morrice-West et al.

2020; Takahashi et al. 2021). Changes in biomechanical properties of the limbs are reflective of

increasing surface electromyography (SEMG) activity with speed and the resulting decline in

muscle activation as fatigue develops (Colborne et al. 2001a; Robert et al. 2001; St. George et al.

2019). However, SEMG activities vary with a muscle’s location in the body and its role in
propulsion or skeletal stabilization (Takahashi et al. 2018; Takahashi et al. 2020).

The hypothesis that HMB improves skeletal muscle oxidative metabolism leading to
fatigue resistance and improved kinematic parameters was tested in adult, unfit Thoroughbred
geldings. Our results reveal that HMB supplementation can increase the percentage of type 1A
muscle fibers in the gluteus medius, but this does not translate into detectable changes in

hindlimb muscle activation or performance.
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MATERIALS AND METHODS
Diet and Husbandry

All horse protocols were reviewed and approved by the Virginia Polytechnic Institute and
State University Institutional Animal Care and Use committee. Twelve Thoroughbred geldings
(7.3 £ 0.8 yrsand 527.2 + 6.9 kg BW) were deemed sound and clinically healthy before initiating
activity. The horses were housed in dry lot pens in groups of three, with ad libitum access to water
and mineral supplements. Horses were individually fed for 42 d a commercial grain product at
0.25% of BW in two meals daily with a topdress control (CON; 1.8 g L-glutamine, 350 mg vitamin
C, 104 1.U. vitamin E, Platinum Performance, Buellton, CA; n=5) or treatment (HMB; CON mix
containing 12.5 g Ca-HMB, Platinum Performance; n=6) supplement. Hay was provided at 1.75%
of BW to each pen (Table 2-1). Diets met the energy requirements for adult, sedentary horses.
Horses were rotated through each pen (n=4) at 10-day intervals. One horse in the CON group

failed to complete the feeding trial due to complications unrelated to the experiment.

Exercise Protocol

Horses were fitted with a heart rate (HR) monitor (\VV800, Polar, Bethpage, NY) prior to
exercise on a highspeed treadmill (EquiGym, Paris, KY). Each horse performed an incremental
standardized exercise test (SET) until fatigue was reached (Allen et al. 2016). The SET consisted
of 2 m/s for 3 min, 4 m/s for 4 min at a three-degree incline, 6 m/s for 1 min, 8 m/s for 1 min,
and 10 m/s for 1 min. Incremental 1 m/s/min steps were then applied until fatigue ensued.
Fatigue was defined as the moment when the horse could no longer maintain its position on the

treadmill in response to moderate encouragement.
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Sample Retrieval

Blood was obtained by venipuncture into sodium fluoride / potassium oxalate-containing
grey-top tubes (BD Vacutainer, Franklin Lakes, NJ) from the jugular vein alternating between
sides to decrease risk of phlebitis. Collection times included pre-exercise, and at 0 min, 20 min,
60 min and 24 h post-exercise. Plasma was isolated by centrifugation at 1,500 x g for 10 min at
4°C and stored at -80°C until further analysis. Plasma lactate concentration was determined
colorimetrically (Lactate Assay Kit, Sigma Aldrich, St. Louis, MO).

Muscle biopsies were obtained from the gluteus medius (GM) muscle in the standing,
sedated horse (Xylazine 0.8 mg/kg, VetOne, Boise, ID). Location for percutaneous access to the
ventral compartment of the GM was identified by tracing an imaginary line between the tuber
coxae and sacrococcygeal joint, and establishing the site between the first third and the center
point of this line (Wagner et al. 2013). Retrieval of biopsies was performed using a vacuum
assisted biopsy system equipped with 10 G x 100 mm biopsy needles (BD EleVation Breast
Biopsy System, BD, Franklin Lakes, NJ) through a 10-mm-wide stab incision after aseptic
preparation of the area. Muscle destined for molecular analysis was wrapped in aluminum foil
and snap-frozen in liquid nitrogen. Biopsies destined for histological analysis were embedded in
optimal cutting temperature media (Tissue-Plus O.C.T. Compound, Fisher Scientific, Waltham,
MA) and frozen in a controlled manner using liquid nitrogen over 45 seconds to prevent sample
disruption and fracturing of the OCT block. Muscle biopsies were cut into 10 pum sections using
a cryostat and mounted on glass slides (SuperFrost Plus, Fisherbrand, Pittsburgh, PA), allowed to

dry for 30 min, and stored at -80°C.
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Electromyography

A 1-cm? area near the middle portion of each biceps femoris (BF) muscle and
semitendinosus (ST) muscle was clipped and shaved to the skin, then fitted with two 50mm
flexible cloth ECG surface electrodes (Nissha Medical Technologies, Buffalo, NY) applied with
cyanoacrylate glue (Gorilla Glue Company, Cincinnati, OH). A small blob of conductive gel was
placed under the sensor to improve electrode contact and data capture. Electrodes were aligned
with the muscle fibers leaving an inter-electrode distance of approximately 50 mm.
Electromyographic activity was recorded for the entirety of the trial for each individual.
Electromyographic data was processed using SEMG Analyzer software suite (BTS
Bioengineering Corporation, Quincy, MA) using 3rd order Butterworth low- and high-pass

filters set at 450 Hz and 40 Hz, respectively (St. George et al. 2018).
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Immunohistochemistry

Frozen slides were allowed to equalize at room temperature and washed in PBS three
times for 5 min each. Fixation of samples was performed using pre-chilled 1:1 methanol and
acetone solution at -20°C for 15 min. Hydrophobic rings were drawn around each muscle sample
and the slides were further rinsed in PBS again using the same procedure. Incubation of
cryosections with anti-MyHC 1 (1:200 dilution, BA-D5, Developmental Studies Hybridoma
Bank, lowa City, IA), and anti-MyHC I1A (1:100 dilution, A4.74, Developmental Studies
Hybridoma Bank) antibodies for 60 min in a humidified chamber at room temperature.
Antibodies were diluted in 1% horse serum blocking solution. Secondary antibody mix contained
goat anti-mouse Alexa Fluor 488 1gG: (1:1,000, Thermo Fisher, Waltham, WA) and goat anti-
mouse Alexa Fluor 555 1gG2b (1:1,000, Thermo Fisher) antibodies, in addition to 4',6-
diamidino-2-phenylindole (10 pg/mL, Thermo Fisher), and wheat germ agglutinin Alexa Fluor
647 conjugate (2 pg/mL, Thermo Fisher). After 30 min of secondary incubation, slides were
rinsed in PBS, coverslipped in 30% glycerol in PBS (v/v) and sealed with clear nail polish. Fiber
identification and image acquisition of immune complexes was performed using an inverted
epifluorescent microscope (Ti Eclipse, Nikon, Melville, NY) with shutter speed controlled by

NIS Elements software (Nikon, Melville, NY).
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Kinematic Evaluation

A set of eight 2-cm polystyrene hemispherical retroreflective markers were placed on the
center of rotation of joints in the sagittal plane of the distal, and proximal fore- and hindlimbs as
described elsewhere (Leach and Dyson 1988). Footage of the entirety of the trial was recorded
using a Quintic High-Speed LIVE camera (Quintic Consultancy Ltd, Birmingham, UK) with a
/1.2, 8-48 mm zoom lens (Computar H6Z0812, CBC America, Cary, NC) at a capture rate of
150 frames per second. Quantitative biomechanical data was collected by sampling consecutive
strides using Quintic Biomechanics Video Analysis Software (v.31, Quintic Consultancy Ltd.,
Birmingham, UK). For each speed step, 10 s of footage was isolated for individual analysis. Five
consecutive strides were assessed for angular and linear measurements. Datasheets for each
parameter were exported from the EMG analysis software and compiled using Microsoft Excel

(Office 365, Microsoft Corporation, Redmond, WA).

Statistical Analysis

Biomechanical and iIEMG data were analyzed as a mixed model, 2-way ANOVA with
speed and diet as fixed effects. Sidak’s multiple comparisons with a pooled variance was
performed with significance established at P < 0.05. Median frequency (MdF) was analyzed in a
similar manner with physiological endpoint and muscle as the fixed effects. Simple linear
regression was performed using root mean square (RMS) of the EMG voltage. Slopes were
considered different at P < 0.05. Body weight, V200 (speed at which HR reaches 200 beats per
minute (bpm)), time to exhaustion (TTE), blood lactate and fiber types were analyzed by two-
tailed, unpaired student T-test assuming Gaussian distribution and equal standard deviations.

Significance was established at P < 0.05. In all instances, a trend was defined as 0.05 <P < 0.10.
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RESULTS

Physiological parameters were examined before and after a standardized exercise test
(SET) session to exhaustion. Supplementation with HMB did not affect either bodyweight, blood
lactate concentration or V200 (Table 2-2). As expected, maximal HR remained unchanged
(Table 2-2).

The effects of HMB on muscle composition were evaluated by conventional fiber typing
using antibodies specific for myosin heavy chain (MyHC) isoforms | and 1A (Fig. 2-1A).
Enumeration of the immunostained type | fibers demonstrated no differences (Fig. 2-1B). An
increase (P < 0.05) in percentage of type I1A fibers with a concomitant decrease (P < 0.05) in the
percentage of type I1X fibers was noted in response to HMB (Fig. 2-1 C-D). Cross-sectional area
of the various fiber types was unaffected by diet (Fig. 2-1E).

The impact of altered 11A:11X myofiber content was assessed by surface EMG of the
biceps femoris (BF) and semitendinosus (ST) muscles during performance of the SET. The root
mean square (RMS) of the average EMG amplitude was linear regressed from 2 m/s through 11
m/s, the average V200 and predicted maximal oxygen consumption (VO2zmax), to compare muscle
activation in response to increasing speed (Fig. 2-2). Results demonstrate no effect of
supplement on rate of muscle activation for either the left BF or ST (Figs. 2-2A,C). The right BF
of horses supplemented with HMB tended (P = 0.06) to reach maximal muscle activation at a
lesser workload (speed) than those receiving the CON (Fig. 2-2B). By contrast, the right ST of
HMB supplemented horses tended (P = 0.07) to reach maximal muscle activation sooner than

CON (Fig. 2-2D).
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Median frequency, the frequency wherein the EMG wavelet is bisected equally, was
recorded for the right BF and ST during the SET. Although the BF MdF was greater (P < 0.05)
than the corresponding value in the ST, no effect of diet was noted at either 11 m/s or upon
completion of the SET (Fig. 2-2). Integrated EMG is the area under the curve of the rectified
EMG signal expressed in voltage per unit of time. As workload and muscle activation increased
during the SET, amplitude of the EMG wavelet increased resulting in greater (P < 0.05) iEMG
values (Table 2-3). No effect of HMB supplementation was evident on these values. There was
no difference between right side and left side BF or ST activation. Integrated EMG values for the
BF and ST differed (P < 0.05) from one another at speeds greater than 2 m/s (Fig. 2-3).

To determine if HMB affects biomechanical properties as a horse nears fatigue, gait and
fetlock goniometric parameters were measured during the SET. Results reveal no effect of HMB
on any aspect of the gait cycle or fetlock extension (Table 2-4). With increasing speed, stride
length increased (P < 0.05) with a reduction (P < 0.05) in time spent in the stance phase (Table
2-4). The extension angle of the loaded front fetlock increased (P < 0.05) with speed, while no
differences were detected during maximal extension of the rear fetlock during the stance phase of

the gait cycle (Table 2-4).
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DISCUSSION

Beta-hydroxy B-methylbutyrate may act as a nutrient repartitioning agent due to its ability
to redirect fatty acids away from storage depots to the mammary gland (Nissen et al. 1994;
Flummer and Theil 2012) and skeletal muscle (Duan, Zhang, et al. 2018; Zhong et al. 2019). A
greater supply of fatty acids to muscle can stimulate mitochondria biogenesis and boost oxidative
phosphorylation, key factors in determining fiber type (Garcia-Roves et al. 2007). Piglets fed
HMB demonstrate an increase in MyHC Ilb mRNA, total fast MyHC and increased type 1l fiber
cross-sectional area (Wan et al. 2016). In a similar manner, mice supplemented with the leucine
metabolite exhibited a reduction in MyHC I and IIA mRNA and an increase in MyHC I1B mRNA
that translated into a greater amount of total fast MyHC proteins (Zhang et al. 2020). By contrast,
men ingesting HMB exhibited a reduction in the percentage of type 11X fibers in the vastus
lateralis with a tendency for an increase in the percentage of the more oxidative type Il1A fibers
(Jakubowski et al. 2019). Our results more closely reflect those in young men with a shift away
from the type 11X fiber toward a type I1A fiber. It is interesting to note that in rodents and pigs,
species where MyHC llb is expressed in locomotive muscles, HMB supports a transition toward
a more glycolytic fiber type while in species that do not express the 11B gene (humans, horses)
appears to act in an opposite manner. This divergent responses may be related to evolution of
modes of ambulation, role as predator or prey in foraging interactions, or purely coincidental as a
limitation of the current study is the absence of supporting mitochondria number and enzymatic
activities (citrate synthetase, succinate dehydrogenase) pointing conclusively towards improved

oxidative phosphorylation driven ATP generation.
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A greater percentage of oxidative muscle fibers is associated with improved athletic
performance in horses (Rivero and Hill 2016). Although horses fed HMB contained more type
I1A fibers in the GM, this did not translate to improved V200 during the SET. The absence of a
measurable effect may be related to the use of unfit geldings. Fit men participating in an
integrated strength and endurance training program demonstrated an increase in anaerobic power
that was associated with a tendency for improved VO2max (Durkalec-Michalski et al. 2017). The
modest performance gains in men may be secondary effects related to reduced muscle damage
and improved recovery times (Gepner et al. 2018). A recent meta-analysis supports a role for
HMB in lowering blood creatine kinase and lactate following a bout of exercise (Rahimi et al.
2018). Similar to humans, Thoroughbred racehorses in training exhibited lower post-exercise
blood lactate and creatine kinase in response to HMB co-supplementation (Ostaszewski et al.
2012). No changes in post-exercise blood lactate in the horses receiving HMB herein reflects a
difference in exercise parameters. Blood lactate immediately post-exercise were greater than 10
mM which are strikingly different than the 4 mM values reported by others (Ostaszewski et al.
2012) and point to a more intense bout of work. Future efforts using fit horses may help unravel
the value of HMB to a training program.

Recognizing the early stages of fatigue would allow to limit tissue damage due to
overtraining and exertional exercise. Surface EMG provides insight into the neuromuscular
activities controlling contraction and muscle function. It may represent a less invasive and more
precise method of detecting early onset fatigue. The tool does come with some limitations that
include loss of skin contact leading to signal artifacts, complete dislodgement of the device from
the moving animal, and subcutaneous fat interference (Williams 2018). From a physiological

perspective, the value of SEMG to detect fatigue has been questioned owing to the multifaceted
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nature of the condition and confounding factors (electrolyte imbalance, neural drive, etc.)
affecting myoelectric activity (Vigotsky et al. 2018). The horses performed exercise to
exhaustion leaving no doubt that fatigue had been reached thus, diminishing the value of SEMG
activity upon completion of the SET. Our objective was to detect changes in SEMG prior to
exhaustion that may be a sign of impending fatigue. Median EMG frequencies for both the ST
and BF align with those reported by others (Takahashi et al. 2018; Takahashi et al. 2020) and
remained stable over the course of the SET, arguing that muscle activation and proportion of
recruited fibers was largely unaffected. Thus, it was not unexpected that the RMS slopes for
CON and HMB BF and ST muscles were similar leading up to V200. Comparison of the EMG
amplitudes at each of the SET’s predefined speed steps further supports no deficits in muscle
activation. It is noteworthy, however, that the BF iEMG at the various speeds is nearly double
than that of the ST. The BF, ST and semimembranosus muscle form the hamstring and work
cooperatively to provide propulsion to the horse. Given the ST and BF both contain 85-90% type
Il muscle fibers (Kawai et al. 2009), the difference in IEMG may be attributed to larger motor
units found in the BF which is responsible for greater power output. Collectively, our results
indicate that noticeable altered muscle activity, as measured with SEMG, did not occur
immediately prior to fatigue.

Biomechanical gait assessment during exercise offers a non-invasive means of gauging
performance-related declines. Consistent with previous reports, an increase in stride length,
decrease in stance phase time and increased fetlock joint angles were found with increasing
treadmill speed (Corley and Goodship 1994; Mufioz et al. 1997; Johnston et al. 1999). Variations
in these parameters can correlate with fatigue. Increased extension at the fetlock during stance

phase of the gait cycle suggests a decreased force-output capacity in the flexor muscles of the
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digit. Fatigued muscles are incapable of performing the eccentric contractions necessary to
counteract the load placed on the hoof during this phase of the step, thus causing overextension
of the distal limb (Thorpe, Clegg, et al. 2010) Components such as the accessory ligaments of the
digital flexor tendons (proximal and distal check ligaments) protect tendons and muscles from
overextension of the digit by absorbing excessive loading. Risk of injury increases when these
structures are subjected to a single load exceeding their physiologic capacity (ultimate tensile
strength), or when repetitive, less forceful overloading events occur causing cumulative fibril
microdamage (Thorpe, Stark, et al. 2010)

Supplementation with HMB did not alter any kinematic parameter during the SET
corroborating the EMG and blood biochemistry results that the metabolite offers no performance
gains under these experimental conditions. There was a tendency for fetlock angles to have a diet
and speed interaction effect. This result, however, should be viewed with caution as the horses
had prior racing careers that may have caused structural conditioning of ligaments and tendons,
thus showing subtle differences in fetlock angles.

In conclusion, HMB supplementation to adult, unfit horses results in an increase in type
I1A fibers at the expense of type 11X fibers. The gain in fast twitch, fatigue-resistant fibers does
not directly translate into biomechanical or athletic performance improvements in the absence of

exercise or ancillary stimuli.
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TABLES AND FIGURES

Table 2-1. Chemical composition of feedstuffs, dry matter basis.

Component Concentrate Hay
Dry Matter, % 91.4 92.6
Crude protein, % 18.3 15.7
Acid detergent fiber, % 25.3 38.4
Neutral detergent fiber, % 40.6 62.6
Starch, % 8.6 0.7
Fat, % 12.4 3.4
Ash, % 7.7 6.5
Calcium, ppm 12,190 4,200
Copper, ppm 226 9
Iron, ppm 346 116
Magnesium, ppm 4,890 2,330
Manganese, ppm 217 90
Phosphorus, ppm 8,710 4,600
Potassium, ppm 14,240 33,100
Sodium, ppm 2.235 60
Zinc, ppm 226 27

Calculated DE, Mcal/kg DM 3.02 2.08




Table 2-2. Effects of CON and HMB supplementation?® to adult horses for 42 d on performance parameters?,

CON HMB
Bodyweight, kg 531.6 £ 3.7 530.3+3.2
Blood lactate post-exercise, mM 141+14 140+14
HRmax, bpm? 208.0+£6.0 209.0+7.0
V200, m/s 10.7+£0.3 11.3+£0.2
Time to exhaustion, min 12.1+£0.3 124 +0.3

1 Horses were fed a CON supplement (3.5 g L-glutamine, 700 mg vitamin C, 209 I.U. vitamin E) or CON

supplement containing 15 g of B-hydroxy B-methylbutyrate (HMB).
2 Means and SEMs presented.
3bpm, beats per minute.
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Table 2-3. Integrated EMG values (mean £ SEM) for the right (R) and left (L) biceps femoris (BF) and (ST) of

adult Thoroughbred geldings performing an incremental exercise test?.

Speed, m/s RBF, uV/s LBF, uV/s RST, uV/s LST, uV/s
2 0.906 + 0.035 0.732 + 0.032 0.254 + 0.011 0.248 + 0.004
4 5188 + 0.171 4561 + 0.092 1.945 + 0.101 1.386 + 0.038
6 9.336 * 0.332 8.368 + 0.135 3.636 + 0.083 2.686 + 0.005
8 12311 + 0.780 10.773 + 0.170 4890 + 0.194 3985 + 0.026
10 15.081 + 0.859 13470 + 0.039 5905 + 0.343 5716 + 0.042
11 18.394 + 1.327 17.176 + 0.440 8.109 + 0.166 7661 + 0.128
12 21.821 + 1.806 20.364 + 0.690 10.641 + 0.486 9.626 + 0.140
13 24497 + 1.973 24332 + 0.534 12.676 + 0.781 11.939 + 0.941

L All values within a column differ from one another at P < 0.05 except those in bold.
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Table 2-4. Biomechanical properties of adult horses supplemented with HMB for 42 d performing an incremental exercise test?.

Control, m/s HMB, m/s SEM? P-value?

10 11 12 13 10 11 12 13 D S  DxS
:”de length, oy 566 595 6.9 545 553 601 641 0.22 0926 0006 0.903
Stance,
o 127.00 119.01 111.90 10657 12693 118.05 11146 106.02 291 0799 <0001 0.946
Swing,
o 40054 39077 388.11 392.44 387.44 38920 387.66 38467  13.61 0806 0.179 0.079
FF stance?,
g 24498 24506 24751 248.73 242.95 24544 24634  245.93 3.48 0921 0003 0078
RF stance®,
g 24719 24771 24817 248.83 246.60 248.39 248.80 249.36 3.33 0875 0125 0.179

1 Adult geldings were supplemented with Control (CON, 3.5 g L-glutamine, 700 mg vitamin C, 209 1.U. vitamin E) or CON containing 15
grams of f-hydroxy p-methylbutyrate (HMB) daily for 42 d, followed by an incremental exercise test to exhaustion.

2D, diet; S, speed; D x S, diet by speed interaction.

% Largest SEM presented.

4 Maximal posterior angle of right front fetlock (FF) or right rear fetlock (RF).
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Figure 2-1. Immunofluorescence results of gluteus medius muscle biopsies. (A) Composite,
false-colored, multilayer image of a gluteus medius immunostained 10 um section. Red: stained
type | myofibers (BA-D5 antibody). Green: stained type I1A fibers (A4.74 antibody). Black:
unstained type 11X myofibers. Fuchsia: myofiber membrane (WGA). Blue: not visible, cell nuclei
(DAPI). (B) Type I fibers, percental averages. (C) Type IIA fibers, percentual averages. (D) Type
11X fibers, percentual averages. (E) Cross sectional area per fiber type per group, mm?.
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Figure 2-2. Average RMS values at different speeds for two propulsive muscle groups of
the hindlimb. Averages per group shown, significance set at P <0.05. (A) and (B) Biceps femoris
muscle (BF). (C) and (D) semitendinosus muscle (ST).
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CHAPTER Il

Study implications and future research opportunities

Results of the present report evaluating HMB supplementation in adult, unfit
Thoroughbred horses suggest potential ergogenic effects under these incremental exercise
conditions. Contrary to our hypothesis, HMB supplementation did not have a substantial effect
on the athletic performance of the study population. To the author’s best knowledge, this is the
first report of myofiber-type shift from type 11X myofibers to type 1A fibers in response to
HMB supplementation. Beta-hydroxy beta-methylbutyrate, metabolite of the BCAA leucine,
was found to have a statistically significative effect on myofiber composition of the GM, but no
effect on post-exercise blood lactate concentrations, V200, or time to exhaustion (TTE). The
goal of an ergogenic compound is to safely improve the functional capacity of a work-limiting
tissue. Previously described dosages of HMB and frequency of administration to horses (30
mg/kg BM/day, split in two equal servings) used by Ostaszewski and collaborators (2012)
slightly differ from the optimal recommended posology for humans of 38 mg/kg BM/day, split
in three equal servings (Wilson et al. 2013; Lima-Soares et al. 2017). Both of these differ as
well as from those reported in other species including rodents, swine, bovine, ovine, and poultry
(Szczesniak et al. 2015). Despite numerous reports of varying efficacy rates, the use of HMB
for its anticatabolic properties on protein metabolism has not been limited to athletic
environments, but also to human patient care during recovery from musculoskeletal injury,
chronic wasting conditions, sarcopenia, and cancer. With this in mind, parallel applications in

animal care and husbandry offer potentially interesting research opportunities.



Proteins have heterogenous synthesis rates (Balagopal et al. 1997), possibly explaining
why fiber transdifferentiation happens in a gradual, progressive manner. Exercise-stimulated
myofibers will increase in size to meet force demands, provided intervals between training
sessions allow for recovery and overcompensation to take place (Rivero 2007; Rogers et al.
2007). If no concurrent stimulation (e.g. exercise) happens parallel to HMB supplementation or
other ergogenic stimuli, expression of different MyHC isoforms might replace previous myosin
chains in the contractile apparatus without increasing the total number of sarcomeres per fiber
(Rivero et al. 2007; Schiaffino et al. 2015). This gradual replacement of sarcomeric
components, similar to that reported by Schiaffino and collaborators (2015), can explain the
heterogeneous populations of hybrid fibers such as I1AX fibers expressing different proportions
of MyHC isoforms (Rivero et al. 1996; Yamano et al. 2005; Bloemberg and Quadrilatero
2012). In our particular case, cross-sectional area remained constant after myofiber
transdifferentiation from type 11X to 1A, further bolstering this notion. Previous studies in
rodents have shown good correlation between myofiber types and their glycolytic or oxidative
activity (Zhang et al. 2020). Similar behavior is likely to occur in equine muscle tissue, and
results of this suggest maximal force output was compromised and traded for endurance-
capabilities. Ergogenic supplementation in the absence of exercise might have latent,
macroscopically unnoticeable effects requiring for mechanical stimuli (e.g., exercise) to
manifest its maximal potential (e.g., growth, increased number of sarcomeres, increased force
output, decreased glycolytic rates, etc.). Athletic performance is not only affected by muscle
composition, but also by cardiovascular capacity, musculoskeletal suitability, familiarity with

the activity to be performed, mental disposition, skill, and environmental factors, among others.



Muscle architecture and ultrastructure of the GM has been well-characterized over the
years, underscoring the importance of adequately matching frames of reference used with the
age, breed, and fitness level of the individuals being studied (Bruce and Turek 1985; Wood et
al. 1988; Lopez-Rivero et al. 1992; Bruce et al. 1993; Valette et al. 1999; Lindner et al. 2002;
Wagner et al. 2013). During this study, the retrieval of muscle biopsies by using a commercially
available, handheld, vacuum-assisted method proved to be effective in the equine, with a
similar efficacy rate as those reported in other species including humans (Barthelemy et al.
2020) and swine (Zhao et al. 2018), although consistent placement of the biopsy needle in the
GM is crucial to retrieve comparable samples originating from the same muscle compartment.

Fatigue has been proposed to be a centrally regulated anticipatory response with
homeostatic preservation as its ultimate goal (Noakes and St Clair Gibson 2004). This central
governor limits work preventing hypoxic conditions from developing in one or more vital
organs such as the heart and brain (Noakes et al. 2001). Control of oxygen demand is indirectly
attained by regulating the number of motor units recruited, thus mitigating Vo2 needs of
peripheral tissue and prioritizing central organ perfusion (Noakes et al. 2001). In humans, the
central governor model, as proposed by Noakes, weaves together feedback factors based on
real-time sensory stimuli, and feedforward mechanisms (e.g. anticipation and previous
experiences), ultimately preventing homeostatic catastrophic failure (Noakes 2012). Implication
of such elements cannot be completely ruled out in an equine fatigue model and should be taken
into consideration during instrument design or assessment of individual behavior. Increases in
muscle mitochondrial content (induced or naturally occurring) could be partially responsible for
increased rates of heat generation despite improved respiration function; consequently,

hastening attainment of critical core temperatures, onset of fatigue, and systemic disturbances.



Mitochondria have been also implicated as regulators of the transdifferentiation of myofibers
(Venhoff et al. 2012). With that in mind, the HMB-mediated upregulated expression of
peroxisome proliferator-activated receptor gamma co-activator 1-alpha (PGC-1 a) can be
considered a responsible for an indirect myofiber shift from fast-twitch, glycolytic 11X fibers
towards more oxidative and fatigue-resistant 11A fibers (He et al. 2016). Measurement of V2qo
(running speed at a HR of 200 bpm) is a valuable tool to evaluate aerobic exercise capacities in
equines (Kobayashi et al. 1999). Its use has been reported in multiple disciplines involving
different breeds including Thoroughbreds and Standardbreds, and under field or laboratory
(high-speed treadmill) conditions (De Mare et al. 2017). High correlation between V2o and HR
allows for monitoring efficacy of a training protocol, and prevention of catastrophic sport
injuries by keeping activity intensities within the exercise capacity of the horse (Kobayashi et
al. 1999; Rivero 2007; De Mare et al. 2017).

Execution of equine-based studies face numerous challenges compared to human studies
on homologous models. Isolated, “on-demand” muscle contractions and motions can be easily
obtained from a human being, whereas a similar, targeted evaluation in the horse is often
unfeasible. Thus, analysis of a specific muscle involves assessing the entire horse in motion,
where complex interactions between multiple muscles are unavoidable. This introduces
confounding elements such as offsetting the onset of fatigue of target muscle, crosstalk during
electromyographic evaluation, and kinematic changes to relieve the amount of work performed
by a fatigued muscle or muscle group. During spatial recruitment of myofibers, increasingly
numerous motor unit action potentials (MUAPS) align with each other and experience
constructive interference (Feher 2012). This summation of individual wave amplitudes results

in a single wave of greater local amplitude when they are in-phase, as seen during RMS



evaluation. Changes in the wavelet envelope can be observed during SEMG captures and post-
processing, providing an additional qualitative visual reference during data capture and serving
as quantitative indicators of motor unit recruitment while comparing different stages of an
exercise bout using both raw and filtered data.

Median frequency (MdF) is used to monitor onset of fatigue in healthy muscle, or as a
diagnostic tool in pathological conditions. In events of muscle fatigue MdF tends to shift
towards lower frequencies (Liu et al. 2014). In humans, MdF frequencies lower than 70 Hz are
associated with dystonic musculature. Concomitantly, an increase in the area under curve of
total power in the low frequency range can be observed in those cases (Go et al. 2014). In this
study, MdF values remained stable around the expected frequencies of approximately 70-75 Hz
for both BF and ST. These experimental conditions did not elicit MdF variations the on BF and
ST after maximal frequencies were reached. The stable frequencies on these muscles suggest
that the assessed muscles did not suffer from neural fatigue as was initially conjectured, and the
absence of any MdF shift correlates with the anticipated steady increase of iEMG values seen
throughout the study (Phinyomark et al. 2012). This indicates that electromyographic
evaluation of different muscle groups is needed to determine if fatigue originates peripherally
from a component of the locomotor system. Additionally, incomplete datasets due to excessive
noise or electrode detachment should be excluded from the analysis; aggressive measures to
mitigate sensor detachment or noise-related artifacts should be taken whenever possible.

Due to their critical role in action potential transmission, the sodium-potassium pump
(Na*/K*-ATPase) and electrolyte disturbances in the muscle have been recently proposed to
play a dual role in muscle fatigue in humans (McKenna et al. 2008). Local Na*, K*, and CI

perturbations may have a protective, force-enhancing effect during early exercise, whereas



extensive disturbances contribute depolarization of the sarcolemma and T-tubules, precluding
further myofiber contraction. In early phases of exercise, increased Na*/K*-ATPase activity
contributes to maintain Na* and K* concentrations and membrane excitability, delaying fatigue.
Conversely, during maximal contraction, exercise-induced inhibition of Na*/K*-ATPase via
accumulation of K* in the T-tubules impairs membrane potential transmission, leading to
muscle fatigue (Pedersen et al. 2004; McKenna et al. 2008). Equine sweat contains important
concentrations of CI', Na*, and K* (140-301 mmol/I, 110-249 mmol/I, 28-53.1 mmol/I,
respectively), thus is considered nearly isotonic relative to plasma. As such, a massive loss of
fluids occurs aggravating pre-existing electrolyte imbalances during prolonged submaximal
exercise, complicating proper muscle action potential transmission (Foreman 1998; Spooner et
al. 2010). Combination of these two mechanisms is conceivably responsible for abrupt
development of muscle fatigue in the horse during intense, maximal activity. After intense
work, acidotic sarcoplasmic conditions hinder the response of the contractile apparatus to Ca?*,
and concurrent membrane depolarization (through K* accumulation in the T-system) limit a
muscle’s capacity to contract. However, intracellular acidosis also exerts a paradoxical
protective effect on myocontractility. This is achieved by decreasing the CI- permeability of the
sarcolemma, decreasing in turn the inward Na* current required to propagate an action potential
thus facilitating contraction in advanced stages of muscle activity (Pedersen et al. 2004). These
interactions can be further modified depending on the nutritional status of the individual, as
lower concentrations of cholesterol in the sarcolemma can negatively impact excitation-
contraction coupling by modulating Cavl1.1 and subsequent Ryanodine receptor type 1 (RyR1)

activation (Barrientos et al. 2017). Decreased membrane cholesterol concentrations also impairs



insulin-mediated glucose uptake by GLUT4 translocation at the level of T-tubules, affecting
local replenishment of energy substrates (Yang et al. 2016; Barrientos et al. 2017).

Extensor muscles of the hip play a crucial role on quadrupedal forward propulsion
(Denoix 2013). The vertebral and pelvic heads of the ST acts by extending the hip during the
stance phase and promote extension of the hock joint and flexion of the stifle joint during swing
phase (Payne et al. 2005). The BF possesses a high power output potential, acting as extensor of
the hip in the stance phase, and as stifle flexor and hock extensor during the swing phase (Payne
et al. 2005; Rivero and Hill 2016). The BF and ST, unlike other deeper muscles (e.g. GM),
provide advantages such as muscle size and superficiality, which improves EMG data quality by
reducing cross-talk (Valentin and Zsoldos 2016). In this study the GM was deliberately excluded
from electromyographic analysis due to the confounding presence of the gluteus superficialis
muscle (GS) partially covering the middle portion and insertion of the GM. The origin of the GM
is covered by the gluteal fascia, while the GS covers the middle portion (area of interest for EMG
evaluation) and insertion of the GM. With this in mind, and the detrimental interference-
generating effect of cross-talk during different gaits, which can render these measurements
inaccurate, our team opted for selection of different propulsive muscle groups (BF, ST) (St.
George et al. 2019).

Contrary to the method used by Pugliese and colleagues, who attached electrogoniometers
to the distal limb, this study relied on high-speed videography for joint angle determination
(Pugliese et al. 2020). This method proved useful to evaluate each individual without risking
instrument displacement, although occasional reflective marker detachment can occur. Behavior
of the front fetlock angular displacement in this study echoes the expected behavior of the

anterior MCPJ joint during proximal muscle fatigue as described in a previous study (Thorpe,



Clegg, et al. 2010). Concomitantly to greater MCPJ angles, increased stride length, shortened
stance phase times occurred as treadmill speed increased, as reported elsewhere (Corley and
Goodship 1994; Mufioz et al. 1997; Johnston et al. 1999; Thorpe, Clegg, et al. 2010). Signs of
lameness, otherwise concealed by proper stabilization by unfatigued muscles, might become
evident when the athlete begins to use different, supporting muscle groups as a compensatory
mechanism for relieving fatigue while remaining in movement (Foreman 1998). Similarly,
fatigue-induced kinematic changes can predispose to injuries by altering dynamic joint stability as
previously reported in a human knee model (Ortiz et al. 2010) and on equine front distal limbs
(Thorpe, Clegg, et al. 2010). Horses in the CON group did not extend their forelimbs as much as
HMB group during the suspension phase late in the SET, suggesting the CON group could not
effectively exert the force needed to anteriorly extend their front limbs compared to the HMB
group. Increased durations of swing phases found in the HMB group asserts that they are either
using compensatory mechanisms to counteract fatigue effects or experienced fatigue later than
their CON counterparts.

In contrast to over-ground evaluations, this project can count the use of a high-speed
treadmill and a modest-sized, non-shod study population as potential limitations. Utilizing an
incremental, volitional, fatigue-based exercise protocol in laboratory settings makes results more
vulnerable to individual-related variations (e.g. temperament, previous experiences) than under-
saddle evaluations in racetrack conditions (Geor 2006). Barefoot horses can display minor but
significant differences in the forces exerted by the distal limb of the horse during locomotion
compared to properly shod animals (Roepstorff et al. 1999). These factors warrant further studies
of the effect of HMB on fit equine athletes in training. Development of more instruments that

correlate physiologic parameters to equine performance potential is still warranted. Mathematical



models and score systems incorporating V200, Vtatigue, HRmax, TTE, and other aerobic capacity
indicators could concisely quantify breakpoints in the fatigue continuum, fitness status, and
approximate muscle compositions. These tools would allow for improved research approaches as

well as advancing racetrack safety standards and stud farm genetic selection.



In conclusion, effects of beta-hydroxy beta-methylbutyrate (HMB) supplementation in
untrained horses can influence skeletal muscle composition by increasing type 1A myofiber
numbers at the expense of type 11X fibers, although favorable effects on athletic performance
are not significantly appreciable at this sample size. Further studies may be warranted to unveil
the full extent of its effects and interactions in individuals of varying fitness levels. Exercise
physiology and sports medicine would benefit from an updated consensus on the denomination,
etiopathogenesis, and assessment methodology of fatigue that is applicable across species,

therefore facilitating forthcoming efforts in multidisciplinary comparative research.



APPENDIX A

Figure 3-1. Cross-section of equine gluteus medius muscle (GM) stained with antibodies
targeting myosin heavy chain isoforms MyHC I, MyHC lI1A, and MyHC 11X. Technique
performed for fiber-typing method validation, as an additional step to the method described in
Chapter Il. Primary incubation overnight. Secondary incubation over 60 minutes. Primary and
secondary antibodies were sourced from DHSB and Thermo Fisher Scientific, respectively. A.
Type | fibers; BA-D5, 1:50 dilution. Alexa Fluor 350, 1:100. B. Type IIA fibers, A4.74, 1:100
dilution. Alexa Fluor 488, 1:1000. C. Type II1X fibers, 6H1, 1:2 dilution. Alexa Fluor 555, 1:1000.
D. Merged image displaying panels A, B, and C in overlay. Scale bar = 100 pm.
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