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CHAPTER |

INTRODUCTION

Fat-supplementation in the equine has gained continued popularity primarily as a means
of increasing the energy density of feedstuffs without the negative metabolic
conseqguences associated with elevated consumption of highly fermentable cateohydr
meals. Horses are able to maintain body weight and athletic performaihee w
consuming a smaller quantity of feedstuffs. Fat is highly digestible in the espenies

and does not appear to affect the digestibility of other nutrients. Furthermoadhe |
term feeding of fat to horses has been proven safe. Of particular importéatee is
supplementation in performance horses because of high energy demands ane& therefor
efforts to promote ergogenic effects via fat-supplementation remain casiedvel he

ability to feed fat as an energy source would theoretically enhance fatioridnd

decrease reliance on carbohydrate oxidation as fat could provide a seeminggg end|
energy supply whereas carbohydrates as metabolic fuel are quickly diminisleeiiim c
athletic efforts. Strategies to promote fat oxidation and therefore glyamytic

substrates have been well documented in athletic specie such as the horse, haman, rat
dog. However, each species has its own set of limitations to these strategiesrrdiite c
study is the first to our knowledge that attempts to relate multiple blood paramete

well as muscle substrate transporter protein expression to the improvensant of f



oxidation by feeding supplemental fat and therefore athletic performatce equine
species.

It is our hypothesis that feeding added dietary fat as compared to a high-starc
ration of equal caloric density will promote muscular adaptations that eyralaleer fat
utilization during exercise through the improved use of non-glycogen oxidative
substrates, will delay the onset of fatigue during endurance exerciseuarndaid have
a positive impact on endurance by expanding the availability of stored sufsttate
objectives include to: 1) determine if the capacity to transport subst@ateshe blood
stream to the myocyte can be increased 2) evaluate the effect of diet oratrentas
exercise-induced substrate concentrations and expression of transport pndteens i
skeletal muscle of horses, and 3) determine whether feeding a high-fat ghgt dur
training improves the capacity of horses to utilize fat as a substrate tatsnppeased

metabolic demands of exercise.



CHAPTER Il

REVIEW OF LITERATURE

Fuel for the working muscle

The primary sources of energy for muscle contraction are derived from dietary
carbohydrates and fat. While branched chain and other amino acids from protein
synthesis can be oxidized in the muscle, their contribution to overall energy expendit
during aerobic exercise is quite small (Jeukendrup et al., 1998a) as their sataboli
considered relatively uneconomic, both fiscally and metabolically (Kronfeld and
Downey, 1981; Harris and Kronfeld, 2003). The basic pattern of metabolism of these
substrates is set by the nature of the diet (Murray et al., 2006). In gendsastdued in
muscle fibers are phosphocreatine (PCr), glycogen, and triglycertigds fiom
circulation are fatty acids and glucose (Lawrence, 1990; P6s0 et al., 2004).
Fat is stored as triglycerides in adipose tissue as the major fuel souttoe iady and
released into the blood as free fatty acids (FFA) through the process ofisipolys
(Lawrence, 1990; Wolfe, 1998; Murray et al., 2006). Oxidizable lipid fuels include
circulating plasma triacylglycerols (TG) (very-low-density lipoginttriacylglycerols -
VLDL-TG), albumin-bound long-chain fatty acids (LCFA) in blood plasma, and fatty

acids from the triacylglycerol located in the muscle cell (intramustigenylglycerols -



IMTG) (Jeukendrup et al., 1998a; Kiens, 2006). Kiens (2006) also includes fatty
acids liberated from adipose tissue adhering to muscle cells as a petesity source.

Other sources of fuel for the exercising muscle derived from fat includaeet
bodies such as acetoacetate and betahydroxybutyrate, and glycerol which can be
converted into glucose during gluconeogenesis in the liver (Jeukendrup et al., 1998a;
Murray et al., 2006).

The storage form of carbohydrate in animals is glycogen which can be stored in
the liver or the muscle. Glycogen stored in the muscle can only be used by the muscle
itself as muscle cells lack the enzyme glucose 6-phosphatase, whiclhyhgdmlucose
6-phosphate into glucose, and thus cannot yield free glucose (Murray et al., 2006).
Glucose that is not needed for immediate use or glycogen synthesis may also be used f
fat synthesis (NRC, 2007).

The digestive proces8Vhile carbohydrates are absorbed as glucose (some
fructose and galactose) and enter the portal vein directly, exogenous fats/steteic
circulation much slower (Jeukendrup et al., 1998c). Fats, specifically long-cttgin fa
acids (LCFA), enter circulation much slower than carbohydrates due to fieeircai
inhibiting gastric emptying and a slower overall digestive process(&ad Babayan,
1982). For instance, long chain fatty acids have been reported to enter the blon@strea
to 4 hours after ingestion by human subjects (Emken, 1994). Nutritional fats include
triacylglycerols, phospholipids, and cholesterol; triacylglycerols and paitgnt
phospholipids can contribute in varying degrees during exercise (Jeukendrup et al.,

1998c).



Carbohydrate digestion occurs by hydrolysis to liberate oligosacchandesen
to free mono- and disaccharides. Hydrolysis of starch is catalyzed by\ysalivh
pancreatic amylases yielding dextrins, then a mixture of glucose, maituke,
isomaltose. The resulting monosaccharides and others arising from the dist@ized
in the brush border of the small intestine. Glucose and galactose are absorbed by a
sodium-dependent process. Other monosaccharides are absorbed by caratdmedi
diffusion. Fructose and sugar alcohols are only absorbed down their concentration
gradient (Murray et al., 2006).

Lingual and gastric lipases initiate the hydrolysis of the triaggtgbl (Murray et
al., 2006). In order to split the long-chain triacylglycerol (LCT) into a gblcend 3
long chain fatty acids, or a monoacylglycerol and 2 LCFA, bile salts fronivédreaind
lipase from the pancreas are needed (Jeukendrup et al., 1998c). Bile acids are
synthesized in the liver from cholesterol and stored in the gallbladder of humans and
released into the duodenum where they function as a mild detergent to emuilsify fa
droplets (Borgstrom, 1974); horses do not have a gall bladder and thus bileesalts ar
secreted directly from the liver (Hintz and Schryver, 1989). In the postpraradel st
gallbladder contraction forces the bile salt pool into circulation; bile sadtseabsorbed
and re-excreted by the liver as long as digestion is taking place (Borgt8a#).
Likewise, pancreatic lipase is sent to the duodenum through the pancreatic duct, and
provides luminal triacylglycerol digestion along with the pancreatic protelipase
(Murray et al., 2006).

The fatty acids then pass through the intestinal mucosa where, with the help of

acyl-CoA synthetase, they are converted to acyl-CoA’s which are thepanated into



LCT, a major component of chylomicrons (Bach and Babayan, 1982). It is important for
the LCFA to enter circulation engulfed in the chylomicrons. Chylomicrons, arprote

coat to make the fatty acids water soluble, then encapsulate the LCT (BaBhatzayan,
1982). Conversely, short and medium-chain triacylglycerols (SCT, MCT) are not
incorporated into chylomicrons, thus they are able to leave the intestine mecliviias

the portal venous system in the soluble form of fatty acids - short-chaiadéatts/and
medium-chain fatty acids (SCFA, MCFA) bound to serum albumin (Bach and Babayan,
1982). The LCT now encapsulated by the chylomicrons, is released through the
interstitial compartment into the lymphatic system, ultimately draimtaysystemic
circulation (Jeukendrup et al., 1998c; Murray et al., 2006).

Short and MCT are much more rapidly absorbed than LCT as they directly enter
systemic circulation through the portal vein (Jeukendrup et al., 1998c; Murray et al.,
2006). Compared to LCT, MCT are liquid at room temperature, are more polar
(therefore have greater water solubility), and are smaller in malesiae allowing them
to be more rapidly digested and absorbed in the small intestine; MCT follow the portal
vein and enter the liver directly while LCFA must follow the slow lymphsystem
(Bach and Babayan, 1982).

Circulating lipoproteins provide fatty acid®2lasma TG are secreted by the liver
and are incorporated into lipoproteins such as chylomicrons, very low density
lipoproteins (VLDL), low density lipoproteins (LDL), intermediate dendgjpproteins
(IDL), and high density lipoproteins (HDL) and can provide a source of fuel for the
working muscle (Havel et al., 1967; Jeukendrup et al., 1998a; Kiens, 2006). In the horse,

HDL accounts for 61%, VLDL accounts for 24% and LDL 15% of the total plasma



lipoprotein fraction with no measureable chylomicrons (Hollanders et al., 1986ohVa
et al., 1991). Not only do these lipoproteins differ in density, TG and cholesterol content,
but they may also fulfill different functions (Jeukendrup et al., 1998a; Murray et al.,
2006). Chylomicrons and VLDL may provide energy for metabolism during exercise
(Jeukendrup et al., 1998a) as VLDL is the primary lipoprotein responsible for transport of
triacylglycerols from the liver to adipose tissue and muscle while H&sports
cholesterol and is involved in VLDL and chylomicron metabolism (Murray et al., 2006).
The LDL, IDL, and HDL fractions may not have significant roles in energpibodism
of the exercising muscle (Jeukendrup et al., 1998a). The overall contribution of plasma
TG to total fat metabolism during exercise in humans appears to be less than 18% (Hav
et al.,, 1967). However, studies in exercising dogs suggest that circulatiogulds
represent an important energy substrate for oxidization by the working nilisgleng
et al., 1982). The TG itself is so energy dense that a significant contributiondy ener
expenditure for exercise would require only a small fractional amount as RI&0&) (
suggests that circulating TG could provide approximately 10% of neceasésydtiring
exercise, and may even reach 25% of total energy expenditure after adaptatioght-
fat diet.

As the muscle endothelium is impermeable to lipoproteins, FA must be released
from the triacylglycerol forming the core of the VLDL or chylomicronstigh the
action of lipoprotein lipase (LPL) (Jeukendrup et al., 1998a; Kiens, 2006). Located on
the luminal side of the endothelial cells in the capillary bed of most tissaéds ét al.,
1991; Kiens, 2006; Murray et al., 2006), LPL hydrolyzes some of the TG passing through

the capillary wall bed (Jeukendrup et al., 1998a; Kiens, 2006). During fasting and



exercise, LPL activity increased in the skeletal and heart musc¢sobut decreased in
adipose tissue (Ladu et al., 1991). Furthermore, as there is a positive correlatemnbet
LPL activity in skeletal muscle and capillarization, and since endurancmgyancreases
capillarization (Kiens and Lithell, 1989), LPL activity is significantigreased after
training (Kiens and Lithell, 1989; Kiens et al., 2004) as well as stimulated durte ac
exercise (Ladu et al., 1991). Horses are unique in relation to other athletesspehbit
there is an increase in circulating TG during exercise, and this inc@askaied with
exercise intensity and lipolysis activity (P6s0 et al., 1989).

Nutritional status also increases skeletal muscle LPL activity andenliGe
storage (m. vastus lateralis) after a high-fat diet as compared to-ednigFhydrate diet
in physically active men (Kiens et al., 1987). Studies in horses found a lineiansig
between fat intake and plasma LPL activity (Geelen et al., 2001b) regastitbssype
(saturated vs. unsaturated) of fat fed (Hallebeek and Beynen, 2002). It wasledncl
that for every 1 g/kg dry matter increase in fat intake, LPL actintgeases by 0.98
umol fatty acid released-rith*, but there was not a statistically significant effect on
plasma TG concentrations in horses (Geelen et al., 2001b). Marchello et al. (261@D) f
that the VLDL but not the LDL fraction of TG increased in horses fed a high-fat diet
indicating an increase in VLDL-TG clearance from the circulationymnebly due to
increased LPL activity which could also be due to an increase in liver-pabdigestive
products. Peterson et al., (1990) suggests that, due to the strong correlation of LPL
activity to increased FFA levels in plasma, the major rate-limitingpfan plasma TG
turnover may be the capacity of the tissues to metabolize liberateddatyrather than

the ability of LPL to release the fatty acids from the TG.



The contribution of VLDL-TG to energy expenditure during exercise may not be
negligible even though attempts to measure it directly report otherwides(bkrup et al.,
1998a). The magnitude of the contribution can depend on diet, exercise intensity, and
duration (Kiens, 2006). Likewise, arterial LCFA concentration depends upon the pre-
exercise diet, the amount of time since last meal, and carbohydrate consumie, (Ki
2006).

Triacylglycerols stored in muscl&riacylglycerol pools in the muscle are made
up of LCFA from circulation, albumin-bound FA, and from VLDL-TG that are degraded
by LPL (Kiens, 2006).Intramuscular triacylglycerols are stored in the muscle cell,
primarily as lipid droplets adjacent to the mitochondria (Hoppeler, 1986; Kiens, 2006) in
comparison to the larger amountimfermuscular TG which is triacylglycerol from
adipocytes that is interlaced between muscle fibers (Jeukendrup et al., 1998a; Kie
2006). Skeletal muscle TG content is dependent upon nutrition, muscle fiber type and
physical exercise.

A high-fat diet increases TG content in skeletal muscle, while a carboéyaita
diet has the opposite effect and the dietary influence may be related ttivtiye aic
muscle LPL (Kiens, 2006). For instance, as the amount of dietary fat irg;reases
the LPL activity in skeletal muscle, leading to increased concentratidiléd (Kiens et
al., 1987). Conversely, as carbohydrate amounts in the diet are increased, generally the
higher the plasma insulin concentration which decreases muscle LPLyggieits et
al., 1987). Furthermore, in a situation where training is combined with a high-fahdiet
increase in IMTG is positively correlated with an increase in musdlealcRvity (Kiens,

2006).



The concentration of IMTG appears to be fiber-type specific. Essén (1977)
concluded that in man, all fiber types have similar concentrations of glycogen,tbut tha
high oxidative muscle fibers tend to have a higher concentration of TG as compared to
high glycolytic fibers, which are less dependent upon fat oxidation. A simaled tvas
found in rat muscle in which highly oxidative muscle fibers contained a higher
concentration of TG (Spriet et al., 1986). Conditioning in equine subjects likewise brings
about an increase in intramuscular lipid droplets (Tyler et al., 1998; Serrano et al., 2000)

Conditioned individuals have a greater amount of intracellular lipid deposits
(Hoppeler, 1986). Conditioned subjects are less reliant on plasma TG storesmsgiggest
that they are able to oxidize more muscle TG overall (Martin et al., 1993), which m
imply that intramuscular TG stores are of significance with regard tgepeovision. It
must be noted, however, that there must be an ample amount of fat in the diet in order for
an increase in IMTG with conditioning to occur (Kiens, 2006).

Muscle triacylglycerol is an important substrate for working muscle; heryas
there exists great difficulty in precise quantification of its contribution &valvenergy
expenditure, it is not fully understood just how important.

Glycerol and ketone bodie©ther fat metabolites such as glycerol and ketone
bodies can also be used as fuel during exercise. Glycerol is released from tsbpese
after hydrolysis of TG and transported to the vascular space. In the fed stmlgian
be used for reesterification of free fatty acids to TG in the liver or adipsse twhile in
the fasted state, glycerol released from adipose tissue is then trashgpyattie blood to
the liver or kidney where it serves as a gluconeogenic precursor forgliMaosay et

al., 2006). However, since the glycerol is not rapidly cleared from the blood and cannot

10



be directly used by the working muscle, glycerol is thought to contribute véytditt
energy expenditure during exercise (Murray et al., 1991).

Ketone bodies such as acetoacetate, beta-hydroxybutyrate, and acetone are
products of incomplete fatty acid oxidation, arising from partial degradatio@BAL
liberated from adipose tissue during times of fasting or mediated bycktetnes;
lipogenesis in adipose tissue predominates in the fed state (Fukao et al., 2004). During
high rates of fatty acid oxidation, the efficiency of the Kreb’s cyctedsiced and excess
acetyl-CoA is shuttled to ketone body production (Hartman et al., 2007). Fasting ketosis
occurs after progressive depletion of postprandial nutrients and subsequently, tissue
glycogen depletion (Fukao et al., 2004). Glucose and insulin suppress ketogenesis;
ketogenesis requires glucopenia, or hypoglycaemic conditions (Fukao et al., 2004).
Under normal circumstances, only the liver can produce ketones from the pool af hepati
intramitochondrial acetyl CoA, but most tissues, including skeletal muscle, ichneox
them (Fukao et al., 2004). Ketone body concentration is normally very low 50 — 150
mmol - I* in humans, but may increase rapidly after fasting or during prolongedsexerc
in humans and rats (Dohm et al., 1983; Dohm et al., 1986; Brouns et al., 1989). As
ketone bodies are very rapidly cleared from circulation and metabolized biiepatic
tissues (Vanltallie and Nufert, 2003), the production of ketones is extremelytamipas
the brain can only use ketone bodies and glucose as fuel; therefore, ketone bodies can
serve as an alternative fuel for glucose during times of fasting in bolinaimeand
muscle cells (Jeukendrup et al., 1998a). Conditioning appears to increase thg oapacit
the muscle to use ketones as a substrate for energy (Vanltallie ant RRA&) and

exercise in itself promotes ketogenesis (Robinson and Williamson, 1980). Meorg fa

11



can contribute to ketone body utilization during exercise, such as speciesdiieg, f

state, and the exercise itself. Humans are more susceptible to ketosispasecoto

canines, which are better adapted to high fat diets and more resistant tty¢apodg,
(Hammel et al., 1977; de Bruijne et al., 1981; de Bruijne and van den Brom, 1986). Rose
and Sampson (1982) concluded that the ketone pathway in the horse is relatively
unimportant, as signified by only a small increase in both circulating caatiens of
non-esterified fatty acids (NEFA) suggesting that mobilizatioresed utilization, and
hepatic ketoacid production after endurance exercise and food deprivation. This finding
is potentially due to the ability of the liver to maintain glycogenolysis andftre the
carbohydrate supply for the citric acid cycle (Rose and Sampson, 1982). Nonetheless,
more strenuous exercise such as three-day event competition signifitmdases

ketone concentration post-exercise in horses, perhaps shedding light on the dgference
NEFA metabolism between the horse and man (Rose et al., 1980). The horse seems to
respond to increased fat breakdown by production of FFA, not ketoacids (Naylor et al.,

1980).

Why fat is the substrate of choice: fat versus carbohydrate

Many biochemical and physical properties of fats distinguish them from
carbohydrates. For instance, fat contains more than twice as much energy a
carbohydrate: 38 kJ g9 kcal - @) for fats versus 18 kJ *d4 kcal - &) for
carbohydrates (Jeukendrup et al., 1998a). Murray et al. (2006) reports similar numbers
37 kJ/g for fat and 16 kJ/g for carbohydrates (see Table 1). In addition, while

carbohydrates are stored in the presence of water, fat is stored anhydroefré hiat
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is considered a more efficient fuel per unit of weight; our weight would double if all of
our fat was replaced by an energetically equal amount of carbohydratiesn@deip et

al., 1998a).

Table 1. Carbohydrates versus fats (Adapted from Murray et al., 2006)

Energy Yield O, Consumed CO,Produced RQ =CQ/O;

kd/g (L/9) (L/9)
Carbohydrate 16 0.829 0.829 1.00
Fat 37 2.016 1.427 0.71

Fat oxidation has the capability to provide more energy per unit of the substrate,
as more ATP is produced per molecule of fat than carbohydrate: 38 mol of ATP from
aerobic glucose oxidation compared to 106 mol of ATP per mole of palmitate for
comparison (Murray et al., 2006). Nonetheless, oxidation of fat does require more than
twice the amount of oxygen than that of carbohydrate; thergfereynit of timemore
ATP can be derived from glucose (Murray et al., 2006).

High-energy phosphates act as the “energy currency” of the cell andnatedlo
by ATP to form compounds such as phosphoenolpyruvate, creatine phosphate, glucose 1
& 6-phosphate, and glycerol 3-phophate among others (Murray et al., 2006). Further,
there are three primary sources of high-energy phosphates that take pagyn ener
conservation or energy capture: 1) Oxidative phosphorylation; 2) Glycolysigyig) Ci
acid cycle (Murray et al., 2006). Oxidative phosphorylation produces the greatest
guantity of high-energy phosphates from respiratory chain oxidation using naol€gul

within the mitochondria. Glycolysis forms two high-energy phosphates from the
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formation of lactate from one molecule of glucose and one high-energy phosphate is
generated in the succinyl thiokinase step of the citric acid cycle (Metraly, 2006).

Gollick (1985) concludes that the amount of ATP present in a muscle cell at any
given time is so small that it can rapidly be depleted and in order for musdildy 4o
continue, resynthesis of ATP must continually take place by one or more of the
following: 1) transfer of HEP from creatine phosphate, 2) the myokinasgzzdal
reaction: 2ADP— ATP + AMP, 3) degradation of carbohydrate to lactate, and 4) the
terminal oxidation of fats and carbohydrates to,@ad HO. Each method can be
important depending on type and duration of contractile patterns involved.

Fuel storage, fat and carbohydratéh comparison to carbohydrate stores, fat
stores are very large. In theory, fat stores could provide energy for daysaw/her
carbohydrate stores could become depleted within 60 to 90 minutes in the human athlete;
approximately 5009 of glycogen could fuel 95 minutes of running for an elitehoarat
runner (Jeukendrup et al., 1998a).

Fuel derived from carbohydrates is primarily stored in skeletal muscle as
glycogen, although liver glycogen and extracellular glucose can alsoocaetfMurray
et al., 2006). Exogenous carbohydrate sources can also provide glucose for oxidative
processes in the muscle after absorption in the gut and upon entering circulation. As
muscle cells lack the enzyme glucose 6-phosphatase, they cannot exporttglioeose
used by other cells; muscle glycogen provides glucose only for glycualikis the
muscle itself to be used directly as fuel. Liver glycogen functions agstand
exportation of glucose to extrahepatic tissues and requires transpoxy fhstlood

before it can be taken up by these tissues to be used as fuel (Murray et al., 2006). Other
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Gluconeogenic fuels include lactic acid, glycerol, and amino acids which can be
converted into glucose in the liver and indirectly used as energy (Jeukendrup et al.
1998a).

Carbohydrate stores in man are small, as muscle mass in a normal human can
contain only 400-500 g of glucose or 6,500 kJ of energy (Essén, 1977) although
conditioning can increase these stores (Jeukendrup et al., 1998a). In contrast, equine
muscle has a very high capacity to store glycogen, up to 600-650 mmol/kg dry muscle in
conditioned individuals; similar values for humans can only be obtained after guccess
carbohydrate loading (P0s0 et al., 2004). Liver glycogen stores in the 80kg man
represent 80-100 grams and plasma substrates such as glucose and ladtats A0e a
20g (Jeukendrup et al., 1998a; Murray et al., 2006). Human carbohydrate stores can total
approximately 8,000 kJ (2,000 kcal) when expressed in terms of energy (Jeukendrup et
al., 1998a).

The largest quantity of fat is stored in adipose tissue and the storage of fat is
dynamic meaning that in conditions of negative energy balance, the sizeallsfat ¢
decrease, while in case of positive energy balance, excess fat is abtwerte
triacylglycerols and fat cells hypertrophy as a result (Jeukendriip £#998a). In
addition to adipose tissue, the IMTG content in man can vary greatly, but is normally
around 5-15 mmol/kg wet weight totaling 200-300 g or 10,000 kJ (Essén, 1977).
Furthermore, the more highly oxidative type 1 muscle fibers (207 mmole/kg cha fote
have 2-3 times the triacylglycerol content than type Il fibers (74 mmoteikg whereas

glycogen content between fiber types was very similar (Essén, 1977).
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The contribution of fat or carbohydrate to exercidgaditionally, the
contributions of fat or carbohydrate in exercise can be measured by thetoegpira
exchange ratio (RER) which can also be called the respiratory quotient (R.0TRI®
system is based upon the fact that fat and carbohydrates produce different ahounts
carbon dioxide (Cg and require different amounts of oxygen)@hen they are
oxidized (Jeukendrup et al., 1998a). Therefore, it is possible to obtain substrate
utilization information by using V@and VCQ measurements in expiratory gases: R =
VCO, / VO,. An R-value of 1.0 indicates that carbohydrate is the primary fuel source
oxidized where as an R-value of 0.69 — 0.73 indicates that fat is providing a majority of
the fuel (Lawrence, 1990; Jeukendrup et al., 1998a; Murray et al., 2006). Contributions
to RER change according to diet, exercise intensity, physical fithesistyffe
recruitment pattern and duration (Essén, 1977; Lawrence, 1990). Other methods of
investigation of the kinetics of substrate utilization and mobilization now sxch as
radioactive isotope tracers and tracer dilution techniques along with thedeitton of
the muscle biopsy technique in the late sixties by Bergstrom and Hultmainyjr{feowad,
1993; Jeukendrup et al., 1998a).

The response of lipid metabolism to exercise is complex, it can depend on
exercise intensity, duration, and level of conditioning. At prolonged low intensity
exercise, such as 40% VYR, glycolysis is not stimulated and fatty acids are available
to meet energy demands (Wolfe, 1998). At a higher intensity of exercise (8%
there is an increased amount of pyruvate into the TCA cycle for oxidation chee to t
stimulation of glycogen breakdown and glycolysis; however, FA oxidation is iatiby

limiting transport into mitochondria (Wolfe, 1998).
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Regulation of substrate utilization — hormonal regulation

Changes in hormone concentrations can explain changes in gluconeogenesis,
lipolysis and ketogenesis during exercise (Jeukendrup et al., 1998b). Insulin and
glucagon control the formation and utilization of TG and glycogen as well ax it
to which glucose is oxidized by tissues (Murray et al., 2006). Hormones primaeity eff
the mobilization of FA (lipolysis). In general, catecholamines incrigaslysis while
insulin inhibits lipolysis. As insulin levels decrease, levels of glucagon, epinephri
norepinephrine, growth hormone (GH), and cortisol all increase (Jeukendrup et al.,
1998b) resulting in an increase in hormone sensitive lipase and subsequently @e increa
in circulating FFA (McKeever and Gordon, 2004). On the other hand, an increase in
insulin will inhibit the release of FFA from adipose tissue by inhibitingatttavity of
hormone sensitive lipase resulting in a decline in circulating plasmaattgeatids
(Murray et al., 2006). In addition, insulin enhances lipogenesis, in which glucose is
converted into fatty acids, and the synthesis of acylglycerol (Murray et al.,. 280&®e
insulin facilitates glucose uptake by the cells, it is a promoter of glyesgeand an
inhibitor of gluconeogenesis; hence, insulin is vital to the recovery phase akexXerc
glycogen repletion (McKeever and Gordon, 2004). As expected, glucagon acts in
opposition to insulin in that it inhibits glycogenesis and stimulates gluconedgenes
important for the maintenance of glucose concentrations during exerciske¢ver and
Gordon, 2004). In simple terms, insulin is an indicator of blood sugar level in the body;
thus high insulin levels indicate the “fed” state. Therefore, the plasma catmnof

these hormones is primarily dependent upon plasma glucose concentration asheell as t
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ability of insulin to enhance the uptake of glucose into adipose cells via the GLUT4
transporter (Murray et al., 2006). It is also noted that plasma catechetaamd
sympathetic neural activity rise exponentially with increasingats@ intensity
(Jeukendrup et al., 1998b) in a curvilinear fashion and are highly correlated witla plasm
lactate concentrations (McKeever and Gordon, 2004). In horses, humans, and other
species, acute exercise suppresses insulin with rising catecholaminetiaimnes;

however this suppression appears to have a limit of 50%0rhornton, 1985). The
effect of plasma catecholamine concentrations on lipolysis and fat oxidaitiong

exercise has not been thoroughly described, so other factors may play eoteajor
exercise at moderate to high intensities (Jeukendrup et al., 1998b) such as adipese ti
blood flow (Bulow, 1982), plasma insulin concentration or time of feeding (Duren et al.,
1999), plasma lactate concentration, and increased glycolytic flux (Shawl&7s).

Two hormones that deal with energy homeostasis, leptin and adiponectin, are both
secreted by adipose tissue and are proportional to fat mass in horses (Kabr2@6;
McKeever and Gordon, 2004). Leptin is positively correlated with percentfsg m
while adiponectin is negatively correlated (McKeever and Gordon, 2004; Keains et a
2006).

Leptin acts as an indicator of energy sufficiency rather than excess (Muhy
2006) and increases with adipocity (Kearns et al., 2006). In horses, plasma leptin is
positively correlated with percent fat mass (Kearns et al., 2006) and bodiyi@o score
(McKeever and Gordon, 2004). In humans, leptin is likewise positively correlated to fa
mass and % body fat (Weltman et al., 2000). High levels of leptin increase energy

expenditure while decreasing food intake (McKeever and Gordon, 2004). Plasma leptin
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concentrations have been found not to change during or immediately after exercise
humans (Essig et al., 2000) and horses (Gordon et al., 2007b). However, short-term, high
intensity exercise in horses decreases plasma leptin concentrationgroges)signaling
alterations in energy intake in order to maintain energy balance (Gordon et al., 2Q07b). A
the same time, long-term exercise in humans can also decrease leptinratinosrdue

to an increase in the energy deficit (McKeever and Gordon, 2004). The duration in

which this takes place varies between the human and equine species.

Leptin has been found to be a potent stimulator of lipolysis and fatty acid
oxidation in adipocytes and other cell types. In vitro studies have shown that the
influence of leptin can change the fuel source from which ATP is generatetthiswi
preference from carbohydrates (glucose) to lipid (fatty acids); trerdéptin is a
regulator of cellular TG content (Reidy and Weber, 2000). In short, a negativg energ
balance can result when leptin levels increase and food consumption decreases in
combination with a relatively high energy expenditure. An inhibition on insulin’s
lipogenic effect in adipose as well as skeletal muscle can also &=idy (@nd Weber,

2000), but not insulin’s effect on glycogen synthesis, glucose oxidation or lactate
production in non-adipocytes. In summary, leptin decreases food intake and partitions
metabolic fuel towards utilization and away from storage (Muoio et al., 1997).

Adiponectin concentrations have also been found to not be altered with respect to
exercise in both horses and humans (Gordon et al., 2007b). It is suggested, in humans at
least, that repeated exercise bouts may be needed to see changes on plasneéiradipone

concentrations due to exercise (Gordon et al., 2007Db).
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Adiponectin has been shown to have potent effects on carbohydrate and lipid
metabolism in skeletal muscle (Karbowska and Kochan, 2006). Adiponectin has been
linked to the up-regulation of several genes involved in muscle lipid metabolism,
including FAT/CD36 (Karbowska and Kochan, 2006). The adiponectin-dependent
increase in muscle fatty acid oxidation perhaps is due to the decrease in rGaldnyl-
concentration caused by an adiponectin-dependent increase in the phosphorylation of
AMP-activated protein kinase (AMPKyvhich phosphorylates (inhibits) activity of
acetyl-CoA carboxylase (ACC) and subsequently decreases malonyl-CoA craentr
which is an inhibitor of carnitine palmitoyl transferase 1 (CHT{Karbowska and
Kochan, 2006). Globular adiponectin can also increase glucose uptake into the muscle
via enhanced translocation of glucose transporter 4 (GLUT4) but reduces glycogen

synthesis in rat skeletal muscle (Ceddia et al., 2005).

Regulation of substrate utilization — malonyl-CoA

It has been suggested that the action of the enzyme carnitine palmifgitaze
1 (CPT1), located on the outer mitochondrial membrane, is another possible rabe-limit
step for transport of LCFA into the mitochondria and is an important regulatoof site
fatty acid oxidation (Jeukendrup et al., 1998b; Kiens, 2006). Carnitine
palmitoyltransferase 1 is very sensitive to changes in concentration ofytr@lmi
which can act as a potent inhibitor (Saggerson, 2008). Studies in humans and rodents
suggest a close relationship between an increase in malonyl-CoA tograldh a

decrease in fatty acid oxidation and vice versa.
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Malonyl-CoA is formed from acetyl CoA catalyzed by the enzyme a€aiy
carboxylase (ACC) (Kiens, 2006; Saggerson, 2008). Regulation of ACC can include
allosteric activation by cytosolic citrate concentrations (Roepstoatt,2005;

Saggerson, 2008) or AMPK'(BMP-activated protein kinase) activity which increases
with exercise in human skeletal muscle and can phosphorylate and inhibit ACC;
therefore, decreasing malonyl-CoA concentration (Kiens, 2006). On the other hand,
glucose and insulin may stimulate ACC, allowing malonyl-CoA to accumulaitshw

may inhibit carnitine dependent LCFA transport across the mitochondria (Jeukenhdrup e
al., 1998b; Saggerson, 2008). When skeletal muscle is supplied with a surplus of fuels
such as glucose, malonyl-CoA concentration increases. High insulin and glucose
availability at rest has been shown to elevate cytosolic citrate cortcamtrausing an
increase in muscle malonyl-CoA concentration at rest in both rodents (Sahd @93)

and humans signifying the likelihood that this is the mechanism that inhibyts&adit
oxidation by high glucose availability in resting humans (Bavenholm et al., 2000).
Regardless of muscle glycogen levels, the increase in fat oxidation at thefonse
exercise is due to the decrease in malonyl-CoA concentration brought abaufy A
activation and thus ACC inhibition by phosphorylation (Roepstorff et al., 2005).

Even so, malonyl-CoA concentrations have yet to be linked directly to changes in
fat oxidation during exercise in either human or rat muscle (Jeukendrup et al., 1998b). It
is highly likely that mechanisms other than changes in malonyl-CoA concenfratcC
activity or AMPK activity are involved in regulation of lipid utilization duringeecise

(Kiens, 2006). Also, with high concentrations of muscle glycogen present, fatioxidat
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may be limited during exercise because of the availability of fregticerto CPT1 due

to its increased use for acetylcarnitine formation (Roepstorff et al., 2005).

Regulation of substrate utilization — carnitine

Carnitine is produced endogenously in hepatic tissue, liver, and brain. Exogenous
sources include those from the diet primarily animal sources with a lessangpresent
in grains, fruits and vegetables (Steiber et al., 2004). L-carnitine is not produbed i
muscle, so muscle carnitine concentration is dependent upon synthesis and diet
(Jeukendrup et al., 1998b). Carnitine is synthesized from the amino acids lysine and
methionine and biosynthesis in humans is determined by availability of tyilhysthe
from tissue proteins (Steiber et al., 2004). Ingestion of synthetic L-carmtreases
plasma carnitine, but has no effect on muscle carnitine concentration in humans (Soop et
al., 1988; Lee et al., 2007) or horses (Harris et al., 1995; Foster et al., 1988) as the uptake
of L-carnitine must go against a very large concentration gradient (plasnitanear
concentration is about 100X less than that of muscle carnitine concentration) (Jeukendrup
et al., 1998b) and low intestinal absorption (Foster et al., 1988). Therefore, fatty acid
oxidation appears to be uninfluenced by carnitine supplementation (Ceretelli and
Marconi, 1990). Carnitine is critical f@roxidation as it is a substrate for CPT1 and is
thereby required for transport of fatty acyl CoA across the inner mitochbnanmbrane
and into the matrix (Steiber et al., 2004). In turn, carnitine could play a valuable role i
the regulation of the oxidation of lipid substrates. Studies have shown that fat oxidation
at rest is not limited by carnitine (Roepstorff et al., 2005) but carnitine cadpble

in lipid oxidation during exercise (Kiens, 2006). As exercise induces an iagreas
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glycogenolysis and glycolysis, acetyl CoA is generated by the mitoadhandesponse
to the action of the PDH complex, carnitine can then be acetylated by acetyK®n4,
2006). This in turn makes it act as a sink for accumulating acetyl groups under
conditions where rate of acetyl CoA formation from pyruvate exceeds ratdizdtion

by TCA cycle (Kiens, 2006). Therefore, at increasing exercise intenfiBeamount of
acetylcarnitine increases in both horses and humans, ultimately limitiagient of
free carnitine to act as a substrate for CPT1 and thus slowing the rate ofidibox
because of diminished supply of LCFA-CoA ifk@xidation (Foster and Harris, 1987,
Roepstorff et al., 2005; Kiens, 2006). Further, low pre-exercise muscle glycogen
concentrations, brought about by a low carbohydrate diet, provide few acetyl groups to
acetylate carnitine. Therefore, the concentration of free carnitineatndfrfat oxidation
is higher during submaximal exercise than when muscle glycogen levéiglaigigh-
carbohydrate diet) and free carnitine concentration in skeletal musole (Rbepstorff

et al., 2005). It is important to note that while total carnitine concentration inadkele
muscle is unaffected by exercise in horses (Foster and Harris, 1987) and hyhns, li

oxidation may very well be related to availability of free carnitine(si 2006).

Other regulators of substrate utilization

Muscle lactate accumulation and therefore a decline in pH can alsduatato
reduced fat oxidation. In vitro studies performed on rat and human skeletal mustle whe
muscle pH declined from 7.1 to 6.8 produced a significant decreased of 34-40% in CPT1
activity both in sarcolemmal and interfibrillarly located mitochondriez@re et al.,

2004). The link between CPT1 and pH is reasonable given that at low intensity,
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submaximal exercise, the rise in muscle lactate and subsequent declinis iqutd

small, but at high intensity exercise where muscle lactate coneentisahigh, there

could be a more drastic decline in pH (Sahlin, 1978). Therefore, this could deipiglase |

oxidation as an exercise-induced decrease in CPT1 activity is the likelyoctingi

mechanism to the reduction in lipid oxidation at high intensities (Kiens, 2006).
Another regulator of substrate utilization could be the inhibitigblkétoacyl-

CoA thiolase, the enzyme responsible for catalyzing the final reactfpoxidation, by

the accumulation of acetyl CoA, causing a reductiopraxidation (Kiens, 2006).

The intensity of exercise determines the mechanism of fatigue in exhlates.

For example, acidification is the primary cause of fatigue in high inyeesércise, while
depletion of energy stores will largely constitute the mechanism of éaitigiow-

intensity exercise situations (P6s0 et al., 2004). Accumulation of lactate iamateilt

decline in pH occurs once exercise has exceeded the anaerobic threshold (P6s0 et al.,
2004) and accumulation in the blood and muscle positively correlates with the amount of
glycogen utilized and oxidative capacity of the muscle (Valberg et al, 1985)

The extent of lactate accumulation as well as its removal is due in no srh&dl par
the activity of monocarboxylate transporters (Green et al., 2002). Monocarboxylate
transporters 1 and 4 (MCT1 and MCT4) are both found in skeletal muscle type 2A
muscle fibers (Kobayashi, 2004). Monocarboxylate transporter 1 concentration is
greatest on the plasma membranes of highly oxidative muscle fibers (Typ@igjhly
related to the oxidative capacities of skeletal muscles, and functions to takeat la
into the muscle cell where it can be metabolized (McCullagh et al., 1996; Kobayashi,

2004). Monocarboxylate transporter 4 is found in muscle fibers with greater anaerobic
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glycolytic capacity and is localized on the plasma membranes of all Tyfilee2s and is
involved in the efflux of lactic acid out of muscle cells (Kobayashi, 2004). In equine
muscle, the isoform profile of MCT4 was found to be similar to that of man and tended to
increase with age (Koho et al., 2006). McCullage et al. (1996) found that MCT1 was
highly related to the oxidative capacities of skeletal muscle and tipaicicato take up
lactate into the cell to be metabolized. Further, MCT1 was highly relateddtelac
dehydrogenase (LDH) enzymes which are necessary for the conversiotat ta

pyruvate thus enabling oxidation of the substrate (McCullagh et al., 1996).
Monocarboxylate transporter 1 has also been found to transport kptones
hydroxybutyrate and acetoacetate across the blood-brain barrier and issexpie the

rat brain was increased 6-fold in response to a ketogenic diet (Leino et al., 2001).

Limitations of fat oxidation
Carbohydrates in many cases continue to be the dominant substrate in physical

activity because, while fat stores are relatively high, the capacity t@exXati substrates
is slow, if not limited. Because the metabolic pathways are identicaldi@bolism of
fat and carbohydrate beyond the formation of acetyl-CoA, the rate limigpdat the
oxidation of fatty acids must be prior to the TCA cycle. Nonetheless, any of the
following steps may be rate-limiting with respect to fatty acid oxoati

1. Mobilization of FA from adipose tissue

2. Removal of FA from adipose tissue

3. Transportation of FA to the muscle cell by the blood

4. Fatty acids are taken up by the muscle cell
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5. Mobilization of FA from intramuscular triacylglycerol pools
6. Transportation of FA into the mitochondria of the muscle cell

7. Oxidation of fatty acids occurs in the mitochondria

1) Mobilization of fatty acids from adipose tissidost tissues contain only small
amounts of fat and the ability to use those fats is small compared to fdttya@ver in
exercise; tissues therefore depend on a continuous supply of fatty acids fiaiet tee
well as adipose tissue (Jeukendrup et al., 1998a). The rate of lipolysis, the rate of
esterification of fatty acids within the adipocyte, and the transport gfdaitls from the
adipose tissue to the blood all contribute to the rate of mobilization of fatty acids from
adipose tissue (Jeukendrup et al., 1998a). Fatty acids are constantly mobilized by a
process called lipolysis (hydrolysis of triacylglycerols) in adiposaiéisliver, and
muscle, with most lipolysis occurring in adipose tissue as that is whereatynai the
body’s TG stores are located. Therefore, lipolysis in adipose tissue contraketse rof
FA into plasma where they circulate as FFA bound to albumin (Coppack et al., 1994;
Murray et al., 2006).

Lipolysis begins with the transfer of triacylglycerols from the magidldroplet to
the site of enzymatic cleavage in the cytoplasm of the adipocyte by theeehaymone-
sensitive lipase (HSL), forming a monoacylglycerol and two fatty acite. fatty acids
diffuse into circulation while the remaining monoacylglycerol is split leyghzyme
monoacylglycerol lipase (MGL) into glycerol and another fatty acid;fttitg acid also
diffuses into circulation (Jeukendrup et al., 1998a). Glycerol is a small water soluble

molecule that can more easily diffuse through the cell membrane and into the blood tha
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glucose; it may be used for reesterification of TG in adipose tissue or therlvaty be
a substrate for gluconeogenesis in the liver (Murray et al., 2006). Fattycanite used
as fuel in most tissue except the brain and erythrocytes (Murray et al., 2006) or
reesterified to form new triacylglycerols in the adipocyte in a procelesical
triacylglycerol-fatty acid cycling (Jeukendrup et al., 1998a).

As HSL is subject to hormonal regulation by insulin and catecholamines
primarily, it can be considered a rate-limiting step in the process ofafaty
mobilization from adipose tissue (Hales et al., 1978; Coppack et al., 1994; Murray et al.,
2006). Hormone sensitive lipase is present in both an active and an inactive form,
subject to adrenergic stimulation leading to phosphorylation of the inactive hormone,
thereby activating it; insulin will stimulate a phosphodiesterase lgadidecreased
CcAMP levels and thus decreased HSL activation (Hales et al., 1978). Insalid ie be
the most potent antilipolytic hormone and has been extensively studied (Hdles et a
1978; Coppack et al., 1994; Murray et al., 2006). Ketone bodies acetoacetéte and
hydroxybutyrate are also said to be inhibitors of lipolysis, although the exabaimem
is not clear (Coppack et al., 1994).

Other hormones act to increase the rate lipolysis in adipose tissue thereby
accelerating the release of FA and thus increasing plasma FFA caticent
Circulating concentrations of epinephrine, norepinephrine, glucagon, adrermiocopic
hormone (ACTH)q- andp-melanocyte-stimulating hormones (MSH), thyroid
stimulating hormone (TSH), growth hormone (GH) and vasopressin among others
provide stimulation to adrenergic receptors and activate HSL, stimulatingsigol

(Coppack et al., 1994; Murray et al., 2006).
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In humans at least, catecholamines have a dual effect on lipolysis, while alpha-
adrenergic inhibitory mechanisms modulate lipolysis at rest and beta-apicener
stimulating effects occur during exercise (Wahrenberg et al., 1987). Ablowderate
intensity exercise, lipolysis would increase due to the sensitivity ofdoleémergic
receptors for increasing catecholamine concentration in adipose tisshiee(iMerg et al.,
1987). At high intensity exercise, greater than 80%M@high circulating levels of
epinephrine along with increased glycolytic flux and increasedyfisfk will tend to
decrease lipolysis and therefore increases reesterification in atigsuse(Jeukendrup et
al., 1998a).

Exercise onset in horses increases the concentration of circulatingotateines
therefore decreasing plasma insulin concentration during exercise due todnlafigct
from epinephrine and somewhat from norepinephrine upon pancreatic insulin release
(P6so et al., 2004). The overall effect is to increase lipolysis since increased

concentration of plasma insulin would inhibit lipolysis.

2) Removal of fatty acids from adipose tissue: reesterification vs. reléase.
rate of lipolysis actually exceeds the need for FA in oxidative prasetbszefore, FA
mobilization is regulated by reesterification (Wolfe 1998). Reestatifin can occur
within the adipocyte “intracellular reesterification” or the fattydazan be released and
reesterified in some other tissue “extracellular reesterificatigerikendrup et al.,
1998a). Remember that glycerol cannot be incorporated into triacylglyckrelo the
absence of glycerol kinase. Glycerol kinase is indirectly derived ftocosg in the

adipose tissue and is required for reesterification; it is used in adiposedissuert
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glycerol to glycerol-3-phosphate (G-3-P), the back bone of the triacglglymolecule
(Jeukendrup et al., 1998a).

The stimulation of lipolysis is very rapid after the onset of exercise and during
low intensity exercise lipolysis will continue to increase; however,ygsicannot
increase proportionally as exercise intensity increases and at appedyi6tto of
VO2max fatty acid oxidation becomes equal to the total amount of fatty acids available
(Wolfe, 1998). Shaw et al. (1975) also concludes that the most pronounced suppression
of R;FFA (rate of appearance of FFA) and drop in tgeFR/R,Glycogen ratio occurs at
the onset of exercise and subsequently rises as the stimulus for lipotgsisdse
increasingly stronger due to the decrease of plasma glucose and incrgasenaf
norepinephrine. Remembering that adipose tissue blood flow is increased duraigeexer
R, of FA in plasma are also increased as a result; therefore, the ragstefifieation is
also dependent upon the ability of the plasma to transport the released FA (i.e. the
number of free albumin binding sites) and availability of glucose to produce G-3-P
(Jeukendrup et al., 1998a). Moreover, lactate has been demonstrated to increase the rat
of fatty acid reesterification by as much as 35-40 % at heavier exereissitiass in dogs
when plasma lactate levels rose from 6.5 to 18.6 mg/100ml (Shaw et al., 1975).

The rate of removal of fatty acids from adipose tissue could be dependent upon
the plasma albumin concentration, arterial fatty acid/albumin ratio, and blood flow
through adipose tissue (Jeukendrup et al., 1998a). During moderate exerciag, arter
plasma fatty acid concentration can increase up to 20 times therefore imgtbasi
resting ratio of FA/albumin from 0.2 to 3-4 during exercise at this intensitk€derup

et al., 1998a).
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Bilow (1982) concluded that the increase in subcutaneous adipose tissue blood
flow during exercise is of importance for the enhanced FFA mobilization. Also of
importance was the fact that subcutaneous adipose tissue blood flow response was found
to be equal between both man and dog and that lipolysis, FFA mobilization and FFA
reesterification are increased in subcutaneous adipose tissue during prolmrgee e
(Bulow, 1982). The FA/albumin ratio is increased as well as the concentration of non-
protein bound FA in plasma; a situation that favors reesterification (Bulow, 1982).

The extent of reesterification within the adipocyte includes the aforemedtio
ability of the plasma to carry away released FFA, but also with the avijlabiglucose
to produce glycerol 3-phosphate for reesterification (Wolfe et al., 1990). pesadi
tissue increases its utilization of glucose, the outflow of FFA decreaselyderiog
release continues due to glycerol 3-phosphate, and a larger portion of glucose being
converted to fatty acids (Murray et al., 2006). Conversely, as glucosetiailiza
decreases, proportionally more glucose is shuttled to the formation of glgeerol
phosphate for esterification of Acetyl-CoA which minimizes the efflux ok BAurray
et al., 2006). In situations where there is not enough glucose available, less B43eP w
formed and the rate of reesterification will decrease as a consequamgevéh greater
amounts of fatty acids mobilized from the adipose tissue and released intdiomcula

(Wolfe et al., 1990).

3) Transportation of FA to the muscle cell by the bloedity acids either pass

through the cell membrane of the adipocyte passively as most often the casém#th S

and MCFA or with the help of membrane associated proteins such as fatty acid
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translocase (FAT) and fatty acid transport protein (FATP) (van Da, &004). Fatty

acids then move through the interstitial fluid bound to albumin before passing though the
vascular wall of the capillaries where they again bind to aloumin (Jeukendrup et al.,
1998a). Recall that a majority of all fatty acids are bound to albumin in the plasma and
that lipoproteins other than VLDL which incorporate FA in the liver, can function as
carriers for FA through the blood (chylomicrons, LDL, HDL) (Murrayletz006).

Fatty acids must be released from albumin upon contact with the endothelia agls lini

the wall of muscle capillaries as they have a low affinity for the alb&Ainbmplex;

albumin is too large to pass through the interendothelial clefts (Bassingtitevat al.,

1989).

4) Fatty acids are taken up by the muscle cEle uptake of fatty acids by the
muscle cell was once thought to be a passive process, occurring solely fag passi
diffusion. There is now evidence that membrane associated carrier pesteeaiso
involved in mediating this process (Wolfe, 1998; Campbell et al., 2004; Koonen et al.,
2005). Uptake of fatty acids from the plasma would be initiated by their trahsloc
through the luminal membrane of the endothelial cell, the cytoplasmic compaaiment
the endothelial cell and subsequently through the albuminal membrane of the endothelial
cell (Jeukendrup et al., 1998a). Next, again probably bound to albumin, FA are
transported through the interstitial space then transported through thesaneokither
passively or with the aid of plasma membrane bound carrier proteins sudy asitht
binding protein (FABB) (Kiens, 2006) or by fatty acid translocase (FAT) and fatty acid

transport protein (FATP) (Wolfe, 1998; Kiens, 2006). Once in the cytoplasm, fatty aci
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are carried from the sarcolemma and to the outer mitochondrial membrane bound to

cytoplasmic FABP (FABP (Kaikaus et al., 1990; Koonen et al., 2005).

5) Mobilization of FA from intramuscular triacylglycerol pools: availability of
plasma fatty acids, lipolysis in the musclée use of fatty acids as a substrate is
dependent upon lipolysis in adipose tissue, the transport of these fatty acids through the
blood and ultimate uptake in the muscle; nonetheless, lipolysis in the muscle may also be
a factor contributing to the use of fatty acids especially in endurancedttaineans
(Jeukendrup et al., 1998a). During the first few minutes of exercise, plasmaiitty a
concentration decreases due to the delay between increased uptake andildtgostioh
lipolysis (Wolfe et al., 1990). Once lipolysis is up and running, reesteiiicest
suppressed and plasma fatty acid concentration will rise (Wolfe et al., 1990naPlas
substrate oxidation continues to progressively increase with increasirase duration
(Romijn et al., 1993). Lipolysis of intramuscular TG does not appear to be stimulated at
low exercise intensities, but it does appear to be stimulated at moderatdias€650
VO2may; however, it does not seem to increase with higher intensity exercise (85%
VO2may (Romijn et al., 1993). At 65% Vhax Romijn et al. (1993) found that FA from
lipolysis in adipose tissue and intramuscular stores contributed equally taoofii@ax
With high intensity exercise efforts (> 80% ¥y, there is limited FA availability due
to the decreased,RA release from adipose tissue (Romijn et al., 1993). Post-exercise,
even though lipolysis decreases immediately, jEAJacontinues to rise after exercise

ceases indicating increased release from previously hydrolyzed T@(¥vall., 1990;
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Romijn et al., 1993). These high post-exercise plasma fatty acid levels are tfoought
replenish muscle TG as well as glycogen stores (Walker et al., 1991).

The rate of fatty acid oxidation in the working muscle is dependent upon several
factors, not just the [FAhsma but also the number and size of mitochondria, and the
presence of other substrates such as glucose (Jeukendrup et al., 1998a). The
hyperglycemia and insulinemia brought about by ingestion of a meal by hoxwe® pri
exercise will tend to decrease FA oxidation due to the insulin-induced redurction i
lipolysis and the subsequent decrease in NEFA concentration in the plasmaiticag w
initial, temporary decrease in plasma glucose at the onset of eX&aigence et al.,
1995; Pagan and Harris, 1999). For another, exercise activity at a hightyntahsi
increase the rate of glycogenolysis and therefore glycolysis leaaingreased muscle
pyruvate concentration and ultimately lowering the rate of fat oxida8ahlih et al.,
1990). High rates of fat oxidation require a minimum amount of TCA cycle
intermediates (TCAI) and both at the onset of exercise and during the lates gia
prolonged exercise, TCAI levels seem to be maintained by the alanine ansfetiae
reaction in the muscle (pyruvate + glutametalanine +a-ketoglutarate) (Sahlin et al.,
1990). However, an adequate rate of anaplerotic reactions cannot be maintained if
muscle glycogen stores become depleted during prolonged exercise; ascpenos,
glycogen depletion will lead to fatigue as muscle pyruvate concentratibtinarefore
the number of TCAI fall below a critical level (Sahlin et al., 1990).

IMTG hydrolysis — hormone sensitive lipagdthough the regulation of TG
synthesis and its subsequent breakdown is not completely understood, it is thought that

hormone-sensitive lipase (HSL) is the major enzyme responsible for the tsyslafly
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stored TG in skeletal muscle, similar to adipose tissue (Kiens, 2006). Hos®osiéve
lipase is a multi-functional lipase that hydrolyzes triacylglycerdbtm free fatty acids
and glycerol; it is distinguishable from lipoprotein lipase which catalypeprotein
triacylglycerol hydrolysis before its uptake into extrahepatic tissdasrgy et al., 2006).
The liver and kidney take up the glycerol from the blood as both organs possess active
glycerol kinase (Murray et al., 2006). In rat (Langfort et al., 1999) and humaatagkel
muscle, HSL protein has been detected, although in lesser quantities than in adipose
tissue (Roepstorff et al., 2004b). Hormone-sensitive lipase is rate linmtiipglysis of
adipose tissue (Fredrikson et al., 1981) but not TG hydrolysis in skeletal muscle
(Roepstorff et al., 2004b) suggesting that other lipases may be involved in Tabybigdr
Further, HSL protein expression is higher in oxidative muscle fibers thancolgig

fibers (Langfort et al., 1999).

Roepstorff et al. (2004b) cited a rapid, temporary increase in HSL activitg
onset of exercise with a decline in activity towards resting levelseasigg continued.
This observation is contrary to the fact that exercise produces a continuouseimtreas
catecholamine concentration, specifically epinephrine, which tends to incr8ase H
activity (Kiens, 2006). It is not completely understood how molecular mechanisms
regulate HSL activity in skeletal muscle, but it appears that manydamtatd play a

role in both adipose tissue and skeletal muscle HSL activity.

6) Transport of FA into the mitochondria of the muscle dalhen exercise

intensity increases, thereby decreasing fatty acid oxidation, fadtyx=iclation is limited

by factors inside the muscle cell (Campbell et. al, 2004). The rate of ygigalhich is
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the regulator of carbohydrate metabolism in the muscle, contributes to tthe rapi
mobilization of glycogen during high intensity exercise; thus, rapid carbateydr
oxidation (metabolism) inhibits fatty acid oxidation by limiting its transpdpo the
mitochondria (Wolfe, 1998). Wolfe (1998) believes that the primary control of lipid
metabolism in exercise is the latter of 1) release of FFA or 2) at entisslie level;
because muscle is major site of control of the rate of fat oxidation duringsexehe
rate of control is the entry of substrate into mitochondria.

Once fatty acids enter the cytoplasm of the muscle cell, they areesthéfied
and stored into the intramuscular TG (Dagenais et al., 1976) or bound to a transport
protein such as FABP for delivery to the site of oxidation (Jeukendrup et al., 1998a;
Kiens, 2006). Long chain fatty acids are activated in the cytosol in a readthoGeA
and ATP to yield a fatty acyl-CoA by long-chain acyl-CoA synthefA&:S)
(Jeukendrup et al., 1998a; Kiens, 2006). In addition to being located on the cytosolic
surface of the peroxisomal endoplasmic reticulum and outer mitochondrial membrane
(Coleman et al., 2000) long-chain acyl-CoA synthetase has been found to also be located
on the plasma membrane (Gargiulo et al., 1999). The latter location seems to help
maintain a low intracellular LCFA concentration because of efficisteriéication at the
plasma membrane (Kiens, 2006). Acyl CoA synthetase may therefore affeatethad
directionality of LCFA across the membranes along with other protesste involved
in LCFA uptake (Gargiulo et al., 1999). Itis generally accepted that short angnmedi
chain fatty acids can more freely diffuse into the mitochondrial matrixenthery are
converted to their CoA esters (Jeukendrup et al., 1998a). The transport of LCFA

moieties within the cytoplasm and subsequent donation to met@bmlidation, is
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mediated by the cystolic Fatty Acid Binding Protein (FABRamily (Kaikaus et al.,
1990) and acyl CoA binding protein (ACBP) (Rasmussen et al., 1994). This partnership
is believed to be the major factor in controlling the free concentration ofotigth€FA-
CoA even though they are relatively water soluble as very little LCFA af@\LCDA
exist free or unbound (Kiens, 2006). Long chain fatty acids bound for oxidation must
pass from circulation through the endothelium, the interstitial space, the plasma
membrane, the cytosol and ultimately through the mitochondrial membranesfinaé
oxidation takes place. What remains under debate is whether transendothelial or
transsarcolemma transport of LCFA is a passive process dependent @m cellul
metabolism, or whether LCFA transport occurs via plasma membrane pradiated
transport. It appears that both factors contribute to the transport of LCFAS(8oale,
2000; Pownall and Hamilton, 2003).

The movement of LCFAs across the mitochondrial membranes was thought to,
traditionally, be controlled only by the carnitine-palmitoyl transfe(&¥&T) system as
the inner mitochondrial membrane is impermeable to fatty acids (or agyl-C
Carnitine palmitoyltransferase I, present on the outer mitochondrial mee)lmatalyzes
the trans-esterification of fatty acyl CoA to aclycarnitine to crosgtier mitochondrial
membrane via the acyl carnitine/carnitine translocase system in a hangedor free
carnitine (Campbell et al., 2004; Kiens, 2006). On the matrix side of the membrane,
aclycarnitine is reconverted to fatty acyl-CoA by CPTIlI (Campétedll., 2004). Since
important regulators of CPTI are found to only minimally affect its function sitdegn
suggested that fatty acid-binding proteins may be involved in the transport of ibh@FA

the mitochondria (Campbell et al., 2004). Recently, researchers have foundttiiree fa
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acid binding proteins on the plasma membrane (Campbell et al., 2004; Roepstorff et al.,
2004a; Kiens, 2006):

1. plasma membrane-bound fatty acid binding protein (FABP

2. fatty acid transport protein (FATP)

3. fatty acid translocase (FAT/CD36)

FABPym. Plasma membrane bound fatty acid binding protein (FABIB
believed to play a role in the transport of LCFA across the sarcolemma. It-idbm43
protein located peripherally on the plasma membrane and it is identical to mitoehondri
enzyme aspartate aminotransferase (mATT) (Roepstorff et al., 200d&yyD
manipulations have been found to affect expression of the fA®Btein. For instance,
while high-fat diets increased the protein expression of FaBPthe vastus lateralis
muscle in male [human] volunteers, the opposite occurred with those subjects on a
carbohydrate-rich diet — FABR protein content decreased (Roepstorff et al., 2004a).
Exercise training also increased protein expression of EfBft only in male subjects
(Roepstorff et al., 2004a). Likewise, a significant positive correlation leetwercentage
of muscle FABP content and percentage of oxidative fibers in rat skeletdenmasc
found by Vork et al. (1991) indicating that FABP plays an important role in feitly a
oxidation.

FATP. Fatty acid transport protein (FATP) is expressed in adipose tissue, the
heart, and skeletal muscle in rodents (Schaffer and Lodish, 1994) and skeletalimuscl
humans (Kiens et al., 2004). Itis a 63-kDa integral protein with 6 predicted

transmembrane domains (Schaffer and Lodish, 1994). It has been shown to have acyl
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CoA synthase activity role in conversion of fatty acids to fatty acid@oy (Hall et al.,
2003). High-fat diets caused an elevation in FATP1 protein content in rat soleus,muscl
but a decrease in gastrocnemius muscle, while the opposite occurred with the high-
carbohydrate diet (Marotta et al., 2004).

FAT/CD36. Fatty acid translocase or FAT/CD36 is an 88-kDa integral membrane
glycoprotein used for uptake of LCFA which are found in the intracellular pools of
skeletal muscle (Campbell et al., 2004; van Dam et al., 2004; Kiens, 2006) and
translocates to the plasma membrane of skeletal muscle cells upon gtimyansulin
or contraction (Bonen et al., 1999; Bonen et al., 2000; Luiken et al., 2002) which
correlates with increased palmitate uptake (Luiken et al., 2002). Ressgrokerate
that FAT/CD36 plays a role in LCFA transport in the mitochondria (Campball, et
2004; van Dam et al., 2004). Fatty acid binding protein (FABP) may to cooperate with
FAT/CD36 in the uptake of LCFA in cardiac and skeletal muscle (Luiken et al.,.1999)

FAT/CD36 is more abundant in oxidative type | fibers than glycolytic type Il
fibers in skeletal muscle including rodent and equine skeletal muscle (Caetpddell
2004; Van Dam et al., 2004). There exists two types of mitochondria in skeletaé muscl
defined as subsarcolemmal (SS) and intermyofibrillar (IMF) (Campball,€2004).

Campbell et al. (2004) found that expression of FAT/CD36 was lower in white
gastrocnemius (low oxidative muscle fibers) (30.9% lower in SS and 36.4% lowgr IMF
as compared to red gastrocnemius muscle (high oxidative fibers) fromefSpralgue-
Dawley rats. In human vastus lateralis muscle, a fat-rich diet inducedraasg in the
expression of FAT/CD36 (Cameron-Smith et al., 2003; Roepstorff et al., 2004a).

Moreover, IMTG content was found simultaneously with a high expression of
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FAT/CD36 induced by the high-fat diets (Roepstorff et al., 2004a) and it could be
ascertained that enhanced amount of FAT/CD36 would be of benefit for clearance of
LCFA. Further support was given by van Dam et al. (2004) in which FAT/CD36 in
equine skeletal muscle was found in close proximity to the sarcolemma, positianed ne
capillaries to aid in the uptake of LCFA from the plasma. Depending upon enedp; ne
LCFAs could then either be oxidized if energy was needed or used towards resynthesi
into triacylglycerol (IMTG) if energy needs were low (Kiens, 2006). Whilé skems to
enhance FAT/CD36 expression (Roepstorff et al., 2004a), conditioning does not
upregulate FAT/CD36 protein content in human subjects (Kiens et al., 2004).

Long-chain fatty acids are unable to be transported into the mitochondrial,matrix
inhibiting further metabolism without the presence of carnitine. Likewidmijade
oxidation was also dramatically reduced when a known inhibitor of FAT/CD36, sulfo-N-
succinimidyl oleate (SSO) was incubated with viable mitochondria from ratienlon 87
and 85% in SS and IMF (Campbell et al., 2004). As the need for greater fatty acid
oxidation increases so does FAT/CD36 expression and thus capacity forihtty ac
oxidation. As shown by Campbell et al. (2004) with both chronically and acutely
electrically stimulated hind limb rat muscles.

Chronic stimulation, 7 days, of the hind limb rat muscles resulted in the up-
regulation in total amount of FAT/CD36 present in the total homogenate and in the
plasma membrane fraction of skeletal muscle along with an increase irtdbbandrial
fraction as compared to control muscles. Therefore, mitochondrial palmitatéiaxida
was increased in the chronically stimulated muscles, but SSO reduceatidtty

oxidation in both experimental and control muscles (Campbell et al., 2004).
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Acute stimulation for 30 min did not increase the total amount (expression) of
FAT/CD36, but did increase amount in the plasma membrane fraction signifying that
FAT/CD36 was translocated within the cell. Palmitate oxidation also iretteuasile
SSO again reduced fatty acid oxidation in both experimental and control muscles
(Campbell et al., 2004). Investigators found no differences between SS and IMF
fractions of skeletal muscle mitochondria. Palmitate binding and palmitakatiox by
mitochondria can be significantly altered by use of SSO, a known inhibitor of
FAT/CD36. Further, FAT/CD36 quantity was in accordance with the oxidadvaotty
of the tissue: heart >> red muscle (high oxidative) > white muscle (low oxidatNso,
when rates of fatty acid oxidation increased, so did mitochondrial FAT/CD36 cduint
to either increased expression of FAT/CD36 as in chronic stimulation or byotratish
of FAT/CD36 to the mitochondrial membrane as in the acute stimulation (Camipbell e
al., 2004). FAT/CD36 is likely helped by the carnitine-palmitoyl transfesgsiem in
the movement of LCFA across the mitochondrial membranes.

In a proposed model by Campbell et al. (2004) illustrating the interactimedmet
FAT/CD36 and CPTI, FAT/CD36 acts as an LCFA acceptor from cytosolic-binding
proteins and transferring them to the long chain acyl CoA synthetase wii@tezcthe
LCFA, preparing it for CPTI acceptance. Perhaps this allows for anotheedpehatory
step in fatty acid oxidation.

GLUTA4 . Although glucose and fatty acids are the primary metabolic fuel for the
exercising muscle, their ability to be used is contingent upon their transport into the
myocyte. The glucose transporter 4 (GLUT4) protein is almost solglgnstble for the

transport of glucose in mammalian muscle cells (Richter et al., 2001ats|rGLUT4
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protein has been found in intracellular subsarcolemmal groups of vesicles angrbetwe
mitochondria and the myofibrillar region (Ploug et al., 1998) and is translocatedhieom t
storage sites by the stimulation of insulin and muscle contraction (Luiken et al., 2002;
van Dam et al., 2004) as is the case with FAT/CD36. In equine skeletal mugpeatea
expression of the GLUT4 protein was observed in type 2B (IIB and 11X) fibers augari
muscle types as compared to type 1 and 2A (ll1A) (van Dam et al., 2004). In general
GLUT4 content in skeletal muscle decreased with increasing oxidativetgapfate
muscle groups; however, some studies have cited a large amount of GLUT4 in type 1
fibers as well and that GLUT4 translocation does not differ between musete by
rather differs according to oxidative capacity (Marette et al., 1992). owdere

seems to be no strict designation of GLUT4 expression and muscle fiber type among or
between species; therefore, there seems to be alternative factors thiatiteotd GLUT4
expression in skeletal muscle such as insulin, muscle contraction and exanaisg,tr
along with diet (van Dam et al., 2004).

A high-carbohydrate diet increased both GLUT4 protein expression and mRNA in
both type | and Il muscle fibers in rats (Lee et al., 2002), but did not increase GLUT4
gene expression in horses after a glycogen depleting exercise (Jober&uet al.,

2005). Conversely, a high-fat diet was found to decrease GLUT4 expression in one study
with rats (Kahn and Pedersen, 1993). On the other hand, while the GLUT4 protein
expression was increased with exercise in another study while at thérsentd . UT4

MRNA expression decreased with the high-fat diet, suggesting that both mRNA and
protein expression is controlled independently by exercise and diet (Lee et al., R002)

must be noted that the rats in the study by Kahn and Pedersen (1993) were obese. In
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sum, it appears that skeletal muscle has the capacity to adapt to variousasthmul
regards to fiber specific glucose uptake and expression.

Caveolins. Lipid rafts and caveolae, a morphological subclass of lipid rafts, have
been suggested to play a role in fatty acid uptake. Caveolae and cavemiuokwed in
the regulation of lipid transport. Caveolae are 50 — 100 nm flask-shaped indentions of the
plasma membrane composed of sphingolipids and cholesterol which contain caveolin, the
protein which is essential for invagination of the plasma membrane (Kiens, 2006).
Caveolin-1 and caveolin-2 are found in most cell types while caveolin-3 isenuscl
specific be it cardiac, smooth or skeletal muscle (van Deurs et al., 2003).

In conditions of fatty acid utilization, coordination of caveolin-1 and FAT/CD36
may be involved (Kiens, 2006). Researchers found an increase in expression of
FAT/CD36 and caveolin-1 protein expression in human skeletal muscle during the
recovery phase after intense, glycogen depleting exercise regardiieesamount of
carbohydrate consumed (Roepstorff et al., 2004a). In addition, caveolae matertgpila
function of fatty acid transporters such as FAT/CD36 (Kiens, 2006) researchedsd
high degree of colonization of caveolin-3 and FAT/CD36 on the sarcolemma of human
vastus lateralis muscle (Vistisen et al., 2004).

The effect of exercise on protein transporter activiixercise alone can increase
LCFA uptake and oxidation many times over. In the rat, skeletal muscle uptake of
palmitate into sarcolemmal giant vesicles increased 75% after 30 mifu@stractions
correlating with the expression of FAT/CD36 (Bonen et al., 2000) as well aasedre
the number and/or activity of the lipid binding proteins in the trained versus untrained

state, which may facilitate transport of LCFA into the myocyte (Turcotié,e1992;
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Kiens et al., 1993). Kiens (2006) suggests that increased FAT/CD36 expression is an
early adaptation to increased muscle activity that may fade with sustagnedsed

activity, as short-term training (Tunstall et al., 2002; Pelsers et al., 2008yamd e

single exercise bout (Roepstorff et al., 2004b) increased FAT/CD36 proteissgpre
slightly. However, there was no difference in FAT/CD36 content in the vasttaikate
muscle when comparing endurance trained and untrained human subjects (Kiens et al.,
2004). This also coincides with an increase in muscle FABRd contraction-induced
uptake and oxidation of palmitate in trained rats (Turcotte et al., 1999) but whiladraini
increased FABP concentration in the rat heart muscle, rat skeletg@dernoacentration

was not increased (van Breda et al., 1992). In contrast to diet, exercise iddiucet
changes in content of FAT/CD36, FAB®& acyl-CoA binding protein (ACBP),

suggesting that these transporters may occur in adequate amounts to ttatispand
LCFA-CoA during exercise (Kiens et al., 2004).

Kiens (2006) cautions that even though there is evidence that transporters are
involved in the transport of LCFA, and certain exercise conditions occur in which
transmembrane transport during exercise may not be the important lintegmia s
plasma LCFA oxidation This does not mean that the transport proteins or the transport
process is rate limiting; rather, when exercise intensity incresskBA oxidation
decreases, factors inside the muscle cell are responsible for limitmgdation.

The effect of diet on protein transporter activitgterventions resulting in
changes in lipid metabolism, such as diet, can have an effect on content and regulation of
the fatty acid binding proteins. In studies done in rats, data have shown that emkeart

skeletal muscle, cytosolic fatty acid binding protein (FABRd not respond to an
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increase in dietary saturated fatty acids (Coe and Bernlohr, 1998; Storchuandetr,

2000). However, a diet rich in omega-3 fatty acids significantly increasB&Jcontent
(Clavel et al., 2002), suggesting that both FA length and degree of saturation are
important for FABR regulation (Pelsers et al., 2008). In a human study, consumption of
a fat-rich diet was found to increase the expression of both plasma membnaaeidatt
binding protein (FABB) as well as FAT/CD36 in the vastus lateralis muscle in contrast
to a carbohydrate-rich diet (Roepstorff et al., 2004c). Likewise, gene sxpres
FAT/CD36 was greater after a high-fat diet as compared to an isocajon@lent high-

carbohydrate diet in human skeletal muscle (Cameron-Smith et al., 2003).

7) Oxidation of fatty acids occurs in the mitochondifgeta oxidation is the
stepwise degradation of the fatty acyl-CoA which was transported into thehonidria
by the transport proteins with the help of the carnitine-palmitoyl trarssf¢@PT)
system. The only step that requires energy from ATP is the activatiomtby adid into
an acyl-CoA by acyl-CoA synthetase (Murray et al., 2006). Each subsequoeint thie
oxidation process shortens the fatty acyl-CoA by two carbons; it is degradsstyib a
CoA and an acyl-CoA residue. Acetyl-CoA can then enter the TCA cycle, thusifalow
the same exact pathway as acetyl-CoA units from pyruvate, formegdnhglis. The
acyl-CoA unit will continue back throudhoxidation until it is completely oxidized.
The rate of3-oxidation is dependent upon the type of fatty acid oxidized — both the
number of carbons and the degree of saturation have been shown to influence oxidation
rate (Jeukendrup et al., 1998a). In general, the longer the fatty acid chém) tleag

slower the rate of oxidation as very long chain fatty acidg (G, etc.) must go through
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a modified form of3-oxidation in the peroxisomes whose enzymes are induced by high-
fat diets (Murray et al., 2006).

The enzymes of the citric acid cycpepxidation, and the respiratory chain along
with the mechanisms for oxidative phosphorylation are all contained within the
mitochondria. Reducing equivalents produced from the citric acid cycle aretedland
transported by the respiratory chain to their final reaction with oxygen to fater.w
The respiratory chain occurs in the mitochondria where food energy is converteB;to AT
a proton gradient drives the synthesis of ATP (Murray et al., 2006). Oxidative
phosphorylation is the process by which the liberated free energy is trappadhs
energy phosphate (Murray et al., 2006).

Many conditions can control the rate of respiration in the mitochondria, namely
the availability of ADP as oxidation and the associated phosphorylation of ADP are
tightly coupled (Murray et al., 2006). The following lists states of respyratmtrol,
adapted from Murray et al. (2006):

1. The availability of ADP and substrate

2. The availability of substrate only

3. The capacity of the respiratory chain itself when all substrates and
components are present in saturating amounts

4. The availability of ADP only (rest)

5. The availability of Q only

At rest, the rate of respiration in most cells is dependent upon the availability of

ADP only. However, when work is performed, ATP is converted to ADP which

45



increases respiration, but also replenishes ATP at the same time. Adiogspira
increases, as in exercise conditions, the cell is then at state 3 or 5, whetheither
capacity of the respiratory chain becomes saturated pdé&eases belot, for heme
as. In addition, the ADP/ATP transporter, which facilitates entry of cytosdlif Anto
and ATP out of the mitochondrion, could become rate-limiting (Murray et al., 2006).
The remaining free energy that is not captured as HEP is liberated aghiaat

contributes to the maintenance of body temperature (Murray et al., 2006).

Effect of exercise, intensity and duration, on substrate utilization

The extent at which substrates such as carbohydrate, fat and protein are used by
contracting muscles depends upon the intensity and duration of exercise, thalidyaila
of carbohydrate or alternative fuels, and the influence of hormones (heeyrE990).
Other factors that determine substrate usage include the activity ofiexidiarymes and
the availability of Q for their complete oxidation and/ or density of mitochondria in the
muscle, muscle composition, training status, as well as diet and exogenousesibstrat
consumed before exercise (P6s6 et al., 2004). In general, horses use caidbaingidra
for high intensity, short duration exercise and fat for low intensity, long darati
activities. Nonetheless, exercise intensity contributes the most to theideteon of the
degree of fat or carbohydrate oxidation during exercise (Jeukendrup et al., 1998b).

Generally speaking, at rest, when energy metabolism is fully aerobigpatyna
of the energy requirements can be met by fatty acid oxidation as thosene#utit
require the least ADP can go the fastest; therefore, the oxidation of fatywattiibe

preferred over oxidation of pyruvate because the former uses less ADP {(®tgGil
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1975). However, as horse diets are generally low in lipid content, plasma NEFA
concentration is usually low at rest. Therefore, horses will primarilacsete and
glucose as an energy source at rest (Pethick et al., 1993). With inceasicige
intensities, plasma glucose tissue uptake and muscle glycogen oxidatimtregise,
whereas the regulation of lipid metabolism is far more complex (Romijn et al., 1993a)
Fatty acid contribution to exercise comes from plasma FFA and muscle TG. At
low intensity exercise (25% V43 most of the energy requirements are met by fat,
primarily plasma fatty acids in combination with glucose (Romijn et al., 1996a).
exercise intensity increases to 65% Mg, fat oxidation contributes to approximately
50% of energy expenditure - while plasma fatty acid contribution is lower, muscle
substrate contribution such as IMTG and glycogen increase (Romijn et al., 198@&). S
the energy turnover is higher at this intensity, absolute fat oxidation ratgeater with
the absolute rates of energy provision from fat being optimum between 50% and 70%
VO2max (Romijn et al., 1993a). In an experiment by Romijn et al. (1993a) five trained
human subjects were studied during exercise intensities of 25, 65, and 85%af VO
As indicated by the rate of appearance of peripheral glycerol, lipolysistimaulated
maximally at the lowest exercise intensity while rate of appearafiatty acids in
plasma decreased with increasing exercise intensity. Musdieérgle lipolysis was
stimulated only at higher exercise intensities (65% and 85% M@s indicated by
increasing intramuscular glycerol rate of appearance as thesexietensity increased.
The overall effect was a decrease in fat oxidation with increasimgigxéentensity.
However, in contrast to plasma FFA, an important observation was that muscle

triglyceride usage increased as exercise intensity increased; Fiiaioriat 85%
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VO2maxWas not entirely dictated by a reduced capacity of the muscle to oxittize fa
acids. In addition, if peripheral and intramuscular fatty acid oxidation suenened,
almost all of the available fatty acids were oxidized at the higherisgentensities
leading the researchers to question if the regulation site of fat oxidatayhat exercise
intensities was in the adipose tissue itself (Romijin et al., 1993a).

Intramuscular factors as well could be responsible for decreased rédes of
oxidation during high intensity exercise such as the increased ratesafgiyand
acetyl-CoA formation from G-6-P could inhibit LCFA transport into the nhitowria at
the level of CPTI by malonyl-CoA concentration (Sidossis et al., 1997). In@dditith
increasing exercise intensity more fast twitch, type Il gioofibers are recruited which
have less capacity to oxidize FA than slow twitch fibers (Snow et al., 1982:-Essén
Gustavsson et al., 1984; Yamano et al., 2006). Likewise, there is increased competition
into the citric acid cycle of pyruvate-derived acetyl-CoA as comparéattly acid
derived acetyl-CoA (Holloszy and Kohrt, 1996). As glycogen stores become degdete
with high-intensity exercise, carbohydrate oxidation falls below aarievel, but fatty
acid contribution to exercise can compensate as long as fatty acidsikael@aand the
exercise intensity is reduced to a submaximal level, because the AGtP pfoduction
decreases (Pernow and Saltin, 1971). Equine researchers have cited a significant
decreased anaerobic power generation coinciding with glycogen depletomn(be et
al., 2001).

Also, it leads to the question that if more plasma FFA were available would it
equal a greater fat oxidation? To test this theory, Romijn et al. (1995) leheranot

experiment illustrating that by acutely increasing the plasma BR&entration in
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conditioned humans at 85% YRi«using six endurance conditioned male cyclists - once
during control study and again when FFA concentration was maintained at 1 and 2 mM
by intravenous infusion of lipid and heparin. The [FFA] failed to increase abovegresti
levels in the control trial and plasma FFA concentration declined, consistenesults

of their previous studies at this exercise intensity. By infusing lipid, faf&\of
appearances was almost ten-fold greater than the value during the ctahtrdm tr

addition, this elevation resulted in a 27% increased in total fat oxidation. I#till, t
contribution of fat oxidation to energy expenditure increased to only 35% of the total at
this exercise intensity. The fate of fat oxidation was still lower at 8&%.xthan

observed at 65% V£axin the previous study. Therefore, while low plasma FFA
concentration may limit fat oxidation at times of strenuous exercise, othersfaach as

the efficiency of fat oxidation at the muscle level is the most likely obimig factor in

regulating the rate of fat oxidation.

Conditioning

Research has shown that in both animals and man, adaptive increases in oxidative
potential occur due to increased physical activity. Endurance training in humaetsubje
increases the ability of the body to use fat as a substrate while at éaérs@mnsparing
muscle glycogen (Jeukendrup et al., 1997). Hurley et al. (1986) reports that tbe great
utilization of FFA found in their trained versus untrained human subjects was due to
increased lipolysis of muscle TG. Nonetheless, Tyler et al. (1998) sutjysdisere
may be an upper limit to the ability of training stimulus to evoke skeletal enadabptive

responses in horses subjected to overtraining; adaptations beyond 16 weeks of training
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were small and insignificant. Further, endurance or moderate intensitysexappiears

to be more important for eliciting changes than high intensity exerciser (@tyal.,

1998). At the same time, McGowan et al. (2002) noted that, with high intensity training

of Standardbreds, a substantial increase in aerobic metabolic pathwaysthduutrteey

did not see the same increase in anaerobic metabolic pathways due to conditioning.

Factors that may contribute to stimulation of fat oxidation in trained suljetiasle an

increase in number of oxidative enzymes and mitochondrial content in conditioned

muscle, increased fatty acid uptake, an increase in muscle triacytyjlgoatent and

oxidation, and alterations in mobilization of fatty acids from adipose tissue.
Conditioning effect on oxidative enzymes and mitochondrial contenit. is

important for the trained muscle to have the increased ability to combust FA during

exercise, conditioning could increase mitochondrial enzymatic activity. &mckir

training increases the capacity to oxidize fatty acids as well as pgrand

proportionally more FA and less carbohydrate are oxidized could be due to the

conditioning effect of increased mitochondrial density in trained musclenj@oknd

Saltin, 1982). The increased size and density of the mitochondria as an effect of

conditioning, increases the surface area where the exchange of substrates aat ADP

take place and possibly increase the number of transport proteins (Gollnick and Saltin,

1982). In Standardbreds, Tyler et al. (1998) observed an almost linear increase in

mitochondrial volume throughout the conditioning period, greater than the changes in

VO2max and cited a 131% increase in mitochondrial volume after conditioning. Further,

the correlation between mitochondrial volume and\6was stronger than that between

mitochondrial volume and run time (Tyler et al., 1998). Gollick (1985) agrees that
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increased endurance capacity and shift to fat metabolism is more pronounced than those
changes in V@,axin humans after endurance conditioning.

Enhanced activity of enzymes involved in fat oxidation is the prime cause of
increased fat oxidation after training (Gollnick, 1985). Many studies have found
increased levels of enzymes involved in the activation, transport, and oxidation of fatty
acids. Beta-Hydroxy acyl CoA dehydrogenase (HAD) is a key enzyfiexidation
and its activity is shown to increase in times of FA flux other than exerciselurkeg
ingestion of fat rich diets (Helge and Kiens, 1997). A positive correlation betvizfe
uptake and HAD activity has been shown (Kiens, 1997). Beta-Hydroxy acyl CoA
dehydrogenase activity increased 32% in horses after conditioning along28fh a
increase in citrate synthase (CS) activity corresponding with a deaneasescle
glycogen utilization (McGowan et al., 2002). Likewise in human subjects, HADtact
was greater in conditioned versus unconditioned subjects (Kiens et al., 1993). It could be
speculated that enzyme activity is one of the main limitations in lipid ecudat the
exercising muscle cell, but the exact mechanisms are not clear.

Conditioning has also been demonstrated to increase the number of capillaries
associated with muscle fibers as well as the percentage of oxidativeatiilbersans
(Kiens et al., 1993) and horses (Henckel, 1983; Serrano et al, 2000), theoretically
allowing for a reduced diffusion distance and an increase in the surface asgehfange
of substrates within the muscle (Kiens et al., 1993). While muscle oxidative enzyme
activities rapidly decline after conditioning is ceased, changes in nfisaieypes, area
and capillarization do not, presumably because the changes in muscle fibeteciséicsc

are slow to occur (Tyler et al., 1998).
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Other potential key regulatory steps in metabolism could be the the [ATP]J[ADP
and the [ATP])/[ADP] X [Pi] ratios in the cytosol and mitochondria (Gollnick arltdr§a
1982). The higher mitochondrial concentration in the muscle, as occurs with
conditioning, the more effective the translocation of ADP into the mitochondria;
therefore decreasing the concentration of free ADP [A@3dlInick, 1985). The faster
translocation of ADP as compared to ATP keeps the [ATP])/[ADP] X [P fagh in
the cytosol, inhibiting phosphofructokinase (PFK). By maintaining a lower leveD&f A
and increasing the [ATP]/[ADP] ratio, the increased ratio would favotereatry of
acetyl-CoA from fatty acids into oxidative pathways (Gollnick, 1985) whileczsed
[ADPf] and a lower ratio would have the opposite effect, favoring glycolystsiMery,
1975). When the supply of ADP becomes saturating, such as with high intensity; effort
those processes will be favored that consume the most ADP and the least oxygen
(McGilvery, 1975).

In sum, conditioning increases mitochondrial content and density, decreases
[ADPs] at certain work loads, increases the [ATP]/[ADP] and [ATP]/[ADP] X {&tios,
in which the overall effect is increased oxidative capacity.

Conditioning effect on plasma FA utilizatioMany studies cite a lower plasma
fatty acid concentration after training and this could be due to either a deduce
mobilization from adipose tissue or an increased extraction of fatty admkmguscle
(Hurley et al., 1986). Even though fat oxidation is increased with training, it is lynlike
that this increase is due to plasma fatty acids; training does not increasa faty acid
extraction by the muscle (Hurley et al., 1986). After conditioning, human volunteers

reduced their reliance on plasma FA utilization while at the same timeased their
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use of intramuscular TG; indicated by a more than two-fold increase iatt&e(Phillips
et al., 1996). Thus, conditioning induced a decrease in adipose tissue lipolysis, while
skeletal muscle lipolysis seems to increase (Hurley et al., 1986p®&kil al., 1996).
Reliance on blood glucose and muscle glycogen after conditioning are therefoeslreduc
(Hurley et al., 1986). Conditioning lowered plasma LCFA concentration at rest and
during exercise; however, with improved physical conditioning, plasma LCFAasexe
in horses — blood glucose followed similar pattern (Hambleton et al., 1980).
Conditioning effect on IMTG utilizationt was just mentioned that despite
higher rates of fat oxidation during exercise, plasma fatty acid mmddécreases,
suggesting that additional fat sources used during exercise do not come frora adipos
stores, but possibly IMTG. Some studies cite an increase in IMTG conaantrati
trained human skeletal muscle (Hurley et al., 1986) making IMTG an importantaselbst
for working muscle both in humans (Essén, 1977; Hurley et al., 1986; Kanaley et al.,
1995) and rats (Fréberg, 1971; Spriet et al., 1986) signifying increased IMTG omidati
after training (Issekutz et al., 1964; Hurley et al., 1986; Phillips et al., 1996¢utieya
exercised rats, red muscle TG concentration was significantly reduced htiars of
exercise (Froberg, 1971). One study, involving a classical Swedish Waseesl85a
km], found that the most physically fit skiers had the largest IMTG shafese the race
and also depleted them the most (Lithell et al., 1979). In the same study, Riile L
activity increased only somewhat in the more fit skiers, there was a Gxto&hse in the
less conditioned subjects, indicating a higher capacity for uptake of serum TG as

compared to the more fit subjects (Lithell et al., 1979).
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Conditioning can induce an increase in the number of lipid droplets located
adjacent to the outer mitochondrial membrane as well. Tyler et al. (1998) nutetied
increase in intracellular lipid in horses after conditioning - lipid dropleteasing in
number and size and lying in chains with mitochondria throughout type 1 fibers. Thus,
transit time into the mitochondria would therefore theoretically be short. lskew
Serrano et al. (2000) also documented an increase in intramuscular lipid deposits in
horses coinciding with a decline in anaerobic enzyme activity with endurance
conditioning.

It is important to note that some of the LCFA taken up in the exercising msiscle i
esterified to IMTG in non-active motor units especially at lower éselatensities and
could have influence on the data obtained especially when the indirect estimation of
myocellular triacylglycerol utilization during exercise is used (Ki@@96). Kiens
(2006) contends that sufficient data are not available to ascertain whether oinirgg tra
increases IMTG utilization during exercise in humans and the differenaés be
explained by the wide range of dietary regimes in various studies. In don¢chvkile
training can potentially increase the IMTG pool as well as IMTG oxidatitimeagsame
absolute exercise intensity, the exact mechanism is not known.

Conditioning effect on plasma VLDL-TG utilizatioimcreased activity of LPL
along with an increased capillary endothelial surface area due to conditioniagnaioe
lead to increased hydrolysis of plasma triacylglycerols, rather VLBLi$age during
exercise was found to be relatively small and inconsistent in trained versamed
human subjects (Kiens et al., 1993). Lower carbohydrate utilization in the treatedss

a function of reduced glycogenolysis [i.e. leads to sparing of muscle glycogée] of t
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muscle; uptake of glucose by the muscle is unaffected by training, but rglysdgen
content is higher at rest in the trained subjects (Kiens et al., 1993). It was sddhast
VLDL-TG degradation played a more important role in influencing blood lipid profiles
than contributing to a higher rate of fat oxidation during exercise after traliegs(et
al., 1993).

Muscle LPL activity remains unchanged during moderate intensity egerci
however, activity increases during strenuous, prolonged exercise in humansgftmwi
hydrolysis of VLDL-TG (Kiens, 2006). After glycogen-depleting exeramsbumans,
there remains an increased degradation of VLDL-TG and muscle TG. Possexerc
resynthesis of glycogen is a priority, therefore FA liberated pestmse due to increased
LPL activity might be potential energy source during post-exercise rgc@ens and
Richter, 1998). In horses however, glycogen repletion is very slow in compaksun ta
as long as 3 days or more (Hyyppa et al., 1997) while human athletes can replehish muc
of their muscle glycogen stores in 24 hours (Goforth et al., 1997). Availability of
substrates during recovery for energy provision as well as glycogen syriémes to
affect the rate of repletion (Hyyppéa et al., 1997). Whereas plasma glevetewere
greater than or equal to pre-exercise values after repeated eXerats in horses, there
exists low availability of lipid substrates for energy production 2 - 72 hours pestise
which may contribute to the slow rate of glycogen repletion in horses (Hyyppa et al
1997).

In conclusion, physical conditioning results in adaptive changes that increase
oxidative capacity in both animals and man, primarily at low to moderate inésngiti

increase in fatty acid oxidation post-training is due in part to the increase in
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capillarization, mitochondrial density, and an increase in oxidative enzymagyaciihe
supply of fatty acids into the mitochondria may be important as an increasq iacfdit
oxidation after training could be primarily from IMTG sources and not adipaseetis

derived fatty acids or circulating TG.

Effect of diet — nutritional interventions to exercise performance

Through dietary manipulation it is possible to elicit changes in fat oxidation. In
many athletic species, changes in nutritional profiles have occurred, namstyngotion
of a high-fat diet or fasting, in order to manipulate fat oxidation which in theorydwoul
increase the availability of fatty acids thereby reducing glycogeskidown, leading to
enhanced performance. Under fasting conditions and short-term fat supplementation,
muscle glycogen content was decreased overall and fatigue resistscedwced in
human athletes (Jeukendrup et al., 1998c). Chronic high fat diets may produce adaptive
responses that prevent the aforementioned detriments to performance, but fat
supplementation in human sports medicine shows concern due to increased weight gain
and an increase in endogenous fat; therefore, primarily the focus is the potential
“glycogen sparing effect” as a possible benefit to fat supplementation huthan
athlete (Jeukendrup et al., 1998c). Likewise, for the equine athlete, fat suppteanent
serves to not only provide a safer means to increase the caloric density oflfleifee
also to potentially enhance performance via a “glycogen sparing’effeng with other
benefits such as decreased bowel ballast and decreased metabolic heat prdtdua®n.
generally accepted that exercise capacity is directly relatedgolenglycogen content in

the muscle prior to exercise and that glycogen concentration is dirgttlgriced by the
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carbohydrate content of the diet (Bergstrom et al., 1967). However, short-terfathigh
feeding may be an insufficient amount of time to induce adaptive responses totsaid die
whereas ingestion of a high-fat diet over a long period can decrease carl®hydrat
utilization and the induced carbohydrate shortage could be compensated by an increased
contribution of fat to energy metabolism.

In human nutrition, ingestion of long-chain triacylglycerols during exersise i
undesirable in that it may reduce gastric emptying and cause gastroaiteptiet. In
addition, LCFA appearance in plasma is quite slow, entering systemitatioa in
chylomicrons which contribute only minimally to exercise fuel. On the other hand,
medium-chain triacylglycerols are rapidly oxidized when ingested, but the guanist
be limited as gastrointestinal distress can occur (Jeukendrup et al., 1998c). Howeve
ingestion of LCT may replenish IMTG stores post exercise (Jeukendrup et al.).1998¢c
On the other hand, it has been suggested that MCT can be a valuable exogenous energy
source when ingested during exercise in combination with carbohydrate (Jeukendrup et
al., 1995), as MCT is more rapidly emptied from stomach and oxidized. Although the
availability of MCT was high when ingested with carbohydrate (70%), the niaxim
amount of MCT able to be tolerated when ingested was approximately 30g ard at tha
level, the amount of MCT contributing to overall energy expenditure was limited to
between 3 and 7% (Jeukendrup et al., 1998c).

The ingestion or infusion of TG in the horse during exercise is not a viable
strategy as the clearance of infused triglyceride in horses is very Slosvhalf-life of
infused TG in the horse has been reported to be at least 10-fold greater tien in ot

species (Moser et al., 1993).
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Nutritional strategies for improving fat oxidation — fasting, time of feeding.
Fasting has been proposed to increase fat utilization, spare muscle glgcogerefore
improve exercise performance. In rats, short-term fasting was reporitecrease
plasma epinephrine and norepinephrine concentration, stimulate lipolysis andescrea
the concentration of circulating plasma FA therefore increasing fat aadatd sparing
muscle glycogen (Jeukendrup et al., 1998c). Koubi et al. (1991) also found decreased
contribution of carbohydrates as an energy supply, hence sparing of muscle mlgndge
increase@-oxidation in the fasted versus the fed rats; however, endurance capacity was
similar between the two groups. In contrast, others have found increased run time to
exhaustion coinciding with fasting in exercised rats (Dohm et al., 1983).

In human subjects, exercising at 70-75%yQfor 90min, a 24 hour fast caused
much greater fat utilization in the first half of the exercise trial betxascise persisted,
fat became greater proportion of the energy expenditure in the fed subjiciataly, it
was found that endurance capacity decreased at this exercise inteabity ¢Dal.,

1986). Investigators also cited decreased insulin concentration while the cainwe rif
circulating catecholamines increased, an increased concentration of plasara an
increase in plasma glucose during first 30 min of exercise despite the 2&s$tauzdrly
depleting liver glycogen stores (Dohm et al., 1986). Serum FFA, glycerold)eand t
ketone bodyp-hydroxybutyrate, were higher in the fasted state than the post-absorptive
state both at rest and during exercise (Knapik et al., 1988). Muscle glycogemestma
unaffected, but liver glycogen stores decreased as indicated by decrgghembfe

during exercise after 3.5 days of fasting compared to post-absorptivenitiadert a

decline in endurance capacity (Knapik et al., 1988). Dohm et al. (1986) speculated that
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decreased pyruvate oxidation in muscle of fasted subjects could thus lead ¢®glyco
sparing. Many factors can contribute to the disparity in the information such asgbhysi
condition of subjects, fasting duration, as well as exercise intensity and duration.

In the horse, fasting from 8 to 12 hours before exercise appears to result in
utilization of fat as an energy source during exercise as indicated bytthe ne
disappearance of NEFA (Duren et al., 1999). Further, feeding horses 3 hours prior to
exercise resulted in hyperinsulinaemia and therefore a drop in blood glucose, - hence
interference with fat metabolism. However, fat-supplementation appesatiénuate
the latter results somewhat (Duren et al., 1999). Pagan and Harris (1999) also found that
feeding grain with or without hay within 2 hours of exercise reduced FFA biNigyland
increases blood glucose disappearance. Feeding forage alone within thiiarnmeoes
not appear to interfere with FFA availability, but may reduce plasma volumeaedse
body weight due to gut fill (Pagan and Harris, 1999). The glycemic index of didede
after fasting can also alter substrate utilization during exercise-Claslleras et al.
(2002) found that by feeding corn after an 18 hour fast and before exercise as dompare
to feeding alfalfa hay or fasting alone, resulted in higher plasma glaodsserum
insulin, lower glycerol and serum NEFA; thus, resulting in higher carbohydrdtaer
lipid oxidation during exercise.

In sum, fasting increases the availability of lipid substrates therelsaising fat
oxidation at rest and during exercise. However, glycogen stores are notmeainta
during fasting which therefore impairs fatigue resistance and esgrerformance.

Nutritional strategies for improving fat oxidation — The high-fat diss. shift in

substrate utilization can occur by changing the carbohydrate and fat cofmetrition.
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In human nutrition, this ratio of substrates providing energy can be expressedoasithe
guotient (FQ) which is analogous to the respiratory quotient (RQ) (Knapik et al., 1988).
Thus a high-carbohydrate diet would have a high FQ and consequently a high RQ in
contrast to a high-fat diet having a low FQ as well as a low RQ. Findinyg thel

muscle biopsy technique indicated that the decreased quantity of muscle glycdgen in t
high-fat versus the high-carbohydrate diets was the main factor in thef atigue
resistance during prolonged exercise in humans; in addition, glycogen repletion wa
slowed in those subjects consuming the high-fat diet (Bergstrom et al., 196%aHlult

and Bergstrom, 1967).

Rats adapted to a high fat diet for 4 weeks had no reduction in endurance as
compared to their carbohydrate adapted counterparts (Conlee et al., 1990)t- The fa
adapted rats had similar run time to fatigue times than the rats on the caabellyelr
both in the initial exercise challenge and in the second challenge that occlergalsaft
72 hours of recovery despite lower pre-exercise muscle and liver glycogkendieve
with slower muscle glycogen repletion after the first exercise phdseever, when fat
and carbohydrate adapted groups were switched to the opposite diet for 72 hours, the fat
group had restored its liver glycogen levels fully (and nearly their mgdptogen
levels) then ran longer than the carbohydrate group while the carbohydatiedadds
were unable to restore their glycogen levels while consuming the faCdietieg et al.,

1990). The authors suggest that part of the fat adaptation may involve increased storage
and utilization of IMTG (Conlee et al., 1990).
As Conlee et al. (1990) pointed out, the fat-adaption in their study did not have an

impact on performance of their rats, rather it was the short-term fat faadiog-
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adapted rats that provided a detriment to endurance capacity. Further, SinligQHg|l. (
found considerable improvement not only in endurance capacity, byt.Va3 well in

rats after 12 weeks of dietary fat adaptation combined with conditioning, as cdrtgpare
those rats on a standard carbohydrate diet. The authors attribute the affect on
performance to an increase in the number of oxidative enzymes along withsddcrea
degradation of liver glycogen during exercise (Simi et al., 1991).

Short-term, high-fat consumption among human athletes has been related to
impaired performance and lower resting muscle (and presumably liveoggly levels
(Burke and Hawley, 2002). Muscle glycogen also typically decreases$ong-term,
high-fat diets in humans (Phinney et al., 1983; Lambert et al., 1994) but the concentration
of IMTG increases, possibly due to an increased delivery of fatty acidhietouscles
from TG-rich lipoproteins through elevated lipoprotein lipase activity perhapditian
to blood-borne FFA (Kiens et al., 1987). On the other hand, 2-4 weeks of a high-fat, low
carbohydrate diet markedly increased fat oxidation and reduced the wtilin&tnuscle
glycogen during submaximal exercise efforts (Phinney et al., 1983; Laatlzrt1994),
despite almost 50% lower muscle glycogen levels in the fat adapted group (Rtiahey
1983). Likewise, Lambert et al. (1994) cited a 44% lower pre-exercisearglgcbgen
concentrations after adaptation to a high-fat diet, but no differences behwedanand
carbohydrate groups were found in sprint performance and time to exhaustion during
high intensity exercise; however, time to exhaustion during moderate igtexsitise
(approximately 60% V&4 Was significantly longer on the high-fat diet. Not
surprisingly, fat oxidation rates were also increased during exercigeefbigh-fat diet

(Lambert et al., 1994).
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Conversely, another study found that time to exhaustion during endurance
training decreased on a high-fat diet and the detrimental effects of thetflngered
even after switching to a high-carbohydrate diet; leading the authorsdiodenhat a
high-fat diet is detrimental to endurance training in human athletes (Hedge¥096).
Furthermore, adaptations to a fat-rich diet in humans have been linked to increased
plasma norepinephrine concentration and heart rate during submaximal exeicise, t
increase in sympathetic nervous system activity while training migtohsdered an
indicator of higher cardiovascular demands in the fat-fed group and may haveutedtri
to the reduction in endurance in that group (Helge et al., 1996). Other studies have also
noted a perceived increase in effort of training when consuming fat-rich{ dieisson
and Kaijser, 1982; Burke et al., 2002; Burke and Hawley, 2002). What was initially
viewed as “glycogen sparing” effects of performance after adapsatd a fat-rich diet,
rather may be a downregulation of carbohydrate metabolism or even “glycogen
impairment. Consequently, Burke and Kiens (2006) dismiss dietary fat adaptation
strategies for use in human athlete endeavors due to the growing evidence that
performance is actually impaired by dietary fat adaptation stest@gid dismiss it as an
ergogenic aid for conventional endurance and ultraendurance sports. Pels¢29@8n
echoes these comments by concluding that there is “still no convincing evidanties
dietary training regime provides exercise performance benefits, miosecompetitive
athletes perform at such a high workload that endogenous carbohydratesrémaai
predominant fuel.” In addition, consumption of a high-fat diet tends to down-regulate
glycogenolysis and thus may even impair high intensity performance gafi2oike and

Kiens, 2006).
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In equine athletes as well as their human counterparts, muscle glymgent
has a direct impact on performance capabilities. The decreased avaitdlmitgcle
glycogen accounts for diminished anaerobic power generation and capacity for high
intensity exercise as muscle glycogen accounts for a large pgeaiftaetabolic fuel,
especially during high intensity exercise (Lacombe et al., 200khj)e human athletes
are capable of carbohydrate loading or maximizing their muscle gycsigres prior to
an athletic event, the same practice is not successful in horses as hordgdhalrea
very high capacity to store glycogen — 600 to 650 mmol/ kg dry muscle (P6s0 et al.,
2004). Muscle glycogen concentration reaching those levels in human athletes only
occur after successful carbohydrate loading. The original protocol forloatrate
loading in humans was detailed by Bergstrém et al. (1967) which consisted of aodepleti
of glycogen stores, followed by overcompensatiés.such, consumption of a diet
containing approximately 50% starch would be required to obtain the same results in
horses as their human counterparts when it comes to glycogen loading (Geor, 2004).
Feeding strategies for equine athletes have focused on increasin@misesglycogen
concentration or glucose availability, or alternatively optimizinggen resynthesis
post-exercise (Geor, 2004).

In contrast to human athletes, at least 72 hours is required for restoration of
muscle glycogen stores after strenuous exercise for those horses fiedch dhesoluble
carbohydrates (Lacombe et al., 2004). In addition, muscle glycogen synthesis can be
hastened somewhat by administration of large does of glucose (Lacomb@dH) or
by feeding a high glycemic index diet, compared with medium and low glycedex i

diets, as blood glucose availability to skeletal muscle and insulin releaseased
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(Lacombe et al., 2004). However, there are drawbacks to using such diets in horses to
alter or promote glycogen storage as the equine species did not evolve on a diet high in
soluble carbohydrates and thus experience digestive and metabolic limitatiogis t

grain diets (Kronfeld et al., 1994). In addition, hydrolysable carbohydrate content of
horse feeds is already quite high and to further increase the starch cantkhput them

at risk for a variety of gastrointestinal dysfunctions including metabgfidremes

(Sprouse et al., 1987; Clarke et al., 1990). Therefore, while carbohydrate loading is
effective in human athletes, attempts to perform the same results in hatses le
metabolic disorders such as exertional rhabdomyolysis (Kronfeld and Do%8&s),
founder, and coli¢Sprouse et al., 1987; Lindberg et al., 2006).

Adaption to a fat-supplemented diet does not enhance glycogen repletion, and in
fact, if horses are not adapted to a fat diet, and they are fed a fat-rich dietguoseex
muscle glycogen repletion was actually slowed (Hyyppa et al., 1999), assthesse i
substrate (glucose) available for muscle glycogen synthesis. Horseadlid have
higher muscle glycogen levels at rest when on a fat-supplemented diet (3 W8éks
animal fat), but more of the glycogen was used during the exercise tesfat: the
supplemented horses, suggesting that the glycogen was available fgegiylysis and
subsequent glycolysis during anaerobic work (Oldham et al., 1990). On the other hand,
Hambleton et al. (1980) cited lower pre-exercise muscle glycogen conicerstraith a
diet of 16% fat and Pagan et al. (1987) cited lower liver and muscle glycogen levels at
rest and after exercise with a diet of 15% soybean oil fed for one month. This would
suggest that there might be an optimum level of fat-supplementation as well as an

optimum time for diet adaptation, both of which are contentious issues.
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Fat adaptation is defined by Kronfeld and Downey (1981) as the process of
conditioning animals fed a high fat diet with the intention of enhancing fatty acid
oxidation, hence sparing the utilization of muscle glycogen and blood glucose. In
addition, fat adaptation encompasses a set of physiologic responses to the consafmpti
a high-fat diet during conditioning that present advantages to the horse duricigeexer
(Harris and Kronfeld, 2003). Metabolic responses to exercise may require 10 to 12
weeks of fat adaptation (Griewe et al., 1989; Taylor et al., 1995). However, some
digestive and metabolic changes in response to feeding supplemental fat have been found
in as little as three to five weeks (Harkins etE92; Orme et al., 1997; Pagan et al.,
2002). Pagan et al. (2002) found that it took at least five weeks of fat adaptation for
carbohydrate oxidation to decrease while fat oxidation increasethe same time,

Orme et al. (1997) found that plasma total lipase activity was elevated alsasliada

following just three weeks of fat adaptation while it took six to ten weeks for peak

enzyme activity; as well, activity was no longer significant five weeles afithdraw of

the fat supplemented dieThe previous statement was also validated by Dunnett et al. in
2002; the effects of the fat supplemented diet, namely the increase in fatiomilinghis
instance, also diminish within five weeks of withdrawing the diet. The pretisard of

time it takes for a horse to become fully adapted to a fat-supplemented diet &;uncle
however, the assumed benefits of the diet do appear to be dependent on its continued use.

Similar discrepancies occur pertaining to the optimum level of fat
supplementation. The National Research Council (NRC) (2007) does not list a
requirement for fat as a nutrient for horses with the exception of a suljgestery

minimum for linoleic acid of 0.5 percent of dry matter intake. However, the upper limit
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of fat inclusion for soy oil is suggested to be 0.7 g/kg BW/d (NRC, 2007). Harris and
Kronfeld (2003) suggest that horses can consume up to 4 cups or 800g vegetable oil per
day (for a 500 kg horse) as long as they are adapted to such a diet over a two to three
week period and all other nutrients remain balanced. While research diets cangonta
to 20-25% of DE from fat (Dunnett et al., 2002; Pagan et al., 2002) that is considerably
higher than what is commonly practiced by horse owners and trainers of about 4-15% of
DE from fat (Geor, 2004). In addition, the level of fat added to commercial dietsims of
limited by poor pellet quality, greasy appearance (Geor, 2004; NRC, 2007) iomdialit
propensity for oxidation, resulting in rancidity and therefore spoilage (NRC, .2@¥0r
(2004) goes so far as to recommend an upper limit to oil supplementation at 100g per
100kg body weight per day, which for a 500g horse would be 500 g of oil or about 2 %2
cups of oil per day (1 cup =~ 200 g = ~ 1.67 Mcal) which would provide 18% of daily
DE requirements for a horse in moderate work — assuming 23.3 Mcal/d required
according to the NRC (2007). The NRC (2007) cautions that feeding fat, since it is so
energy dense, could lead to excessive weight gain for those horses not ablestalltiliz
of the energy that it provides, but the practice could be beneficial for those horses
requiring a large amount of daily DE. The benefits of being able to reducethmiof
concentrate fed include the ability to increase fiber intake. A common substisif2
parts fiber and 1 part fat for 3 parts starch and sugar (Harris and Kronfeld, 2003).
Further, since fats and oils do not contain vitamins or minerals, adding fat to an
existing diet without regard to balancing the total ration according to erg@agin,
vitamin and mineral contents could lead to potential nutrient imbalances and carsultati

with a nutritionist is recommended (Harris and Kronfeld, 2003; Geor, 2004). It has also
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been recommended that additional vitamin E be added to the ration to maintain
antioxidant status. For example, adding 100 IU vitamin E per 100 mL of oil added unless
the oil being used is rich in available antioxidants in addition to the basal level of 160 U
per kg DM intake (Harris and Kronfeld, 2003).

Hambleton et al. (1980) concluded that 11.6% dietary fat was the optimum level
for maximum muscle glycogen content when fat was fed at levels of 4, 8, 12, and 16%
over a 3 week aerobic training perioda latin square desigand that muscle glycogen
content fit a parabolic curve. Although mean values for muscle glycogen cotioantra
were higher when the horses were on the 8% and 12% diets, statistically significa
differences were not found. Also, an optimal range of 10 — 13% dietary fat intake as
suggested by Kronfeld (1996) would yield 95% of peak muscle glycogen (280 mmol/kg
dry tissue). Meyers et al. (1987) and Scott et al. (1992) cited that exexpassty and
muscle glycogen content could be altered if the diet contained 10% [animal] fatland fe
for at least 3 weeks. Nonetheless, the increased concentration of musotgeglat rest
resulted in significantly higher usage of muscle glycogen during egdf®cott et al.,

1992).

In summation, responses to a diet high in fat diet are species specifines so
species have evolved consuming diets containing proportionally more fat.g&yco
remains the substrate of choice for athlete performance and the impateohigh in
fat on glycogen usage and synthesis depends on the species, diet adaption, level of fat
within the diet, and post-exercise meal consumption. The capacity for a dpadiéze
fat as a substrate for physical activity and athlete performanc®isigbendent upon

adaptation for a certain length of time to a diet high in fat. The specific amoumieof ti
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required for this to take place, as well as the optimum level of dietary fafdieppon
not only the species but also the individual.
Ergogenic effects of feeding fat to horses

Over the past several years, supplemental fat has been added to equine diets in the
hopes of enhancing athletic performance. However, that premise has be@thmet
varying success. Comparisons between studies have been difficult due to the tremendous
variation in research methods and often low statistical power due to so fewsanaimag)
used in the studies. What seems to be undisputed, however, is that supplemental fat does
increase the energy density of the diet, as fat (9.185 Mcal/kg on averaggdtable fat
and tallow) contains more than twice the amount of DE as corn (3.88 Mcal/kg) or even
molasses and sugarcane (4.06 Mcal/kg) (NRC, 2007). Management is then able to feed
an overall decreased volume of feed, i.e., less starch, while maintaining or even
increasing caloric intake (Lawrence, 1990; Harkins et al., 1992; Kronfeld, 1996;
Lindberg et al., 2006). Less volume fed would ultimately mean less starch intthe die
which could decrease the chance of metabolic disorders (Sprouse et al., 1987;tClarke e
al., 1990; Lindberg et al., 2006). Kane et al. (1979) concluded that horses can digest up
to 30% of the DE in the form of fat with no adverse effects such as digestive
complications.

The reduction in DM intake and therefore bowel ballast could cause an improved
power-to-weight ratio. The reduced weight in the large bowel is assburdteless
undigested fiber which retains about twice its weight in water (Kronfelld, 1980).
But a large water reservoir could be beneficial to those horses performingrexedura

work due to an increased intestinal water and electrolyte reseexge(ML987). Faster
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speed could be accounted for by lower body weight regardless of the mixtures of the
energy sources required for a given power output: low-power = fat oxidation, medium
power = glucose oxidation and higher power = glycolysis (Kronfeld et al., 199%). Fa
oxidation power output is low due to the slow process of LCFA transport across
membranes (Kronfeld, 1996). The fat-adapted animal’s ability to sprint would require
diminished glucose and glycogen utilization at the pyruvate and not the glucose-6-
phophate level (Kronfeld et al., 1994). A better power/weight ratio could contribute to
the faster speeds recorded in Oldham et al. (1990) and Harkins et al. (1992) in which
horses sprinted over distances of 600 and 1,600 meters. Harkins et al. (1992) reported
that the fat-supplemented horses ran the 1,600-m an average of 2.5 s faster than those on
the control ration. However, whether the effects were due to diet or conditioning is not
clear as the study design allowed for 3 additional weeks of conditioning tplsaes
prior to the fat-supplemented horses completing the exercise challengjgerifore, the
fat-supplemented horses were not fed hay during their dietary treatmeheatidtt
overall contained more starch (and fat) than the control diet (Harkins et al., 18@igayle
support to the notion that improved times could be wholly or partly due to decreased
bowel ballast. While Oldham et al. (1990) reported faster run times in the lasts\af s
the 600-m sprints for the fat-supplemented horses, the significance levelas&dw
0.09, higher than what is commonly accepted as being statistically significant

Eaton et al. (1995) did find a small, but significant increased run time to fatigue
and maximal accumulated oxygen deficit (MAOD - calculated as theehiferbetween
accumulated oxygen demand and measured (accumulated) oxygen uptake) at an intensity

equal to 120% Ve@max; however, these changes also occur in response to conditioning in
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and of itself (Hinchcliff et al., 2002). Likewise, no corresponding changetinges

muscle glycogen content or glycogen utilization rate during exercise wes (iaton et

al., 1995). Web et al. (1987) found that supplementing cutting horse diets with fat
improved their performance and provided more energy for work when they were
subjected to repeated bouts of 90 seconds of high intensity exercise. There again, the
study design allowed for three additional weeks of anaerobic conditioning to ta&e plac
before the fat-supplemented horses were tested.

If supplementing fat into the equine athlete’s diet could enhance muscle glycogen
stores and/ or spare existing stores, hardly anyone would disagree thaiutiois
constitute a potential enhancement of performance. However, as previously nigntione
there is no definitive answer as to whether or not fat adaptation has a posetteaff
muscle glycogen content or utilization.

Fat-supplemented diets have been shown to increase muscle glycogen stores in
Quarter Horses and Thoroughbreds (Meyers et al. 1987; Oldham et al. 1990; Scott et al
1992; Julen et al., 1995). In addition, Harkins et al. (1992) found approximately a 16%
increase in muscle glycogen levels in the middle gluteal muscle afteB adeks of fat
supplementation, but those horses were not fed hay and overall starch content of the fat-
supplemented diet was higher than the control. For another, muscle glycogenautilizat
during exercise was nearly twice the amount in the fat supplemented horeegaset
to the controls during exercise (Oldham et al., 1990; Scott et al., 1992), but not all studies
reported pre and post-exercise muscle glycogen concentrations. Meye($387%9
reported no significant alteration of ¥R« between fat-supplemented horses (5 and

10%) and controls.
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On the other hand, other researchers have found no change in muscle glycogen
concentration in response to a fat-supplemented diet (Essén-Gustavsson et al., 1991;
Eaton et al., 1995; Orme et al., 1997; MacLeay et al., 1999; Lindberg et al., 2006).
Although not statistically significant, there was a trend for the high-cadoateydiet to
have higher muscle glycogen concentration than those on the high fat diet (WatLea
al., 1999) and glycogen concentrations in horses affected with recurreitrexde
rhabdomyolysis (RER) where 18% higher while on the high-carbohydrateodipaced
to those on the fat-supplemented diet. Utilization of muscle glycogen wadeuedfby
dietary treatment in the same study. At the same time, the high-caratehgoht in
Essén-Gustavsson et al. (1991) showed significantly higher (12%) muscle glycoge
concentrations as compared to glycogen concentrations for horses on an isocaloric fa
diet.

Other research indicates a moderate decrease in muscle glycogentiaiions
following a period of dietary fat supplementation (Pagan et al., 1987; Geelen et al.,
2001a; Griewe et al., 1989). Geelen et al. (2001a) reported that the decreasden musc
glycogen was consistent and statistically significant across fourattfenuscles - the
heart, masseter, gluteus and semitendinosus. Soybean oil was added to thedieth-fa
in the aforementioned study at the expense of an isoenergetic amount of starch plus
glucose for the control diets.

An alternative strategy to increasing muscle glycogen could be torspacte
glycogen by using dietary faGriewe et al. (1989) cited a glycogen-sparing effect with
the fat-supplemented horses as indicated by a reduction in glycogeniatilchating the

exercise test. And since there were no corresponding increases in glucoée or FF
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utilization, the alternate fuel was speculated to be muscle TG althoughnbtvas

measured in this study (Griewe et al., 1989). On the other hand, Pagan et al. (1987)
found no difference in glycogen utilization between fat-supplemented horses and
controls. The difference between the two studies could be the time allowed for
adaptation. Pagan et al. (1987) utilized a Latin Square design in which each horse was
fed a different diet (altering carbohydrate, fat and protein amounts) foraal péone

month each. In contrast, Griewe et al. (1989) fed the horses the same diet for 12 weeks

There seems to be as many papers indicating an increase as there aregerhbibi
change in muscle glycogen content or utilization; Orme et al. (1997) alsaledncethe
fact that there is a great variation among published research when g twrasting
muscle glycogen concentrations. Harkins et al. (1992) concludes that the “ohfsct
added diet may reside more with influence of pre-exercise metabolite leaelwith
moderating either skeletal muscle glycogen stores or the rate at Wisiemérgy
substrate is usedTherefore, there is no conclusive evidence that fat supplementation is
ergogenic with respect to increasing skeletal muscle glycogen contgilization and
higher concentrations of muscle glycogen no matter what the source, does ssarigce
constitute greater utilization.

Another benefit to feeding a fat-supplemented diet to horses may be decreased
metabolic heat production. Kronfeld (1996) found that a fat-supplemented diet not only
reduced daily heat load by 5%, but also reduced feed intake by 22%, fecal output (bowel
ballast) by 31%, and water requirement by 12%. Furthermore, Kronfeld£#99d.)
cited reduced dehydration in endurance horses on a fat supplemented diet. Scott et al

(1993) concluded that the substitution of fat for some of the soluble carbohydrate i
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traditional concentrate rations lowered the heat of fermentation, hencenigwer
thermal load. Kronfeld (1996) went on to explain that when fat is consumed over
carbohydrate, less carbon dioxide is produced, lower venous carbonic acidarsutte
reduced metabolic acidosis that follows may reduce heat production in fateadapges
during an athletic event.

Fat-supplementation or conditioningPhe question remains if positive
performance attributes can be credited to dietary fat supplementationtioe\asgrictly a
result of natural adaptations to exercise? As was reviewed in this papetiooamgli
itself brings about changes in both aerobic and anaerobic capacity. For instaricee
to fatigue and maximum oxygen consumption is increased (Eaton et al., 1999;liHinchc
et al., 2002), along with activities of oxidative enzymes such as citrate sgr{tt&) and
hydroxy acyl dehydrogenase (HAD) (Henckel, 1983; Serrano et al., 2000; Mo@&bwa
al., 2002). For another, fatty acid oxidation increases with endurance conditionimg due t
increase in the number of mitochondria in trained muscles (Holloszy et al., }&7efl
al., 1998) along with a decreased reliance on muscle glycogen and blood glucose
utilization (Holloszy et al., 1977; Geor et al., 2002). Therefore, a decreasamntesbn
carbohydrate utilization as a substrate is indicated by increased tisambearance (R
of glucose and decreased net rate of glycogen utilization as confirmeadebyeased
RER at both moderate (Geor et al., 2002) and high intensity (Geor et al., 19@®%exer
Likewise, an increase in MAOD is also found with anaerobic conditioning (Hincktliff
al., 2003. The aforementioned changes can be apparent in as little as two to six weeks
post training depending upon the exercise intensity (P0s0 et al., 28di)arly,

conditioning itself is known to increase muscle glycogen stores (Hambletbnl&s;
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Geor et al., 2002; Hinchcliff et al., 2002)d capillarization of all fiber types (Henckel,
1983; Tyler et al., 1998; Serrano et al., 2000).

Conclusion. In sum, short-term high-fat diets can increase availability of lipid
substrates, but can also decrease glycogen storage, therefore possitdynpéata
oxidation at the expense of reduced fatigue resistance and a decline iseexerci
performance. Low carbohydrate diets may also lead to increased breakdowrclef mus
TG. The apparent benefits of dietary fat adaptation in horses may have more to do with
exercise intensity than anything else. For instance, increasedtgdpatat oxidation
has been demonstrated at low to moderate intensity exercise (Dunnett et al. a2@02; P
et al., 2002), but the effect of fat-supplementation on fuel selection at higher workloads i
not readily apparent as the requirement for carbohydrate as a fuel sbapeed is
increased is both uniform and obligatory (Dunnet et al., 2002). The mechanism for the
enhancement of high-intensity exercise in fat-adapted horses remairey Umatenay be
due to increased activation of glycolysis and glycogenolysis (P6s0 et al., 2004)
Lawrence (1990) concludes that fat supplementation as it relates to aréerm quite
controversial and the effects on performance are unclear. For anotherePaf42002)
also admits that “The degree to which fat adaptation affects substraatiatiiihas not
been quantified.” This is after it was postulated that dietary fat supplemanta
increased glycogen stores and thus would lead to improved performance due tera great
amount of substrate availability (Harkins et al. 1992). Still yet, Ge¢lah @001a)
contends that feeding high-fat diets to horses enhances transport of fattyndcids a
oxidative capacity of aerobic muscles. However, metabolic adaptaticais to f

supplementation remain unclear (Harkins et al., 1992). In addition, horses ardualdivi
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and will have varying results with dietary adaptations as well as condgjiolie to
genetic factors, diet, conditioning, nutritional status and endocrine response during
exercise. The contribution of fat and carbohydrate to exercise depends oniamterac
between exercise intensity and all of the above factors which may inflnerssss
individual metabolic response to exercise (Dunnett et al., 2002). Therefore, it is not
presently possible to unequivocally conclude that dietary fat supplementation is

ergogenic with respect to equine athletic performance.

Long-term effects of feeding fat, safety

While a majority of studies as it relates to horses and fat-supplementation are
performed over a rather short duration, there seems to be no adverse effectsagfféedi
to horses long-term. In order to evaluate long-term effects of feeditgapjplemented
diet, Pagan et al. (1995) fed 2-year-old Thoroughbreds in training soybean wdlequi
to 12% of their DE. This study reported no adverse effects from the fat-swgyéd diet
and concluded that such diets can be safely fed for extended periods of time to horses in
training. Saturated fat can be fed as safely as unsaturated fat for |mutg @erproved
by Harris et al. (1999) in a study where 12% of the DE was supplemental fafanrthe
of unsaturated soy oil or saturated coconut oil was fed for 10 months to mature
Thoroughbreds as an acclimation period, then 6 more months at 20% of the DE coming
from the same sources. Zeyner et al. (2002) fed exercising mature Warrtygeod-
horses high-starch or high-fat (16.3% soybean oil) diets for 390 days with no

disadvantages noted in the fat diet over the starch diet.
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CHAPTER IlI

METHODOLOGY

Animals and Diets

Seventeen Quarter Horse yearlings (6 geldings and 11 fillies) witrentmps
conditioning were utilized in a randomized complete block design to evaluatdetis ef
of diet and exercise on substrate utilization and transporter expression in ¢étal skel
muscle of horses. Animal procedures were approved by Oklahoma State Unssersity

Animal Care and Use Committee.

Acclimation period.Yearlings were housed on native grass pastures and were fed
a basal diet consisting of corn, wheat, alfalfa meal and soybean medefaste80 days
in order to acclimate them to the farm environment and allow for compensatory gain
prior to the onset of the experimental periods. All horses were familiariziecwit
mechanical walker with a working diameter of 13 m (Pro Walk Manufacturingo@oyn
Ada Oklahoma, model number 263-21).
Horses had a mean age of 15 mo with a range of 13 to 17 mo and a mean initial body

weight of 359 kg upon commencement of the research trial. Horses were randomly
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assigned to one of two treatment groups (Fat or Starch) and were divided into

two, 8 week experimental periods containing 8 and 9 horses, respectively.

Health. All horses were given complete physical exams by licensed vetangar
prior to the start of the study to verify their health and ability to be involved in a
conditioning program. Any horse with conditions that would place it at risk for injury or
illness during the study was replaced with a more suitable individual priorlto tria
commencement. All horses were dewormed, given routine hoof and teeth care, and
provided routine immunizations during the acclimatization period. The health of the
horses was monitored at all times by visual assessment, visits fronetoggterinarians,
as well as by daily rectal temperature readings taken at the moradiggeResting
heart rate was also assessed by thoracic auscultation or digitaiqratgahe facial

artery.

Housing. Horses were housed in 3.7 X 3.7 m box stalls bedded with pine
shavings at the Oklahoma State Animal Sciences Equine Center. All hersefedsat
07:30 and 16:30 daily and any uneaten feedstuffs were weighed and recorded
immediately prior to the morning feeding (feed was not removed except imelgdiat
prior to this feeding). All horses had free access to fresh clean iigeders and water

buckets were cleaned out once daily and disinfected at least once per week.

Exercise conditioning All horses were placed on an exercise program performing

walk/trot sets for 30-40 minutes per day, four days per week for a period of 8 weeks.
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Horses walked at 50% walker speed = 2 m/sec (4.5 mph); trotted at 90% walker speed =
3.2 m/sec (7.2 mph) to a target heart rate of about 110-120 bpm, monitored by using a
wireless heart rate monitor (Kruuse Televet®, United Kingdom). Horsestumed out

in dry lots two days per week for 2-3 hours of free exercise on those days when no

conditioning was taking place; the remaining day was spent on stall rest.

Exercise challengeAt the conclusion of the 8 week aerobic conditioning
program, all horses underwent an aerobic exercise test individually comnes#0
minutes of uninterrupted trotting on the mechanical walker at a maximum speed of 4
m/sec (9 mph) while wearing the heart rate monitor. The target heart safil@/adpm

during the exercise challenge.

Diets. Treatment diets (Table 2) consisted of two different pelleted (1.27 cm
diameter) grain mixtures (Fat or Starch) that were fed at levels &izgjaaloric intake.
Rations were formulated to meet NRC recommendations for moderatégnoavtight
exercise for yearling horses (NRC, 2007). The high-fat ration consistgdinfand
roughage in a 60:40 ratio with the roughage portion consisting of Prairie hayaifal al
cubes in a ratio of 30:10. Horses on the high-fat diet were fed at a level of 2.25% of thei
body weight. The high-starch ration consisted of grain and roughage in a &030ith
the roughage portion consisting of Prairie hay and alfalfa cubes i ®20:10.

Horses on the high-starch diet were fed at a level of 2.50% of their body weight.
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Table 2. Composition and chemical analysis of treatment diets

ltem’ Fat (%) Starch (%)
Corn, ground 15.50 33.00
Wheat middlings 21.00 30.00
Soybean meal 12.00 4.65
Limestone 1.00 2.00
Trace mineralized salt 0.25 0.35
Dicalcium phosphate 0.25
Vegetable oil 10.00
Alfalfa cubes 10.00 10.00
Prairie hay 30.00 20.00
Analysi< Fat Starch
DM, % 91.05 89.16
DE, Mcal/kg 3.05 2.56
CP, % 13.79 12.32
ADF, % 19.58 16.39
NDF, % 30.53 27.03
Starch, % 22.75 39.22
Fat, % 12.99 2.84
Ca, % 0.89 1.20
P, % 0.32 0.30
Mg, % 0.16 0.16
K, % 0.94 0.83

Ias-fed basis
’DM basis

79



Sample Collection

Fecal collections.The eight week trial consisted of two, 72-hour collection
periods on days 9-11 (Initial) and days 53-56 (Final) during which complete fecal
collections were performed. The total fecal collection was weighed and multipl
subsamples were taken every 24 hours during each collection period and frozen for later
analysis.

All bedding was removed and horses were positioned on rubber mats in the stalls
during each 72-hour collection period; horses remained tied during this time and hand-
walked for exercise. Feces were collected from each horse and placed ouiadivi
collection tubs. At each 24-hour interval, collected feces were mixed anpdesawere
taken to make a composite sample that represented a consistent pekestapeday’s
output; a total of three samples were collected per period. Samples awzé ipl pre-

labeled Ziplock® bags and frozen immediately until analysis was perfiorme

Blood collection. Blood samples were taken three times throughout the
experimental period by venipuncture of the jugular vein for analysis of guleastate,
triglycerides, ketone bodies (acetoacetate and betahydroxybutyrate) rarahbs
(insulin, leptin, adiponectin). The baseline blood samples (Time 1) were taken pre-
feeding prior to the commencement of the research trial, day 1, and dgaihef
treatment period, day 46 (Time 2). The third and final blood collection was taken

immediately post-exercise, day 47 (Time 3). Approximately 25 ml of blood e ta
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per horse per sampling time in pre-labeled tubes. Samples were allogletiabroom

temperature, centrifuged, and the serum or plasma frozen (-80°C) farlatgsis.

Muscle biopsiesMuscle biopsies were performed to measure monocarboxylate
transporters 1 and 4 (MCT 1 and MCT 4), glucose transporter 4 (GLUT4), anddiakt
translocase/CD36 (FAT/CD36) protein expression. Horses were placedks and
muscle biopsy samples were taken three times throughout the experimeathfrpen
the middle gluteal by licensed veterinarians. The baseline biopsy samgpietaken
pre-feeding prior to the commencement of the research trial, day 1 (Tienel &fter the
treatment period, day 46 (Time 2) from horses that had rested overnight. The third and
final biopsy, taken the day of the exercise challenge, was taken immggiagél
exercise, day 47 (Time 3). Horses were fasted overnight prior to birpsgtdor the
post-exercise biopsy.

For the biopsy proceedure, horses were placed in stocks where a small sample of
gluteal muscle was obtained in the standing, awake horse by licensed vatstniild
sedation of horses was undertaken with a single dose (0.25 — 0.30 ml) of dormosedan
(20mg/ml). A small patch of hair (2x2cm) was clipped using size 40 surgicalrclippe
blade from the gluteal region one-third of the way along an imaginary linexdram
the tuba coxa to the tail head. The site was scrubbed with Nolvasan and alcohol and 6-
10ml of local anesthetic (2% Lidocaine) was infused into the skin and subcutaneous
tissue. The sterilized site was covered with an iodine infused drape (lobanjtabd a
incision (1cm in length) was made using a size 15 scalpel blade. A 6 mm diameter

U.C.H. (University College Hospital) Skeletal Muscle Biopsy Needésk International
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Medical supply, Alexandria, VA) was inserted through the incision to a depth of
approximately 8cm from the skin surface into the middle gluteal muscle for afmi
oxidative and nonoxidative muscle fibers. A small sample of muscle was removed in the
cutting window of the needle and pressure was applied to the wound. The small incision
was sealed with tissue glue. A maximum of 3 biopsies per site were pedfarith an

average of approximately 20-40 mg of wet muscle with each biopsy. Samples were

frozen immediately in liquid nitrogen.

Parameters of growthWeekly skeletal measurements were taken during the 8
week trial including wither, shoulder, knee, hip and hock using a standardized inggasur
tape. In addition, weekly body weights were taken using a calibrated livestdek sc

Body weight- the weight was recorded in a single weighing prior to the morning

feeding and recorded to the nearest pound for later conversion to kilograms.

Wither height- the vertical distance from the ground to the highest protruding

thoracic vertebrae in centimeters (cm)

Shoulder height the vertical distance from the ground on the anterior side of the

hoof to the point of the shoulder in cm

Knee height- the vertical distance from the ground on the anterior side of the
hoof to the end of the distal radius in cm

Hip height- the vertical distance from the ground to the highest point of the
croup in cm

Hock height- the vertical distance from the ground to the point of the hock

(calcaneus)
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Sample Analysis

Feed analysisHay, grain, and alfalfa pellets were sampled to measure nutrient
content. Grab samples from each feed batch were mixed and the composite sample wa
sent in duplicate to Dairy One Forage Testing Laboratory (Ithaca, Neky f6r analysis
of crude protein, fiber, fat, starch, calcium, phosphorus, magnesium and potassium. In
addition, bomb calorimetry performed by Hazen Research, Inc. (Golden, Colo@sio) w
used to determine gross energy values of feed samples from which digestiyevesse

calculated.

Fecal analysis.Fecal samples previously frozen were thawed overnight at room
temperature. Composites were then mixed together per horse per collecton goedi
placed in drying ovens at 8D for 72 h. Samples were then weighed and ground through
a No. 3 Wiley Mill using a 2 mm screen. Initial and final sample weights wecdetase
convert wet weights to a dry matter basis. Samples were then sent to DaiFpfage
Testing Laboratory for analysis of crude protein, fiber, fat, starchipoalphosphorus,
magnesium and potassium, and to Hazen Research, Inc. for bomb calorimesiganaly

which gross energy values of fecal samples were used to calculate digastitge.

Blood analysis.Blood analysis was performed using the GM7 Micro-Stat

multiassay analyzer from Analox Instruments (Lunenburg, Massactiueetglucose,
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lactate, triglycerides, acetoacetate and betahydroxybutyrate. Raudiobassay kits

were used to analyze for the hormones Insulin, Leptin and Adiponectin.

Insulin. Concentrations of insulin in equine plasma were determined by using a
commercial solid-phase radioimmunoassay (RIA) kit (Insulin Coat-a-CBusxnostics
Products Corporation [Siemens] Dallas, Texas) previously validated for useeas hors
(Freestone et al., 1991) with a sensitivity of @l@/mL.

Samples, performed in duplicate, were allowed to come to room temperature and
subsequently vortexed prior to pipetting 200nto pre-labeled, coated tubes for the
assay procedure. In addition, 4 plain (uncoated) polypropylene tubes T (total counts) and
NSB (nonspecific binding) were labeled in duplicate. Fourteen insulin Ab-Coated Tubes
A (maximum binding) and B through G were labeled in duplicate. One i @fisulin
was added to every tube then vortexed, and allowed to incubate for 24 h at room
temperature. Tubes were decanted following incubation and counted for 1 min in a
gamma counter (Packard Instruments [PerkinElmer], MA).

Leptin. Determination of concentrations of leptin in equine plasma was
performed by using a multi-species leptin radioimmunoassay kit (Milliponed]

Chicago, lllinois) as previously validated for use in horses (McManus argkFatd,

2000; Cartmill et al., 2003; Kearns et al., 2006) with a sensitivity of 1.0 ng/mL. The kit
employed®-labeled recombinant human leptin with a specific activity of 1GBug, a
guinea pig multi-species leptin primary antibody, and a goat anti-guigeég@iserum

for the precipitating reagent. Kit standards and quality controls utilizedgalrifi
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recombinant human leptin in assay buffer. Results are expressed as human equivalents
of immunoreactive leptin (ir-leptin HE) due to the absence of purified equptie.le

For the procedure using borosilicate glass tubes, 12 X 75 mm, assay buffer was
pipetted into the non-specific binding (NSB) (3dD reference tubes (2Q0), and all
remaining tubes, including samples (100 Standards, quality controls, and samples
were performed in duplicate with sample tubes requiringul @@ serum each. The
multi-species leptin antibody was then used in all tubes except total count and N&B tube
All tubes were vortexed, covered, and allowed to incubate for 24 h at 4°C.

On day two of the experiment, 1QDof **1-Human Leptin was added to all tubes
followed again by a 24 hour incubation at 4°C. On day three, 1.0 mL of cold (4°C)
Precipitating Reagent was added to all tubes except Total Count tubes, incubated for 20
minutes at 4°C, then centrifuged at 3,000 rpm for 20 minutes at 4°C. Tubes were then
decanted and counted on a gamma counter (Packard Instruments [PerkinEImddy MA)
one minute.

Adiponectin Plasma adiponectin concentrations were measured using a
commercial radioimmunoassay kit (Millipore [Linco] Chicago, lllinois) poexly
validated for use in horses (Gordon and McKeever, 2005; Kearns et al., 2006). The
adiponectin RIA assay utilizé&’-labeled murine adiponectin with a specific activity of
67.7uCi/ug, a multispecies adiponectin rabbit antiserum, and a goat anti-rabbit IgG
serum in the precipitating reagent to determine the level of Adiponectin inglasthe
double antibody/PEG technique. In the absence of purified equine adiponectin, results a
expressed as human equivalents of immunoreactive adiponectin (ir-adiponectin HE).

Sensitivity of the assay was 1.0 ng/mL.
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All samples were diluted 1:500 with assay buffer prior to use. For the procedure
using borosilicate glass tubes, 12 X 75 mm, assay buffer was pipetted into the non-
specific binding (NSB) (30Ql), reference tubes (2Q0), and all remaining tubes,
including samples (100l). Standards, quality controls, and samples were performed in
duplicate with sample tubes requiring 10®f diluted (1:500) plasma each.

Subsquently 100! of **1-Human Adiponectin tracer was added to all tubes plugil00
adiponectin antibody was then used in all tubes except total count and NSB tubes. All
tubes were vortexed, covered, and allowed to incubate for 24 hours at room temperature.

On day two of the experiment, 1i0of rabbit carrier was added along with 1.0
mL of cold (4°C) precipitating reagent to all tubes except total count tubess vebe
then vortexed and incubated for 20 minutes at 4°C before centrifuging at 3,000 rpm for
20 minutes at 4°C. Tubes were then decanted and counted on a gamma counter (Packard

Instruments [PerkinElmer], MA) for four minutes.

Western blot analysiswestern Blot analysis was performed to evaluate
monocarboxylate transporter (MCT) 1 and 4, glucose transporter 4 (GLUT4) gnd fat
acid translocase/CD36 (FAT/CD36). Approximately 50 mg of frozen muscle was
homogenized briefly in 50mM Tris buffer containing 0.25 M sucrose, 0.01 mg/ml
trypsin inhibitor, and 1@g/ml phenylmethylsulphonyl fluoride (PMSF), pH 7.5 using a
Con-Torque Tissue Homogenizer (Eberbach Corporation, Ml). The cell homegeasat
then cleared by centrifugation at 24,476 g for 15 min at 4°C and the supernatant

containing cytosolic proteins from the muscle was recovered for protein dedgan
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and Western immunoblotting analysis. Protein concentration of samples was
determined by the Bradford Method (Wiley, 1999).

The samples were analyzed for transporter (FAT/CD36, GLUT4, MCT1, MCT4)
protein content by Western blot analyses as described previously (Maiti2&80C).

Equal amounts of protein were mixed with 4X sample buffer (Invitrogen, CA) camgai
7-13% by weight of lauryl alcohol sulfate, lithium salt, plus dithiothreitol (Dafg

were then separated by SDS-PAGE using a Bio-Rad Mini-PROTEAN Jytem (Bio-
Rad, CA) on a 12% (w/v) polyacrylamide gel with running buffer for one hour at 155 V.
Separated protein bands were electrophoretically transferred usis@ntleesystem, to
Polyvinylidene Fluoride (PVDF) membranes (Millipore, MA) overnighBaiV.

The proteins were detected by blocking the membrane in TBST (50 mM Tris, pH
7.5, 150 mM NacCl, and 0.05% (v/v) Tween 20) containing 5% (w/v) non-fat dried milk
powder for one hour on a shaker at room temperature followed by an overnight
incubation at 4°C with a polyclonal primary antibody. After incubation, membnaaee
washed with TBST for 4 x 15 minutes and incubated for two hours at room temperature
with a horseradish peroxidase conjugated secondary antibody.

For FAT/CD36 protein detection, a goat polyclonal primary antibody was used
(diluted 1:100) (Santa Cruz Biotechnology, Inc., CA) which was raised against a peptide
mapping near the N-terminus of CD36 fatty acid transporter of human origin followed b
two hour incubation with a horseradish peroxidase conjugated anti-goat immunoglobulin
G secondary antibody (diluted 1:1000) (Santa Cruz Biotechnology, Inc., CA).

For the GLUT4 transporter, a goat polyclonal primary antibody was alslo use

(diluted 1:100) (Santa Cruz Biotechnology, Inc., CA) which was raised againsigepept
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mapping near the C-terminus of GLUT4 glucose transporter of human origin followed by
incubation with a horseradish peroxidase-labeled anti-goat immunoglobulin G secondary
antibody (diluted 1:2000) (Santa Cruz Biotechnology, Inc., CA).

For MCT1 detection, a rabbit polyclonal primary antibody (diluted 1:500)
(Chemicon® International, (Millipore, MA) which was raised against a 1ha@uacid
sequence near the C-terminus of human MCT1 was used, followed by incubation with a
horseradish peroxidase-labeled anti-rabbit immunoglobulin G secondary antibody
(diluted 1:2000) (Thermo Fisher Scientific, PA).

For MCT4 transporter detection, a goat polyclonal primary antibody was used
(diluted 1:500) (Santa Cruz Biotechnology, Inc., CA) which was raised against a peptide
mapping near the C-terminus of MCT4 lactate transporter of human origin follgwed b
incubation with a horseradish peroxidase-labeled anti-goat immunoglobulin G secondary
antibody (diluted 1:2000) (Santa Cruz Biotechnology, Inc., CA).

Protein bands were visualized using a chemiluminescent substrate (Thenero Fis
Scientific, PA) according to manufacturer’s instructions and by scannitigebyersa
Doc™ Imaging System (Bio-Rad, CA). The intensity of the bands was fiednising
the Quality One ® 1-D Analysis Software (Bio-Rad Laboratories, CA).

After the measurement of CD36 and MCT4, the membranes were stripped with
buffer (2-mercaptoethanol, 10% SDS, 0.5M Tris-HCL pH 6.8) for 30 minutes at 55°C for

subsequent analysis of GLUT4 and MCTL1.
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Statistical Analysis

Data collected during the first week of the study were used as baselsarese
and diets were compared using analysis of covariance (ANCOVA) methods when the
baseline measure is significantly related to the response vamalieing of the
correlation (covariance) structure of the measurements across time @ iapgifor the
growth variables, heart rate, blood metabolites, hormones and transporters. For the
digestibility variables, no covariate was necessary, and a repeasdresganalysis
modeling correlation structure was again done. The SAS/MIXED (2003 SAMins
Cary, NC) procedure was used for these analyses. All tests werensztfat the: =

0.05 level of significance.
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CHAPTER IV

RESULTS AND DISCUSSION

Digestibility

Dry matter (DM). Data for DM intake, fecal output and DM digestibility are
shown in Table 3. There was no treatment effect on DM inRk@.862), fecal output
(P=0.931), or DM digestibility=0.209). There were period effects on fecal output
(P=0.001) and DM digestibilityf=0.008), meaning that there was a consistent change
from period | to period Il across both treatments; fecal output increased, wherea
digestibility decreased for both treatments.

The lack of an associative effect of fat supplementation on DM digestiboilihd
in the current study agrees with several previous studies in horses (Webb et al., 1987;
Meyers et al., 1987; Swinney et al., 1995; Bush et al., 2001; Kronfeld et al., 2004).
Average digestibilities for Fat (68.16%), and the Starch treatment (70.01%), in the
current study are higher than the 48.2% reported by Meyers et al. (1987) and the 54.7%
reported by Bush et al. (2001). The present results are closer to the valuesidiytaine
Rich et al. (1981) who reported DM digestibility at 73.0% for a diet containing 10% corn

oil. While a few studies cited differences in DM digestibility with disistaining added
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fat (Kane et al., 1979; Jansen et al., 2000, 2002), a majority of the evidence supports no

difference in DM digestibility between fat supplemented horses and controls

See the following page for Table 3.
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Table 3. Effects of a high-fat diet (Fat) and high-starch diet (Starchgipn@M intake,
fecal output, and DM digestibility (least squares means + SEM)

Response Treatmént
. Fat Starch

Period | (n=8) (n=9)
DMI, g/d 7115.92 + 285.06 7358.90 + 268.75
Fecal output, g/d 2196.80 + 127.79 2049.87 +120.48
DM digestibility, % 68.94 + 1.75 72.42 +1.69

Period I
DMI, g/d 7259.93 + 247.02 7667.76 + 232.89
Fecal output, g/d 2361.34 £100.73 2483.20 £ 94.97
DM digestibility, % 67.38 + 1.65 67.60 + 1.60

*Means within a row did not diffeP(> 0.05).
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Crude fat. Data for crude fat intake, output and digestibility are shown in Table 4.
Crude fat intake, output, and digestibility were gred®e(01) for the Fat treatment
during both periods.

The higher digestibility of fat found in the Fat treatment agrees with othe
published equine studies (McCann et al., 1987; Scott et al., 1989; Julen et al., 1995; Bush
et al., 2001, Lindberg et al., 2006). Bush et al. (2001) along with Lindberg and Ralmgre
Karlsson (2001) reported that the relationship between fat intake and ftildidge is
linear. For instance, Bush et al., (2001) reported fat digestibilities of 47.9% fomlcontr
horses, 64.3% for horses supplemented with 5% corn oil and 75.9% for those
supplemented with 10% corn oil. Likewise, Kane et al. (1979) reported mean
digestibilities of 76.63, 89.02, and 90.90% for diets with 0, 15, and 30% added corn oil
respectively. Their observation of the linear relationship between fat intake and
digestibility is supported by the results of others (Rich et al., 1981; Meyaks £989;

Scott et al., 1989).

The mean digestibility percentage for the fat added diet in the current study
(86.39%) is higher than some published reports (Meyers et al., 1987 - 73%; Bush et al.,
2001 — 75.9%), but in line with others (Web et al., 1987 - 82.6%; Rich et al., 1981 —
81.4%) for the same fat inclusion level. The higher digestibilities observed iatthe F
treatment versus the Starch treatment could be partially explainbd bifution of
endogenous fecal fat by the supplemental fat, thus, enhancing apparent digestibility
values (McCann et al., 1987). Furthermore, the magnitude of difference inhiigiest
between the two treatment diets might suggest that the supplemented fat in the Fa

treatment was more readily digested than the grain fat in the Starchan¢gKane et
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al., 1979; McCann et al., 1987). The availability of fat within cereal grains eedss
for digestion in the small intestine may be limited by encapsulation; in addite®ppbr
digestibility of waxes, pigments, and other non-triglyceride lipid componegys m

contribute to the low true digestibility of forage fat (NRC, 2007).

See the following page for Table 4.
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Table 4. Effects of a high-fat diet (Fat) and high-starch diet (Starcdgily crude fat
intake, output, and digestibility (least squares means = SEM)

Response Treatment
. Fat Starch

Period | (n=8) (n=9)
Crude fat intake, g/d 92452 23.52 204.1%+ 22.17
Crude fat output, g/d 131.398.25 77.48+7.78
Crude fat digestibility, % 85.79 + 3.66 61.91+ 3.56

Period I
Crude fat intake , g/d 94314 20.83 212.89+ 19.64
Crude fat output, g/d 123.618.05 92.4%+ 7.59
Crude fat digestibility, % 86.98 + 2.75 55.98+ 2.73

aB\leans within a row without a common superscriptedifP < 0.05).
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Starch. Data for starch intake, output and digestibility are shown in Table 5. The
Starch treatment had greater starch int&®(001) along with a trend for higher starch
output P=0.055). There was no difference in starch digestibility between the two
treatments.

As was the case with fat content in the treatment diets, the Starcheméatas
formulated to have higher starch content; therefore, net starch intake ates tye
horses in the Starch treatment group.

The digestion of starch over the total digestive tract of horses is almosetempl
and did not differ between different sources of starch according to Pottefl&o2a).

The mean apparent digestibilities of starch for both treatments in the ctucinivere
identical at 99.31% and confirm previous equine research (Hintz et al., 1971,

Householder, 1978; Potter et al., 1992a).

See the following page for Table 5.
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Table 5. Effects of a high-fat diet (Fat) and high-starch diet (Starcdaily starch
intake, output, and digestibility (least squares means = SEM)

Response Treatment
. Fat Starch
Period | (n=8) (n=9)
Starch intake, g/d 161925 177.18 2991.66+ 173.81
Starch output, g/d 12.00 £ 4.57 17.61+£4.31
Starch digestibility, % 99.25+0.178 99.40 + 0.167

Period Il

Starch intake , g/d
Starch output, g/d
Starch digestibility, %

1653.99 169.82
10.23 £5.33
99.37 £0.214

3004.1%+ 167.16
22.92 +5.03
99.21 + 0.202

aB\leans within a row without a common superscriptedifP < 0.05).
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Crude protein (CP).Data for CP intake, output and digestibility are shown in
Table 6. There was no difference between treatments for CP iRaRe263); however,
the Starch treatment had greater CP outpa®(003) but lower digestibilityR<0.001) as
compared to the Fat treatment.

The higher digestibility of CP observed in the Fat treatment is consistant w
some published research in horses (Webb et al., 1987; Scott et al., 1989; Davison et al.,
1991; Julen et al., 1995; Lindberg et al., 2006) but inconsistent with other research that
found no difference with respect to CP digestibility between fat supplementas tzord
controls (Rich et al., 1981; McCann et al., 1987; Meyers et al., 1987; Swinney 1995;
Bush et al., 2001; Kronfeld et al., 2004).

Davison et al. (1991) suggests that the higher apparent CP digestibilities in their
fat added diet is likely the result of the diluting effects of metabolic fatralgen due to
higher absolute protein intakes. Julen et al. (1995) echoed the aforementiceradrdtat
although did not indicate differences in CP intake. Scott et al. (1989) theoriztrsetha
increase in protein digestion with the 10% added fat diet in their trial is likely not
reflective of an increase in true CP digestibility, but rather may be frerditlution of
metabolic fecal nitrogen as the protein intake increased from 13.4% in their coritrol die
to 17.5% in the diet with 10% added fat. Itis also possible that the protein in the diet
with 10% added fat was more digestible even though CP intakes were similae{Scott
al., 1989). Lindberg et al. (2006) suggests that the improved digestibility frhiblefat
oats could have been due to their higher CP content. The percentage of CP of the Fat diet
in the current study was only slightly higher at 13.79% versus 12.32% in the Starch diet

(see Table 2), but there was ultimately no difference in CP intake betweerothe tw
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treatments®P=0.263). However, protein quality is a function of amino acid profile and
foregut digestibility (NRC, 2007) and a greater portion of the CP fraction ofth@atton
was composed of soybean meal which is highly digestible (Potter et al., 1998;dtar
al., 1995). Furthermore, the mean CP digestibility for the fat diet is 74.72% which is
consistent with digestibilities of 70-78% reported for soybean meal (RRo&ér 1992b;
Farley et al., 1995). Likewise, the mean CP digestibilities in the current(®ld.8%

for controls and 74.72% for fat-supplemented horses) are consistent with Scott et al.
(1989) who reported digestibilities of 63.7 % for control horses and 75.2 % for those
supplemented with 10 % animal fat. The higher CP digestibility for horses ontthe Fa
treatment found in the current study is likely due in part to a higher qualityrpsotgrce

even though total tract % digestibility is consistent with previous research.

See the following page for Table 6.
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Table 6. Effects of a high-fat diet (Fat) and high-starch diet (Starch)ilgrCiaintake,
output, and digestibility (least squares means = SEM)

Response Treatment
. Fat Starch

Period | (n=8) (n=9)
CP intake, g/d 981.76 + 47.38 946.80 + 45.65
CP output, g/d 244.5@ 30.82 345.12+ 29.06
CP digestibility, % 74.97+ 2.92 63.68+ 2.75

Period I
CP intake , g/d 1001.58 + 45.40 928.06 + 43.83
CP output, g/d 256.1% 21.86 381.35+ 20.61
CP digestibility, % 74.46+ 1.90 58.67+ 1.79

aB\leans within a row without a common superscriptedifP < 0.05).
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Energy. Gross energy intake, output, energy digestibility, and digestible energy
are shown in Table 7. There were differences between treatments for emakgy i
(P=0.024) as well as digestible ener@=0.026); the Fat treatment had higher mean
responses for both. The interactions between period and treatment group waoastgnif
for gross energy outpuP£0.046) and energy digestibiliti?€0.044). For gross energy
output, the Starch treatment had a lower mean response for Period | only. For
digestibility, the Period Il mean for the Starch treatment was signtficlower than all
other means.

Diets were fed to equalize energy intake between treatments. HoweViat, the
diet ultimately contained a greater amount of DE and thus absolute energy insake wa
greater for the horses on the Fat treatment. The higher energy contensafdiaipared
to starch has been documented. According to the NRC (2007) vegetable oil contains 9.19
Mcal/kg DE and tallow has 9.18 Mcal/kg DE whereas ground corn contains just 3.88
Mcal/kg DE. Kane et al. (1979) reported an increase in the density of DE with the
addition of two levels of corn oil without a significant difference in energystiigéty
when compared to the control ration. Further, Rich and coworkers (1981) found that
energy digestibility was not affected by the type or the level of fat.

The lack of a difference in the digestion of energy found in period | between
control and fat supplemented rations also agrees with several other studies (\ebb e
1987; Meyers et al., 1987; Davison et al., 1991; Hughes et al., 1995; Swinney et al.,
1995; Bush et al., 2001). Webb et al. (1987) reported no difference in energy digestibility
in race horses or cutting horses supplemented with 10% fat. Other studies did report

differences in energy digestibility between fat supplemented horsesaimdls as in
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period Il of the current study (Scott et al., 1989; Rich et al., 1981; Jansen et al., 2000).
Scott et al. (1989) reported a significant difference in energy digastbilor horses
consuming a diet with 10% added animal fat diet (65.6%) and those on a control ration
(61.4%). On the other hand, Jansen and coworkers (2000) reported that energy
digestibility in horses decreased with adding fat to the diet.

Differences between mean energy digestibilities in the current stugynoe
significantly different between the two diets although means were gliglther for
those horses fed the Fat treatment. Similar results were found by Megkrd 887) in
which mean energy digestibility for horses on the 10% fat-added diet was 56.%% whi
control horses had a mean energy digestibility of 54.3%. There are many dis@epa
reported in equine research with regard to the effect of fat supplementation gy ener
digestibility. The different results reported by various studies concerningsaoiative
effect of fat supplementation on energy digestibility could be due to many faatiras

study design, length of time for fat adaptation, and individual variation.

See the following page for Table 7.
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Table 7. Effects of a high-fat diet (Fat) and high-starch diet (Starcdgily energy
intake, output, digestible energy, and energy digestibility (least squaras m&&M)

Response Treatment
. Fat Starch

Period | (n=8) (n=9)
Gross energy intake, Mcal/d 32%261.20 28.43+1.13
Gross energy output, Mcal/d 10%560.595 8.9+ 0.561
Digestible energy, Mcal/d 21.78 1.01 19.51+ 0.962
Energy digestibility, % 67.09 + 1.67 68.79 + 1.59

Period Il
Gross energy intake, Mcal/d 32%01.07 29.58+1.01
Gross energy output, Mcal/d 10.75 £ 0.498 10.68 £ 0.470
Digestible energy, Mcal/d 22412 0.958 18.88+ 0.915
Energy digestibility, % 67.30- 1.48 63.77+1.41

aB\vieans within a row without a common superscriptedifP < 0.05).
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Fiber. Intake, output, and digestibility values for acid detergent fiber (AD&) a
neutral detergent fiber (NDF) are shown in Table 8. The Fat treatment had imgan
responses for both ADF intake£0.009) and ADF outpuf=0.006) across both
periods. There were no differences in ADF digestibility or any of the Edeas(intake,
output, and digestibility) for NDF between the two treatments. Period eftects
evident for ADF intake, ADF digestibility, NDF output, and NDF digestibilRy<(

0.004) meaning that the change from period | to period Il for both treatments was
consistent. ADF intake and NDF output response means were lower in Period | than in
Period Il, and digestibility for both ADF and NDF decreased from Periodl.| The
interaction between period and treatment group was significant for ADF output
(P=0.041) and NDF intakd?€0.033) response variables. The Fat treatment had greater
ADF output during period I, while there was no difference in ADF output between the
two treatments for period Il. Furthermore, horses on the Fat treatmernielager gNDF
intake during period I; however, there was no difference between diets fortHhE i

for period II.

The analysis of the treatment diets revealed that the fat ration containggutly sl
greater percentage of ADF, 19.58% compared to 16.39% in the starch ration (see Table
2). Furthermore, horses on the fat treatment were receiving 10% more rouglnge in t
form of prairie hay which contains a higher percentage of ADF and NDF fractluers
compared to alfalfa cubes.

Mean digestibilities for ADF and NDF revealed a lack of an associdfteet ef
fat supplementation on fiber digestion which is in agreement with other studies in which

there was no difference in ADF digestibilities (Kane et al., 1979; Rich et al., 1981 [Ex
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1]; Kronfeld et al., 2004) NDF digestibilities (Meyers et al., 1987; Swinnely, €ta95;
Davison et al., 1991) or both ADF and NDF digestibilities (McCann et al., 1987; Bush et
al., 2001). On the other hand, other researchers such as Rich et al. (1981) found an
increase in the apparent digestibility of both ADF and NDF for peanut oil dietswhi
was presumably due to the higher digestibility of the peanut oil itself. Weh(£9&F)
also reported an increased NDF digestibility in a diet with 10% added fat. Sveihaky
(1995) further defined an upward trend in NDF digestibilities in diets up to 15% fat, but
found that the trend for NDF digestibility actually decreased in diets ceetpof more

than 15% fat. Jansen and coworkers (2000, 2002) reported that supplemental fat
depresses fiber digestibility and while the exact mechanism is not urdinstoould be
due in part to poor adaption to the oil-supplemented diets. The lack of consistency in
published research with regard to the effects of fat supplementation on fibetbdigesti
could be due to many factors which were not part of the investigations of the present

study.

See the following page for Table 8.
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Table 8. Effects of a high-fat diet (Fat) and high-starch diet (Starctdhily fiber intake,
output, and digestibility (least squares means = SEM)

Response Treatment
. Fat Starch
Period | (n=8) (n=9)
ADF intake, g/d 1393.34+ 49.66 1170.39+ 46.82
ADF output, g/d 759.170+ 60.17 567.21+ 59.52
ADF digestibility, % 45.02 £3.90 51.47 £3.84
Period I
ADF intake, g/d 1421.37+ 44.79 1273.18+ 42.23
ADF output, g/d 850.58 + 68.46 803.39 £ 67.01
ADF digestibility, % 39.73 £ 4.57 36.73 £ 4.45
Period |
NDF intake, g/d 2173.G% 78.97 1924.1%7+ 74.46
NDF output, g/d 1131.70 £ 102.95 983.51 £100.41
NDF digestibility, % 47.43 £4.51 49.28 £4.41
Period I
NDF intake, g/d 2216.92 £ 72.01 2114.67 = 67.89
NDF output, g/d 1286.28 £ 99.84 1272.33 £ 97.57
NDF digestibility, % 41.76 £ 4.28 39.87 £4.19

aB\leans within a row without a common superscriptedifP < 0.05).
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Calcium and phosphorudntake, excretion, and digestibility values for calcium
(Ca) and phosphorus (P) are shown in Table 9. There were differences between
treatments for Ca excretioR<€0.001), and Ca digestibility?€0.013); the Starch
treatment had higher mean excretion values, and therefore lower Ca digyestibédre
were no treatment effects for P in any of the parameters, intake, excoetion,
digestibility. There were period effects for Ca excretien(.024), P intakeR=0.003),
and P excretionR=0.014) meaning that Period Il means were larger for all three of these
variables for both treatments. The interaction between period and treatment gsoup wa
significant for Ca intakeR=0.008); the Starch treatment had higher mean responses in
both periods, and from Period | to Il there was an increase in calcium intake for the
Starch treatment that was not evident in the Fat treatment.

An increase in the digestibility of Ca in the fat supplemented diet is in agneeme
with McCann et al. (1987) who reported that a diet composed of 15% corn oil had an
increase in Ca absorption. The biological significance of the higher Cailoiggsif
corn oil as compared to other fats or no fat in their study is not understood as serum Ca
levels were within normal range. On the other hand, Rich et al. (1981) reported that the
apparent absorption of Ca was not affected by the addition of fat to the diet nor was it
affected by the type or level of fat added to the diet. Serum levels of Ca s@real
affected by fat supplementation in the same study (Rich et al., 1981). Serural miner
analysis was not performed in current study and the reason for the higher Ca
digestibilities seen in the Fat treatment is undetermined; however, haraysomething

to do with Ca source and/or fiber content of the diet.
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Limestone content was the same (1.20%) for all three fat treatmentssindiye
by McCann et al. (1987). In the current study, limestone composed 2.00% of the Starch
diet and 1.00% of the Fat diet; the remainder of the Ca in the fat diet consisted of 0.25%
dicalcium phosphate (see Table 2). The Ca in dicalcium phosphate is more highly
available (73% versus 67%) than the Ca in limestone (Schryver, 1975) and even though
Ca intake in the Starch treated horses was higher, excretion was alsc-effir@ency
of absorption increases at lower levels of Ca intake and decreases at higker leve
(Schryver, 1975). In addition, lysine facilitates Ca absorption (Schryver, 18d 5ha
Fat diet contained a higher percentage (12% versus 4.65%) of soybean medblgsee Ta
2). Furthermore, horses on the Fat treatment in the current study were consuming 10%
more fiber than those on the Starch treatment (see Table 2). Pagan et al.gd®&a8)i r
a higher Ca digestibility in a forage diet (59.3%) versus a mixed forage plusitatee
diet (48.3%). Whether Ca source or diet composition impacted Ca digestibility in the
current study is not known.

The digestibilities of 54.78% for the Fat treatment and 46.11% for the Starch
treatment are well within the range for the absorption efficiency of 588dsby the
NRC (2007) even though Ca digestibility was statistically different &etvthe two

dietary treatments.

The lack of an associative effect of fat supplementation on P digestibility
confirms previous research in the equine species (McCann et al., 1987; Rich et al., 1981;
Davison et al., 1991). There was no difference in P absorption between treatments in the

study by McCann et al. (1987). At the same time, Rich and others (1981) reported that
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the apparent absorption of P was not affected by the addition of fat to the diet nor was it
affected by the type or level of fat added to the diet. As was the case widr@a, s

levels of P were also not affected by fat supplementation (Rich et al., 1981). True P
absorption in horses is 30-55% according to the NRC (2007) which is similar to the P
digestibilities reported in the current study of 33.76% for the Fat treaandr81.04%

for the Starch treatment.

See the following page for Table 9.
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Table 9. Effects of a high-fat diet (Fat) and high-starch diet (Starcdaily calcium and

phosphorus intake, excretion, and digestibility (least squares means = SEM)

Response Treatment
. Fat Starch

Period | (n=8) (n=9)
Calcium intake, g/d 63.63 3.07 86.28+ 2.90
Calcium excretion, g/d 26.86 3.28 4598+ 3.10
Calcium digestibility, % 57.40+ 3.71 47.02+ 3.54

Period Il
Calcium intake, g/d 64.2% 2.70 95.31+ 2.54
Calcium excretion, g/d 30.5%71.80 52.18+1.70
Calcium digestibility, % 52.%6+ 2.84 4520+ 2.74

Period |
Phosphorus intake, g/d 22.83 £0.858 21.35 £ 0.809
Phosphorus excretion, g/d 14.58 £ 0.872 14.00 £ 0.822
Phosphorus digestibility, % 35.94 + 3.62 34.49 + 3.43

Period Il
Phosphorus intake, g/d 23.29 £ 0.767 23.20£0.723
Phosphorus excretion, g/d 15.92 £ 0.678 16.75 £ 0.640
Phosphorus digestibility, % 31.57+2.70 27.59 £ 2.57

aB\leans within a row without a common superscriptedifP < 0.05).
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Magnesium and potassiunintake, excretion, and digestibility values for
magnesium (Mg) and potassium (K) are shown in Table 10. There were no treatment
effects on the intake, excretion, or digestibility of Mg or K. There were peffiectefor
Mg intake P=0.007), Mg excretionH=0.002), and Mg digestibilityq=0.021), as well
as K intake IP=0.022), meaning that there was a consistent change from period I to
period Il for both treatments; Mg intake, Mg excretion and K intake increased from
period | to period Il across treatments while Mg digestibility desed. The interaction
between period and treatment group was significant for K excré&=eh@12) and K
digestibility (P=0.023), meaning that the change from Period | to Period Il was not
consistent across treatments. Potassium excretion decreased from ReReddd |l
for the Fat treatment while the Starch treatment experienced an increéasssium
digestibility increased for the Fat treatment from Period | to Perjduitidid not change
substantially for the Starch treatment.

These results agree with others who reported that the apparent absorption of Mg
was not affected by the addition of fat to the diet (McCann et al., 1987; Rich et al., 1981,
Davison et al., 1991). Serum levels of Mg were also not affected by fat suppleéomentat
in either study (McCann et al., 1987; Rich et al., 1981).

The mean Mg digestibilities found in the current study (48.47% for the Starch
treatment and 50.51% for the Fat treatment) are somewhat higher than thasel fepor
McCann and coworkers (1987) which was 33.4% for control horses and 35.3% for those
supplemented with 10% corn oil. However, Davison et al. (1991) reported Mg
digestibilities between 37.7 and 45.8% for control horses and 43.8 and 47.3% for those

on added fat diets. On the other hand, Schryver et al. (1987) calculated the true
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absorption of Mg in horses to be between 62 and 67%. Magnesium absorption may vary

anywhere from 40-60% on average depending on the source (NRC, 2007).

Comparable studies outlining the effect of fat supplementation on K absorption in
the equine species is lacking. However, total tract absorption of K was urchtigdte
supplementation in dairy cattle fed 0, 2.5 or 5% fat (Rahnema et al., 1994). In addition,
mean K digestibilities in the current study are in agreement with the cdréi to 75%
observed by previous studies (NRC, 2007). Pagan (1994) estimated true K absorption at
75% while Pagan and Jackson (1991) reported a range of 61 to 65% for apparent K
digestibility. The K digestibility results of the present study are ctamtisvith published
equine research although reports of an associative effect of fat supp konemiekK

digestibility in horses are scarce.

See the following page for Table 10.
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Table 10. Effects of a high-fat diet (Fat) and high-starch diet (Staralgifyn

magnesium and potassium intake, excretion, and digestibility (least squemes m

SEM)

Response Treatment
: Fat Starch

Period | (n=8) (n=09)
Magnesium intake, g/d 11.75+0.464 11.72 + 0.437
Magnesium excretion, g/d 5.62 £ 0.309 5.47 £0.291
Magnesium digestibility, % 52.18 £2.12 53.21 £ 2.00

Period Il
Magnesium intake, g/d 12.00 £ 0.411 12.60 £ 0.388
Magnesium excretion, g/d 6.13 £ 0.350 7.06 £0.330
Magnesium digestibility, % 48.83 £ 2.65 43.74 £ 2.50

Period |
Potassium intake, g/d 66.91 £ 2.45 60.39 £ 2.31
Potassium excretion, g/d 23.76 £ 1.97 22.79 £ 1.86
Potassium digestibility, % 64.24 £ 2.70 62.68 £ 2.54

Period Il
Potassium intake, g/d 68.26 + 2.14 64.04 + 2.02
Potassium excretion, g/d 20°%061.71 25.32+ 1.62
Potassium digestibility, % 70.66 2.19 60.63+ 2.06

aB\vieans within a row without a common superscriptedifP < 0.05).
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Parameters of growth - body weight

There was no difference in baseline body weight measurements between horses
on the starch diet compared to those on the fat diet. There was no diet x week effect;
however, there was a diet effect and a week effect meaning that asetirnenyall
horses gained weight during the trial.

Perhaps most notable was the fact that there was a difference in body weight
between horses on the starch diet and those on the faP di€1.023). Horses fed the
starch diet were 5.6 kg heavier on average by the end of the trial than those inglimdual
the fat diet. This is in contrast to observations by others that cite no differeitice
respect to body weight between fat-supplemented horses and controls althoughkBE int
was similar between the treatment groups (Orme et al. 1997; Graham-@thaér2001;
Pagan et al., 2002). Orme et al. (1997) found no significant effect of diet on bodhy weig
between high-fat verses low-fat supplemented horses during a treatmedtqser®
weeks in which the DE intake was calculated to be the same between the two diets.
Eaton et al. (1995) also found that while the fat-supplemented horses’ body weights
remained consistent, the body weights in the control group increased 1.3% on average
with diets that were formulated to be isocaloric.

Weight gains were greater for weanlings fed a high-starch vs. an isotator
starch diet (0.81 vs. 0.67 kg/d) while daily DE intakes were similar betweendhe tw
groups (Ott et al., 2005). Body length measurement was also greater for tiieggea
fed the high-starch ration, but no other body measurements were affectedibytttbet
same study (Ott et al., 2005). At the same time, Hoffman et al. (1999) citedererdit

in body weight between starch and sugar supplemented foals, weanlings, ands/earlin
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versus those supplemented with fat and fiber when fed at equal DE intakes. dstcontr
Hoffman et al. (1996) found a decrease in both body weight and condition scores in
yearlings fed a corn and molasses based sweet feed as compared to thosenfed a c

and fiber supplement. The authors speculate that since the loss of weight and condition
in the sugar and starch group coincided with the appearance of spring pastulneagicbwt
both horses were consuming the young immature grasses in preference to therbdy off
the more rapid rate of passage and an excess of rapidly fermentable catsohydr
consumed with the sugar and starch group could have contributed to the loss of weight
and condition even though calculated DE intakes were the same between the two groups
(Hoffman et al., 1996). Scott et al. (1989) found that yearlings fed 5 and 10% animal fa
gained faster in the first 28 days of the trial, but there was no differencalibbdédy

weight between fat-supplemented horses and the controls by the end of the 11#.day tri

Digestible energy intake in the aforementioned study was not differenédretw
the three treatments. Fat-supplemented horses in the current study aonsliped a
greater amount of DEPE0.026) than those on the starch ration (see Table 7); therefore,
energy consumption alone cannot explain the difference in final weights. The exact
reason(s) for the higher body weights in the Starch group cannot be elucidatad wi

further investigation.
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Parameters of growth — skeletal measurements

Effect of diet on skeletal growth parameters are shown in Table 11. Tagmeow
significant effect of diet on knee, shoulder, withers or hip measurements. wosh gr
measurements (knee, shoulder, withers, and hip) showed a significant week effect
meaning that as time passed the horses grew.

Findings in the current study are consistent with published literature in that the
was no dietary effect on parameters of growth relative to skeletaurements between
fat supplemented horses and controls (Scott et al., 1989; Hoffman et al., 1996; Hoffman
et al., 1999; Ott et al., 2005). In a study with foals fed either a sugar and stantlorat
a fat and fiber ration from birth to one year of age, no difference was found sptcte
to growth parameters (Hoffman et al., 1999). Further, Ott et al. (2005) cited that body
measurements of heartgirth, wither height, and hip height were unaffeatiést yhen
comparing weanlings fed either a high-starch or low-starch diet; thethneh diet was
made isocaloric with the addition of 5% soybean oil. Hoffman et al. (1996) concluded
that there was no difference in overall frame size of weanlings anihgsaoh dietary
treatments of either corn and sweet feed, or corn oil and fiber. FurthermoitestSd.
(1989) found no difference in wither or hip height, heartgirth circumference, or rump fat

thickness between yearlings fed 5 and 10% fat versus those fed control diets.

See the following page for Tablell.
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Table 11. Effect of diet, week, and diet x week interaction on parameters of growth.

P-values (week 2 thru 8)

Diet’ Week Diet X Week
Weight 0.023 <0.001 0.457
Withers 0.820 <0.001 0.073
Shoulder 0.101 0.005 0.540
Knee 0.494 0.044 0.840
Hip 0.131 <0.001 0.659
Hock 0.153 0.136 0.982

Week 1 was used as a baseline measure
%Fat diet (n=8), starch diet (n=9)
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Heart rate

Physiological responses such as heart rate have been well documentedch resear
involving dietary fat supplementation in horses. In the current study there was no
significant time P=0.739) or time x diet interactio®£0.978). There was, however, a
strong association between resting heart rate and heart rate aftease@®=0.008), and
this association was significant for horses on the starchRE€t{02) but not significant
for those on the fat dieP€0.722). That is for horses on the starch diet, higher resting
heart rates resulted in higher heart rates during exercise. Howevenvdeeno effect of
diet on resting heart rate nor was there a difference in heart rate regparfsesd
exercise challenge between horses on the high-fat ration versus those on #iarhigh-
ration (Figure 1). Results of the current study are consistent with pregsrerch in
horses which indicate no difference in heart rate between fat-supplerherded and
controls (Eaton et al., 1995; Pagan et al., 2002; Lindberg et al., 2006).

To counter these findings, Pagan et al. (1987) reported significantly loasr he
rates for fat-supplemented horses during a stepwise exercise testionaddihe
recovery phase, but at the same time, found no differences between heart radesefor
on the control and fat diets during a 105 min long, slow work test at 5 m/sec. In addition,
Duren et al. (1999) reported decreased heart rates in the first two minusamdard
exercise test (SET) in fat-supplemented horses but found no significant tiete x di
interaction with respect to heart rate. Others have also observed that leghratdees
may cause elevated heart rates (MacLeay et al., 1999) along withex ¢tgadency for

excitability (Pagan et al., 1987; MacLeay et al., 1999). In addition, the form of
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carbohydrate may also cause alterations in heart rate. When barlewasgarbstituted
for an oats at the 1.0 and 1.5 kg/d level, elevated heart rates resulted duringxamabma
exercise test (Jansson et al., 2002).

Some studies found that heart rates recovered more rapidly after exeraise whe
fed a fat-supplemented diet (Meyers et al., 1987; Pagan et al., 1987) but otherd reporte
that heart rates in fat-supplemented horses recovered more slowly adimeckexercise
bouts even though heart rates at the end of exercise were similar in both the fat-
supplemented and the control horses (Webb et al., 1987).

Comparison of studies involving fat supplementation in horses regarding heart
rate is difficult due to the tremendous variation in study design such as fattiatapta
level of conditioning, and intensity of the exercise challenge. All of theser$acould

have an impact on resulting heart rates at rest, during exercise, and poseexerci

See the following page for Figure 1.
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Figure 1. Time effect on exercising heart rates per dietary traatme
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Blood metabolites

Comparisons of baseline measurements (Time 1) for pladmdroxybutyrate
(BHB), glucose, lactate (LA), and triglyceride (TG) concentration showedfienetices
between the two treatment groups. These results are not surprising consitiborgga
were of similar age, on the same diet, and had similar activity leeeltpr
commencement of the study. Results for post-treatment (Time 2) and posteexerc
(Time 3) analysis of BHB, glucose, LA and TG are shown in Table 12. Values for

acetoacetate (AcAc) are not shown due difficulties encountered duringahssis.

Blood glucose.There was no effect of diet on plasma concentrations of glucose
(P=0.128) at Time 2, nor at Time B£0.324) (Table 12).

These results agree with Ott et al. (2005) who reported similar fasting blood
glucose measurements between weanlings consuming a low-starch diet amch those
high-starch diet. In addition, Pagan et al. (1995) reported no difference in patsnta
glucose concentration between fat-supplemented horses and controls aftenegihbve
fast in 2 year-old Thoroughbreds.

The lack of a difference in plasma glucose concentration immediatefyaagtow
aerobic test in the present study is also consistent with Pagan et al. (1996undhad
difference in blood glucose during or after a SET when the horses trotted fon 30 ani
relatively slow speed of 4-4.5 m/s. When horses in the previous study reached a speed of
11 m/s, the fat-supplemented horses had a higher blood glucose concentration than the
controls and it remained elevated both at 15 and 30 minutes post-exercise. Ssgultar r

were reported by Taylor et al. (1995) in which fat-supplemented horses had hagiter bl
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glucose levels during a SET to fatigue, but again, no differences were fainespect

to resting glucose concentrations. Duren et al. (1999) also reported higteseg|
concentrations for fat-supplemented horses 15 and 30 minutes post-exercise falowing
SET. Exercise intensity in the current study did not reach the intensity of ThiedBi:

the previous studies. Therefore, exercise intensity in the current study lnawd to be
greater than the 4 m/s performed to elicit a difference in plasma gluagusEnt@tion
between the two dietary treatments as the duration and intensity of exXixed would

not have posed major challenges to the blood glucose homeostatic mechanism.

Lactate . There was no effect of diet on plasma concentrations ofF=08.248)
at Time 2 nor at Time 3E0.850) (Table 12).

Results from the present study are consistent with previous equine research
involving fat supplementation (Greiwe et al., 1989; Oldham et al., 1990; Crandell et al.,
1999; Duren et al., 1999; Lindberg et al., 2006) in which no difference was observed in
plasma [LA] after an overnight fast.

Results from the present study are consistent with Greiwe et al. (198Bicim w
plasma lactate concentrations were not affected by treatment whenwersdsd
10.5% added dietary fat for 12 weeks. The exercise challenge in the aforententione
study was similar to the current study in that the SET consisted of the hotg8eg to a
stable heart rate of 160 bpm. Furthermore, plasma lactate concentration did not diffe
between dietary treatments after exercise while trotting at 4omtlsose horses fed 0, 5,
10, and 20 % fat in the form of corn oil (Duren et al., 1987). Duren and coworkers

(1999) reported that plasma lactate concentrations increased with inceesicige
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intensity in the SET, but were not affected by dietary treatment such as fat
supplementation in 3 year old Thoroughbreds. Other studies also reported no differenc
between fat supplemented horses and controls with respect to plasma lactate
concentrations taken at assorted times after exercise of varyingtiege(@ldham et al.,
1990; Crandell et al., 1999; MacLeay et al., 1999).

In contrast, Eaton et al. (1995) reported higher plasma lactate concentrations 5
minutes post-exercise for fat-supplemented horses. Taylor et al. (1995 @isied
blood lactate levels 39% greater in fat-adapted horses than controls at the &ttifaba
fatigue which they explained may be due to an increased rate of glycygjsmmolupled
with a reduction in pyruvate conversion to acetyl CoA by the pyruvate dehydsegena
complex (PDC). Both Eaton et al. (1995) and Taylor et al. (1995) exercised horses at a
higher intensity than that put forth by the horses in the present study.

Lactate is the end product ahaerobicmetabolism and therefore its
concentration in plasma increases during high-intensity exercise widally the
highest concentrations seen 2-10 minutes post-exercise (P3s0 et al., 2004). The aerobi
exercise challenge in the present study did not elicit a work effort of high enough
intensity to produce not only an overall increase in lactate concentratiorisdat a

difference in concentration between the Fat horses versus the Starch horses.

Triglycerides. There was no effect of diet on plasma concentrations of TG at
Time 2 P=0.921) or at Time 3R=0.753) (Table 12).
The findings of the present study reporting no dietary difference in plasma

triglyceride (TG) concentration at rest is consistent with some publiskedrob
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(Crandell et al., 1999; Marchello et al., 2000; Zeyner et al., 2002; Treiber et al., 2005),
but inconsistent with other research that found resting levels of plasma TGotedver
fat-supplemented horses as compared to the controls (Duren et al., 1987; Orme et al
1997; Geelen et al., 1999; Geelen et al., 2000; Geelen et al., 2001a; Sloet van
Oldruitenborgh-Oosterbaan et al., 2002).

Duren et al. (1987) speculates that the higher TG concentrations observed in their
low-fat diets may be due to the release of VLDL into circulation caused by the
conversion of glucose to TG in the liver. Orme et al. (1997) reported signifidauvey
resting plasma TG concentration after an overnight fast in aerobecaltiitioned horses
after 9 weeks of fat-supplementation (20% DE as soybean oil = 1.0 g fat per kg body
weight); the authors suggest that as a result of conditioning, musclestarebke to
utilize the lipoprotein-associated plasma TG because of an increase ativtg af
muscle lipoprotein lipase (LPL) causing the reduction in plasma triacglglly
concentration. The decrease in plasma TG observed by Orme et al. (1997) was
associated with a mean 50% increase in plasma total lipase activityifgllpantosan
polysulfate administration (which causes the release of both lipoprotein lipdse a
hepatic lipase into circulation) as well as an increase in postprandialgptilesterol
concentration and a significant increase in the activity of muscle Gtyathase. Geelen
et al. (1999, 2000) also found an increase in LPL activity along with a decreasema pla
TG in fat-supplemented horses, possibly indicating an increased flux oéadty/to
extra-hepatic tissues according to the authors. Geelen et al. (2001a) spdbaldtthe
higher oxidative ability together with the depressed rate of de novo fattyyatieksis in

liver may contribute to the dietary fat-induced decrease in plasma TA@rtoeatons in
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equines.” The explanations for the lower plasma TG concentration in fat suppl@mente
horses are speculative as not all studies found a link between decreased @dswedsT
and increased LPL activity.

Contrary to the findings mentioned above, Geelen et al. (2001b) reported that fat
supplementation had no effect on resting plasma TG concentration after an ovfastight
despite fat-induced increases in LPL and hepatic triacylglycerokli@p$EGL) activities
in conjunction with increases in plasma concentrations of total cholesterol, HDL
cholesterol, and total phospholipids. Lipoprotein lipase activity was calculatked as
difference between total and hepatic lipase activities (Geelen 20@lLb). Other
authors have also found no significant dietary difference in resting plasma TG
concentrations between fat supplemented horses and controls (Crandell et al., 1999;
Marchello et al., 2000; Zeyner et al., 2002; Treiber et al., 2005). Zeyne(20@2)
found that the concentration of plasma TG was not influenced by diet type for harses fe
a high-starch or high-fat ration for 390 days. At the same time, Treiaern(2005)
found no difference in resting plasma TG concentration due to diet in starch and sugar
supplemented weanlings as compared to those supplemented with fat and fiber. The
authors that reported lower resting plasma TG concentrations in fat supmdrherdes
(Duren et al., 1987; Orme et al., 1997; Geelen et al., 1999; Geelen et al., 2000; Geelen et
al., 2001a; Sloet van Oldruitenborgh-Oosterbaan et al., 2002) did not make an attempt to
separate the various lipoprotein fractions to quantify exactly where theedi¢ess might
exist with regard to plasma TG concentration as it is influenced by diet.

Marchello et al. (2000) separated the various lipoprotein fractions of plasma TG

for 2 year olds of Quarter Horse and Thoroughbred-type supplemented with either 20%
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of their daily DE as rolled corn or corn oil for 10 weeks. The authors reported higher
protein concentrations of very low density lipoproteins (VLDL), high density lipoproteins
(HDL), and albumin (ALB) fractions along with higher cholesterol in the fat
supplemented group versus the control (Marchello et al., 2000). The difference between
the two experimental groups in plasma TG content affected primarily the VLDL
fractions. For instance, the fat supplemented horses had very high VLDL-TiGrfsact
and low concentrations of the LDL fraction (Marchello et al., 2000). In contrast, the
control horses had moderate VLDL fractions without as much of a dramatic dearease |
the LDL fraction; HDL-TG values were highly variable. Very low denspgproteins
are thought to contribute as fuel to exercise (Jeukendrup et al., 1998a) as VLDL is the
primary lipoprotein responsible for transport of triacylglycerols from thex lio adipose
tissue and muscle (Murray et al., 2006). Marchello and others (2000) indicate that the
difference is attributed to an assumed increase in LPL activity in theddtorses, just
as the authors suggested who reported a decrease in plasma TG content in the fat-
supplemented horses (Orme et al., 1997; Geelen et al., 1999; Geelen et al., 2000; Geelen
et al., 2001a; Sloet van Oldruitenborgh-Oosterbaan et al., 2002). Although the
relationship between fat intake and LPL activity seems to be linear (Gatedd, 2001b),
the physiological significance of the differences observed remains inajues

The findings of the present study reporting no difference in plasma TG
concentration immediately following exercise are inconsistent witlerat al. (1987)
who reported lower plasma TG concentrations in those horses fed a diet consisting of 5,
10 or 20% fat as compared to those fed 0% fat. In addition, Sloet van Oldruitenborgh-

Oosterbaan and coworkers (2002) found significantly lower plasma TG concentrations
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during and after a submaximal SET for those horses on a diet consisting of 111a8% fa
soybean oil. Similar to the current study, Crandell et al. (1999) reported nermtkéen

TG response to exercise across isocaloric dietary treatments iognsfsa standard
carbohydrate diet, a high fat diet consisting of 15% of the DE as soybean oil, ahd a di
where 15% of DE was beet pulp. Results of published research in the equine species
concerning dietary effects on plasma TG concentration during exerciseansistent.
Furthermore, variations in study design, level of fat supplementation, and exercis
protocols make it difficult to compare results. More investigation is needed tondeter
dietary effects on plasma TG concentrations at rest as well as during aediataty

after exercise.

Acetoacetate Due to negative values obtained in AcAc analysis, data is thought

to be invalid for drawing conclusions.

S-hydroxybutyrate.There was a dietary effect on plasma concentrations of BHB
at Time 2 with the starch diet yielding a larger md2s0(036) than the fat diet, no
matter what baseline value was observed. However, there was no effect bTaret 8
(P=0.725) (Table 12).

Results of the present study indicating a dietary effect on resting pEtsBa
concentration after an overnight fast are in agreement with Harkins #292) (who
reported a significant increase in resting plasma BHB concentration & flooses on a
control diet versus those that were supplemented with 12% of their daily DE aséat

opposite effect was found in human subjects where dietary carbohydrateioastrict
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produced an increase in circulating ketone bodies after exercise in maghgdt
marathon runners (Koeslag et al., 1980). Koeslag et al. (1980) suggested thatahe cr
factor in the development of post-exercise ketonaemia in humans is the carl®hydrat
status of the body which is perhaps even more important than exercise duratiortyjntensi
or even conditioning level. However, Rose and Sampson (1982) contend that the ketone
pathway is relatively unimportant in the horse, but they did not investigate diffeatg e
Ribeiro and coworkers (2004) found that there were no significant differences found i
plasma BHB concentrations among treatment diets in blood samples taken 4 leours aft
the last exercise session consisting of 2 minute intervals of walking (1.&md/&)otting
(3.2 m/s) for a maximum of 30 minutes. Diets ranged from 7.2% fat and 21.2% starch to
12.7% fat and 3.9% starch (Ribeiro et al., 2004). Furthermore, the type of diefad fa
to horses appears to have no effect on resting plasma ketone levels as there was no
difference in resting plasma BHB concentration taken after an overnigbetagen
diets supplemented with either saturated palm oil or unsaturated soybearilelidéla
and Beynen, 2002). Post-exercise ketosis in humans has been found to be a function of
carbohydrate availability, but more investigation is required to deterimengrécise
dietary mechanism involved in ketonaemia in horses.

Similar studies evaluating the effect of diet on plasma BHB concentesitin
relates to exercise in the horse are scarce. The results of the dugriingling no
difference in BHB concentration pre- and post-exercise are in agreentiettavkins et
al. (1992). Harkins and coworkers (1992) reported no difference in plasma BHB
concentration at 2 and 4 minutes after a 1600 m race between fat supplemented horses

and controls; however, BHB concentration was significantly higher for contr@sats
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8 and 16 minutes post-exercise. Other researchers evaluating the effestsieeon
plasma BHB concentrations found no difference in BHB concentration when comparing
pre- and post-exercise values (Dybdal et al., 1980; Rose and Sampson, 1982). Rose and
Sampson (1982) reported no change in plasma BHB or AcAc concentration when
comparing samples taken before an 80 km endurance ride (246 m/min = 4.1 m/s) and
those taken immediately after completion of the event. However, they did find a
significant increase in plasma BHB concentration at 30 minutes post-exeftie
authors speculate that the small but significant increase in BHB at 30 mirxeasse
may be due to high circulating concentrations of non-esterified fatty &tifsA) so that
mobilization exceeded utilization, resulting in an increase in hepatic ketoadidgtion.
Lucke and Hall (1980) reported a significant increase in total ketone (AcAc 4 BHB
concentration 5 minutes after an 80 km endurance ride as well as 60 minutes after the
ride. The results from these studies suggest that sampling more than 4 minutes afte
cessation of exercise is necessary to detect a change in cig@btiBrconcentration.

On the other hand, Rose et al. (1980) found a significant decrease in plasma BHB
concentration immediately after the roads and tracks and steeplechaser(®®6- 0.8
m/s) phases of a three-day event competition. The mean speed of the road«snd trac
phase was 240 m/min (4 m/s) which was close to the speed elicited in the exercise
challenge in the current study. Interestingly enough, there was no changB in BH
concentration immediately after the cross country phase of the event in whsels hor
competed at a mean speed of 490 m/min (8.17 m/s) (Rose et al., 1980). The reason for
the decrease in BHB concentration 30 seconds upon completion of the roads and tracks

and steeplechase phases escapes the authors, but they speculate s duedo the
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difference in NEFA metabolism between the horse and man. With increased fat
mobilization one would expect a concurrent increase in ketoacids, according to the
authors (Rose et al., 1980). Lucke and Hall, (1980) reported an increase in lipolysis
signified by a rise in both free fatty acids and glycerol levels butstneaassociated

with a parallel increase in circulating ketones. The authors suspect thesuhes r

indicate that it is unlikely that the ketones contribute as metabolic substrai®g

degree and “post-exercise ketosis” is not a feature of long distance ridirkg (@dod

Hall, 1980). Rose and Sampson (1982) contend that ketosis may not be a feature of
prolonged exercise in the horse due to the ability of the liver to maintain glycogisnoly
and therefore the supply of carbohydrate for the citric acid cycle. Dybdaladleagues
(1980) suggest that a difference in circulating ketones was not demonstrated when
comparing samples taken before and after a 160 km endurance ride due to the possibilit
that exercise duration was insufficient or more likely that ketone molmizatatched
utilization. Exercise duration in the present study was likely insufficieinidiace a
difference in circulating ketones. Likewise, sampling protocol wouldraed to be

evaluated.

See the following page for Table 12.
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Table 12. Least squares means, standard errors (in parenthesis), and observed
significance levels of effects on blood metabolites by treatment

Treatment
Metabolite Diet" Post-exercise P Value
Fat Starch Fat Starch Diet Post -

(n=8 (=9 mM=7 (n=9) exercise
B-hydroxybutyrate, 1.899°  2.464° 1.994  2.06f  0.036 0.725
mg/dL

(0.177) (0.167) (0.189) (0.190)
Glucose, mg/dL 92.494 88.783 68.607 75.122 0.128 0.324

(1.674) (1.578) (4.775) (4.211)

(0.223) (0.214) (0.550) (0.509)
Triglycerides, 21.331 21.583 18.898 20.074 0.921 0.753
mg/dL

(1.807) (1.704) (3.742) (3.503)

Time 1 (baseline/pre-treatment) to Time 2 (positiTent/pre-exercise) comparison

“Time 2 (post-treatment/pre-exercise) to Time 3 {f@a®rcise) comparison

3Fat group has an n of 7 as one horse did not caenile exercise challenge

“Least squares means adjusted for the average BHB whthe baseline (time 1) covariate (2.58)
®Least squares means adjusted for the average BHB whthe pre-exercise (time 2) covariate (2.16)
2B\ithin a row and treatment, means that do not lza®emmon superscript diffeP & 0.05)
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Hormones

Comparisons of baseline measurements (Time 1) for hormone concentration of
insulin, leptin, and adiponectin in equine plasma showed no differences between the two
treatment groups. These results were expected considering allWwersesf similar age,

on the same diet, and had similar activity level prior to commencement ofitlye st

Insulin. There was no effect of diet on plasma concentrations of insulin at Time 2
(P =0.369) nor at Time 3(= 0.718) (Table 13).

Insulin is responsible for maintenance of blood glucose levels (Thornton, 1985);
however, it is suppressed during exercise (Thornton, 1985; Freestone et al., 1991; Gordon
et al., 2007b) at a threshold of 50% 3@ (Thornton, 1985). Working muscles can take
up glucose without insulin and the horse is still able to maintain blood glucose levels
through increased gluconeogenesis during exercise (Thornton, 1985). An increase in
insulin will inhibit the release of FFA from adipose tissue by inhibitingatttevity of
hormone sensitive lipase resulting in a decline in circulating plasmaattgeatids
(Murray et al., 2006). In addition, insulin enhances lipogenesis, in which glucose is
converted into fatty acids, and the synthesis of acylglycerol (Murray et al.,. 280&®e
insulin facilitates glucose uptake by the cells, it is a promoter of glyesgeand an
inhibitor of gluconeogenesis; hence, insulin is vital to the recovery phase akexXerc
glycogen repletion (Thornton, 1985; Pratt et al., 2007).

Acute changes in postprandial insulin concentrations have been well documented
in horses (Pagan et al., 1995; Duren et al., 1999; Ropp et el., 2003; Gordon and

McKeever, 2006). Plasma insulin peaked between 60 and 90 min both after consumption
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of grain and in an intravenous dextrose test - insulin peaked at 90min post-infusion while
glucose peaked at 5 min (Gordon and McKeever, 2006). In both tests, insulin was
positively correlated with glucose and negatively correlated withighoartisol, and
adiponectin (Gordon and McKeever, 2006). Hoffman et al. (2003) reported no effect of
diet during a modified frequent sampling i.v. glucose tolerance test (FSIGT) on
endogenous insulin response in starch and sugar (SS) supplemented geldings versus those
supplemented with fat and fiber (FF) for 8 weeks. Similar findings were rddmoyte

Treiber et al. (2005) in which SS weanlings had greater insulin concentrationsttering
FSIGT as compared to the FF weanlings. Also, the SS weanlings showed a propensity
for insulin resistance as indicated by lower insulin sensitivity versusRhveeanlings.
Although insulin concentrations were not statistically different, thereavigend for

higher insulin concentrations in the SS foals (Treiber et al., 2005). There is atrend f
higher carbohydrate meals to elicit greater increases in insulin caatcamgrthan those

meals consisting predominately of fat and fiber.

Time of feeding will also effect insulin concentrations. Ropp et al. (2003)
sampled weanlings for up to 6 hours after feeding and found that by day 60, the insulin
response to feeding was less over time in fat supplemented horses versustthe sta
supplemented horses. Horses fed 3 hours prior to exercise as compared to those fed 8
hours prior to exercise or those subjected to an overnight fast, experienceedelevat
plasma glucose and insulin at rest regardless of dietary treatment (Dafleri@99).
Furthermore, plasma glucose was decreased during exercise anddaboxvas

suppressed as indicated by lower NEFA concentrations. Fat supplementation did not
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affect plasma insulin concentrations at rest, but did have lower plasma iesplanses
during exercise as well as at 15 min, but not 30 min post-exercise (Duren et al., 1999).
Our results are consistent with Pagan et al. (1995) who reported no difference
with respect to diet on resting plasma insulin concentrations in samples taken 4 hours
after feeding in control versus fat-supplemented 2 year-old Thoroughbredsming. In
addition, our post-exercise results are consistent with Pagan et al. (1995) who found no
difference due to dietary treatment on plasma insulin levels. Exercfsenped by both
Duren et al. (1999) and Pagan et al. (1995) was more strenuous then that performed in the
present study (20 min of trotting at 4.0 m/s). Therefore, there was no effectah diet
insulin concentrations post-exercise likely because the exercisengeatizl not exceed
50% VOnmax Additionally, samples in the current study were collected following an
overnight fast; therefore, meal-dependent alterations in plasma insulimtatioas
would not have been evident. Any difference in insulin concentrations would have been
due to long-term dietary effect of feeding fat or starch rich diets to freriexental

horses over the 8 week period.

Leptin. There was a significant effect of diet on plasma concentration of leptin at
Time 2 @ = 0.010), but only when baseline values were 1.4 and larger. There was no
dietary effect P = 0.750) on plasma leptin concentrations at Time 3 (Table 13).

Leptin is a protein product of the obese gene (Friedman and Halaas, 1998) and the
greater amount of adipose tissue, the greater amount of leptin produced (Kearns et al.,

2006). Resting leptin levels in horses are positively correlated with bodytioarstiore
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(Gordon et al., 2007a) as well as % fat mass and % body fat (Kearns et al., 2006; Gordon
et al., 2007a) in horses and in humans (Weltman et al., 2000).

The current study is the first according to our knowledge to examine the role of
dietary fat and starch on plasma leptin concentrations in the equine speciesésith at
and after exercise. Dietary effects have been studied in other speciestigatee
obesity and the associated pathologies. Plasma leptin concentration decarasedtial
leptin mMRNA expression in adipose tissue in insulin resistant rats foll@uwepks of
fat supplementation with 10% marine oils plus 18 % saturated fat versus 28% daturate
fat (Ukropec et al., 2003). Body weights were lower in the marine oil supplemetsted ra
in the same study (Ukropec et al., 2003). Lee et al. (2006) reported no difference in
plasma leptin concentration between standard chow fed rats and those supplentkented wi
17.6% lard for 6 weeks despite higher energy intake and body weight gain inghe latt
On the other hand, Zhou et al. (2008) reported elevated plasma leptin levels in high-fat
fed rats which also had higher body weights and fat contents. The fat-fedtras i
previously mentioned study did develop insulin resistance denoted by significaidy hi
blood glucose and insulin levels after feeding as compared to the rats on th@bsic/c
diet (Zhou et al., 2008).

Studies in humans confirm that high-fat, low-carbohydrate meals, which produce
smaller insulin and glucose responses, decrease leptin concentration (and could
contribute to weight gain) while low-fat, high-carbohydrate meals incteptia
concentration (Havel et al., 1999). The subjects in Havel et al. (1999) were notdiabeti
and also not subjected to insulin resistance. Evans et al. (2001) reported adacreas

plasma leptin concentration as a response to both oral and intravenous fat loads in human
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subjects with no statistical differences between the two. On the other hamd, lept
increased slightly with a mixed meal. Arterial and venous leptin concensati
continued to increase for up to 5 hours after consumption of a high carbohydrate meal in
another [human] study (Coppack et al., 1998).

There was a decrease in plasma leptin concentration when horses weredubjecte
to an oral grain challenge while leptin increased in response to an intravkxouse
solution test (Gordon and McKeever, 2006). There appears to be consistency among the
three species pertaining to plasma leptin concentrations. First, higher bothy ared
fat contents increase leptin production. Next, meals with a greater fat camtethus a
smaller glucose and insulin response tend to decrease leptin levels while raededm
those high in carbohydrates increase plasma leptin levels.

Results in the present study show that it was the Starch fed horses that lyltimate
had a small, but statistically significant increase in body weight bgrttief the 8 week
trial, but fat mass was not investigated. In addition, blood samples were not fi&ven a
meal feeding, but rather were collected after an overnight fastrfer T and Time 2, as
well as immediately post-exercise (Time 3). Furthermore, horses inrtieatcstudy
displayed no difference with respect to diet in concentration of glucose oninsuli

Plasma leptin concentrations have been found not to change during or
immediately after exercise in humans (Essig et al., 2000; Hulver and Houmard, 2003;
Ferguson et al., 2004) and horses (Gordon et al., 2007b). It appears that sampling 24 to
48 hours post-exercise may be necessary to see changes in plasma leptimnatmmse
Studies involving leptin concentration analysis pertaining to exercise in humaretendi

that a sufficient energy deficit must occur in order to decrease leptia (élidver and
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Houmard, 2003). For instance, while short term exercise (< 60 min) of various ingensitie
do not cause a shift in leptin levels (Weltman et al., 2000), one study indicated that long
term exercise (> 60 min) may produce enough of a kilocalorie deficit to produce a
disruption in long-term energy balance (Karamouzis et al., 2002). There was no
alteration in plasma leptin levels and body composition remained unaltered when
moderate exercise was performed by human subjects over three, 3 day periods even
though a slightly negative energy balance was reported (Dirlewahgér 1999). On
the other hand, a prolonged exercise effort such as a marathon swim produces enough of
a negative energy balance to decrease leptin concentration and theretaseaicod
intake to maintain energy homeostasis (Karamouzis et al., 2002). A recent study in
horses has shown that short-term, high-intensity exercise in horses deq@laama
leptin concentration 24 hours post-exercise, signaling alterations in enexkg int
(Gordon et al., 2007b). Results of studies in humans and horses indicate that energy
homeostasis must be disrupted before decreases in leptin will occur.

The sampling protocol on the current study did not allow for post-prandial
differences to be seen with respect to diet and plasma leptin concentration. nfrangher
the exercise challenge likely did not solicit enough of an energy deficit to praduce
difference in plasma leptin concentration with respect to diet. In addition,3Jime
samples were taken immediately post-exercise which would not have alloviieisuf

time to alter leptin concentrations should there have been any.

Adiponectin. There was no difference due to diet in plasma adiponectin

concentration at Time 2€0.244) nor at Time 33=0.076) (Table 13).
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Adiponectin and leptin are two hormones related to energy homeostasis. The
inverse of leptin, resting levels of plasma adiponectin are negatively cedraldah body
condition score, body weight, and % fat in horses (Kearns et al., 2006; Gordon et al.,
2007a) as well as % fat mass in humans (Matsubara et al., 2002; Tschritter et al., 2003).
Brichard et al. (2003) hypothesized that fat mass may apply a negativeckeedlts
own adiponectin production. Its role in metabolism is related to the regulation of
glucose, insulin and adipocyte metabolism (Tsao et el., 2002); therefore, high atilipponec
levels may also indicate increased insulin sensitivity (Maeda et al., BR€iéhard et al.,

2003; Tschritter et al., 2003). Furthermore, adiponectin has been found to be negatively
correlated with leptin concentrations in humans (Matsubara et al., 2002) and horses
(Kearns et al., 2006; Gordon et al., 2007a) and positively correlated with ghrelin in horses
(Gordon et al., 2007a). Therefore, it is no surprise that plasma adiponectin lenels we
found to be greater in fit horses versus unfit horses (Gordon et al., 2007a).

The present study is the first according to our knowledge that has investigated the
relationship between plasma adiponectin concentrations and diet in the equine species
However, when horses were subjected to either an oral grain challenge oazmioirs
dextrose solution test, there was no change in adiponectin levels (Gordon and &tcKeev
2006). The type of fat consumed was found to not alter plasma adiponectin in healthy
overweight human subjects, but adiponectin significantly increased as a reweiilof
loss (Kratz et al., 2008). Adiponectin mRNA levels increased in fat-fed rats
supplemented with conjugated linoleic acid (CLA) which also corresponded with a
reduction in body weights and fat contents (Zhou et al., 2008). It is possible that

adiponectin levels are more closely associated with body composition than diet.
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Adiponectin concentrations have been found to not be altered with respect to
exercise in both horses (Gordon et al., 2007b) and humans (Kraemer et al., 2003;
Ferguson et al., 2004). It is suggested that repeated exercise bouts may beorssled t
changes on plasma adiponectin concentrations due to exercise, at least imgbverwe
[human] males (Kriketos et al., 2004). Adiponectin was found to be positively correlated
with insulin sensitivity in humans (Brichard et al., 2003) and exercise leasftwend to
increase insulin sensitivity in horses (Malinowski et al., 2002; Powell et al., 200&)la
as humans (Borghouts and Keizer, 2000; Ferguson et al., 2004). Insulin sengtsvity
improved by short-term, low-intensity exercise alone despite lack ofeharbody
weight or body fat percentage in obese mares, but insulin sensitivity wasestidrgfor
lean mares (Powell et al., 2002). Insulin sensitivity resulting from iseeirc humans did
not alter plasma adiponectin concentrations (Kraemer et al., 2003; Ferguson et al., 2004).
However, Tschritter et al. (2003) reported an increased RQ indicating amifliid
oxidation to carbohydrate metabolism during a hyperinsulinemic-eugigaamp;
there was a greater proportion of glucose disposed of under the action of msulin i
combination with high adiponectin concentrations in human subjects. The relationship
between insulin sensitivity due to exercise and alterations in adiponectent@tions
in both horses and humans need further clarification.

In the present study, 8 weeks of fat supplementation did not produce a significant
alteration in plasma adiponectin levels when compared to a traditional high atayoh r
either at rest or after an aerobic exercise challenge. It can possdupdiaded that a
shift in body composition would need to occur or repeated exercise bouts employed in

order to see a difference between dietary treatments.
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Table 13. Least squares means, standard errors (in parenthesis), and observed
significance levels of effects on plasma hormone concentration by treatme

Treatment
Hormone Diet' Post-exercise P Value
Fat Starch Fat Starch Diet Post -

(n=7y (n=9) (n=7) (n=9) exercise
Insulin, 1.984 1.850 2.834 2.683 0.369 0.718
plu/mL

(0.173) (0.165) (0.625) (0.608)
Leptin, 2.245 1.52d 2.025 1.902 0.010 0.750
ng/mL HE

(0.159) (0.175) (0.255) (0.217)
Adiponectin, 6.308 8.539 8.790 7.363 0.244 0.076
ng/mL®

(2.957) (1.611) (1.009) (0.978)

‘Time 1 (baseline/pre-treatment) to Time 2 (positireent/pre-exercise) comparison

“Time 2 (post-treatment/pre-exercise) to Time 3 {{@a®rcise) comparison

3Fat group has an n of 7 as one horse did not caenile exercise challenge

“Least squares means adjusted for the leptin basedilie of 1.40

°Least squares means adjusted for the average iegtia of the pre-exercise (time 2) covariate (1.76
®Number analyzed for adiponectin inconsistent aciesgments: Time 1 - Starch n=6, Fat n=6; Time 2 -
Starch n=7, Fat n=3; Time 3 - Starch n=8, Fat n=6
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Substrate Transporters

Comparisons of baseline measurements (Time 1) for whole muscle expression of
fatty acid translocase/CD36 (FAT/CD36), glucose transporter 4 (GLUT4),
monocarboxylate transporter 1 (MCT1) and monocarboxylate transporter 4 (MCT4) i
equine skeletal muscle showed no differences between the two treatment groups. No
differences were expected considering all horses were on the samedietd similar

activity level prior to commencement of the study.

FAT/CD36. There was an effect of diet on whole muscle expression of
FAT/CD36 at Time 2R = 0.006); however, there was no diet effect on post-exercise
scores (Time 3)R = 0.273) (Table 14). Our findings of increased expression of
FAT/CD36 protein in conjunction with a high-fat diet but not with endurance
conditioning, are consistent with those in human skeletal muscle in which a fatetich di
increased FAT/CD36 expression (Cameron-Smith et al., 2003; Roepstorff et al.,, 2004a)
but endurance conditioning does not amplify FAT/CD36 protein (Kiens et al., 2004,
Pelsers et al., 2007). In contrast, a single bout of exercise (Roepstorf2804b), or
even short-term training (Tunstall et al., 2002; Pelsers et al., 2008) increaskilR&T
protein expression slightly but there was no difference in FAT/CD36 content in the
vastus lateralis muscle when comparing endurance trained and untrained hun@s subje
(Kiens et al., 2004; Pelsers et al., 2007). The increased expression of FAT/CBD36 wit
short-term training or even a single exercise bout may have more to do wefffettieof
the last exercise bout and not the training itself as biopsies in Tunstal{28G&#) were

taken within 24 hours of the last exercise session (Kiens et al., 2004). Kiens (2006)
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suggests that increased FAT/CD36 expression is an early adaptation asedanguscle
activity and that it may fade with sustained activity, such as with eeeconditioning.
Increased expression of FAT/CD36 due to diet was also evident in rodent skeletal
muscle. While whole muscle FAT/CD36 increased 40% over controls, sarcolemmal
membrane-associated FAT/CD36 was increased 56% in the high-fat fedrsats ve
controls (Smith et al., 2007). Likewise, chronic stimulation (7 days) of the hibd#m
muscles resulted in the up-regulation in total amount of FAT/CD36 present in the tota
homogenate and in the plasma membrane fraction of skeletal muscle aloag wit
increase in the mitochondrial fraction as compared to control muscles (Camgalbell et
2004). Acute stimulation, however, for 30 min in the same study did not increase the
total amount (expression) of FAT/CD36, but did increase amount in the plasma
membrane fraction signifying that FAT/CD36 was translocated within the cel
Research with respect to FAT/CD36 protein expression in equine skeletal muscle
is limited. However, van Dam et al. (2004) did quantify the expression of FAT/CD36
protein in relation to fiber types. Their research found that there was a stpyegsen
of FAT/CD36 protein at the sarcolemma of all equine skeletal muscle fifpes from
three different muscle groups (triceps brachii, pectoralis descendens, ardlatestlis
muscles) most likely positioned near capillaries to aid in the uptake of L@RAtfre
plasma. A low intracellular expression of the protein was observed in typed, boer
no intracellular FAT/CD36 protein expression was observed in type 2 fibers in the sam
study. The current study did not separate the sarcolemma and intra¢eNtUI&D36
protein fractions, rather the homogenate consisted of cytosolic fractionshieamddle

gluteal muscle. Sampling procedure was such that a mixture of both type pa2d ty
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fibers were extracted although muscle fiber typing was not performed ¢ttt

study; the superficial portion of the muscle is characterized as being joog/tit

while the gluteus medias becomes more aerobic with increasing sampi¢Klep and
Bechtel, 1988; Serrano et al., 2000). Diet and/or exercise were not factors in va Dam
al.’s (2004) research and information on the relationship of FAT/CD36 protein
expression with respect to diet and exercise in the equine species is lacking.

Similar findings with respect to fiber type expression of FAT/CD36 occur nait
muscle. Campbell et al. (2004) found that expression of FAT/CD36 was lower in white
gastrocnemius (low oxidative muscle fibers) (30.9% lower in subsarcoler8®patd
36.4% lower intermyofibrillar (IMF)) as compared to red gastrocnemius m(sgh
oxidative fibers) from female Sprague-Dawley rats.

The current study is the first to determine the effect of diet on FAT/CD36mprote
expression in whole muscle in the equine species according to our knowledge. tThe fac
that feeding a high-fat diet as compared to a traditional high-starch dieastyn
increase FAT/CD36 equine skeletal muscle protein expression could be impottant wi
respect to increased fatty acid oxidation during aerobic exercise - it coatt®eained

that an enhanced amount of FAT/CD36 would be of benefit for clearance of LCFA.

GLUT4. There was no effect of diet on whole muscle expression of GLUT4 at
Time 2 P = 0.687) nor at Time 3(= 0.375) (Table 14).

Our findings are similar to those found in rats with regard to diet and exelise.
rats subjected to 8 weeks of either a high-carbohydrate or high-fat diet, GLU&# prot

expression in both the soleus and extensor digitorum longus (EDL) muscles was simil
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with respect to diet in non-conditioned rats; sedentary rats fed a high-fat diddesgo
a reduction in skeletal muscle GLUT4 protein (Lee et al., 2002). On the other hand,
Kahn and Pedersen (1993) reported a 34% decrease in GLUT4 protein expression along
with a 47% decrease in GLUT4 mRNA also in rat skeletal muscle irrespettiber
type in fat-fed rats as compared to control animals. However, the fadtfeith Kahn and
Pedersen (1993) were obese and subjected to insulin-resistance and insulitestithe
rapid uptake of glucose into muscle cells via the GLUT4 transporter (Kahn, 1994).
Further, while GLUT4 mRNA expression differed with respect to muscle(§q@
higher relative expression in gastrocnemius (type 2 fibers) as cairtpaseleus (type |
fibers)) expression was not altered by dietary treatment in rats fedaalaric-sucrose
or hypercaloric-fat diet (Ferrer-Martinez et al., 2006). Exerciga@ngaresulted in an
increase in GLUT4 protein irrespective of diet in the rat soleus muscle, butibthe
muscle, training-induced increases in GLUT4 protein expression was more evithent
carbohydrate-fed rats (30% increase) than in the fat-fed rats (21%sag kee et al.,
2002). The authors suggest that both mRNA and protein expression is controlled
independently by exercise and diet (Lee et al., 2002; Ferrer-Martinez et a)., 2006

The GLUT4 protein expression in equine skeletal muscle appears to be fiber type
selective. Van Dam and colleagues (2004) reported that type 1 and 2A fibers had a low
expression of GLUT4 compared to type 2B fibers in all 3 muscle types (thcagsii,
pectoralis descendens, and vastus lateralis muscles). Research ge@atdird
expression in horses has primarily focused on glycogen repletion followingsexefidie
slower rate of glycogen resynthesis in horses relative to other spéielesxercise may

be due to the lack of increased GLUT4 expression post-exercise (McCutchegn et al
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2002; Jose-Cunilleras et al., 2005; Pratt et al., 2007). In addition, ingestion of post-
exercise carbohydrates as starch-rich meals did not enhance GLUT4 geassiergn
muscle compared with isocaloric fiber-rich meals or feed withholding &ftensecutive
days of glycogen depleting exercise (Jose-Cunilleras et al., 2005). ulia centributes
to activation of GLUT4, the low-insulin status brought about by exercise does not favor
glycogen resynthesis in horses (P0s0 et al., 2004).

Conditioning appears to have little effect on GLUT4 expression in horses;
conditioning itself induces a decrease in glucose utilization (McCutchean 20@2).
While six weeks of aerobic and anaerobic conditioning increased GLUT4 proteent
2 to 3-fold in equine whole muscle specimens taken post-exercise (4 cm deep from the
middle gluteal), GLUT4 content did not differ from pre-exercise samplegdiega of
training state (McCutcheon et al., 2002). Thus, there was no change before or after
training in GLUT4 protein content with exercise (McCutcheon et al., 2002). In
conditioned horses after a single bout of exercise, mean muscle GLUT4 acbdteot
differ between exercised vs. control horses (Pratt et al., 2007). In contiaggrisen et
al. (2000) reported that both GLUT4 protein expression and glucose uptake is enhanced
by training in humans. The disparity between GLUT4 protein expression and glucose
uptake between the two species, equine and human, may help to explain the differences
in glycogen repletion following exercise.

Many factors can influence the expression and localization of the GLUT4
transporter, not the least of which could be diet. While it would be easy to presume that
the horses in our study on the high-carbohydrate diet would have a greater amount of

GLUT4 protein expression, studies in rats have suggested that insulin statussenay ha
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more of an effect on GLUT4 expression than diet (Kahn and Pederson, 1993; Lee et al.,
2002). In the current study, there was no dietary effect on plasma insulin comnmesitra
between the two treatment groups which could help explain the lack of difference in
GLUT4 protein expression between the two treatments. However, research vithin t
area of equine skeletal muscle is lacking, thus making comparisons difficult

Homogenates were prepared to extract cytosolic components from whole muscl
samples in the current study. Therefore, transporters upregulated to tharsaaole
membrane during exercise would not be expected to be present in the post-exercise
protein fractions and a decline in transporter quantity post-exercise waseejmec
occur. In addition, the time between cessation of exercise and biopsy procedure was
perhaps long enough that reinternalization of transporters back into the cytasotacc
possibly due to the deactivation of AMPK.

Muscle phosphagen pool decreased by exercise, electrically stimulated
contraction, or chronically by feedirigguanidinopropionic acid3¢(GPA), results in a
phosphorylation (activation) of AMPK which increases the total muscle conterglas
as the translocation of GLUT4 and FAT/CD36 to the sarcolemma as a respdrese to t
depleted energy charge in the cell (Pandke et al., 2008). Beta-guanidinopropubnic aci
also increased insulin-stimulated glucose transport in rat soleus muscle (Eaaldke
2008). Likewise, if sufficient time had passed between cessation of exandisiee
biopsy, then AMPK would have been deactivated by the sufficiency of energyifATP
relation to AMP) and reinternalization of the transporters from the sarcadmthe
cytosol could have occurred. During prolonged exercise, however, “AMPK signaling i

not a key regulatory system of muscle substrate combustion during prolongedesxer
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and its activation by phosphorylation is not sufficient to maintain an elevated-@o&tyl
carboxylases (ACCB) Sef** phosphorylation during prolonged exercise” (Wojtaszewski

et al., 2002).

MCTL1. There was no effect of diet on whole muscle expression of MCT1 at Time
2 (P=0.517) nor at Time 3(= 0.852) (Table 14).

To our knowledge, this is the first study to evaluate the effect of diet on MCT1
protein expression in equine skeletal muscle; therefore, comparison between various
studies was difficult. A ketogenic diet was found to increase the expressidTdf M
the brain of rats (Leino et al., 2001); however, no published information was found with
regard to dietary effect of MCT1 expression in skeletal muscle no mattethwehat
species.

Monocarboxylate transporter 1 is expressed in skeletal muscle as vegll as r
blood cells (Juel and Halestrap, 1999; Dubouchaud et al., 2000; Koho et al., 2002) and
the MCT isoform profile in equine muscle was found to be similar to that in man (Koho
et al., 2006). In general, MCT1 is more widely expressed in oxidative fibers and is
positively correlated with the percentage of oxidative fibers (Bonen, &08l0) whereas
MCT4 is more abundant in glycolytic fibers. Minor differences in MCT1 isofornt exis
between type 1 and type 2 fibers in human skeletal muscle (Pilegaard et al., 1999b)
whereas in rats, MCT1 is highly related to red oxidative muscles and almostatziolete
in glycolytic white muscles (McCullagh et al., 1996; Kobayashi, 2004). Monocarhexyla
transporters are responsible for enabling the transport of not only lactatepbut als

pyruvate and the ketone bodies acetoacdidtgdroxybutyrate, and acetate (Juel and
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Halestrap, 1999; Enerson and Drewes, 2003). Immunohistochemical analysis of rat
skeletal muscle reveals that MCTL1 is present in the cell plasma membfahdype 1
fibers, coordinating with a relatively high uptake of LA into these cellsyedseMCT4
localization occurs in a high percentage of type 2B fibers which reflecte#dtefor the
LA produced by muscle contraction to be actively transported out of the cells; both
MCT1 and MCT4 are detected on plasma membranes of nearly all type 2A fibers
(Kobayashi, 2004).

Skeletal muscle is the main producer of lactic acid in the body due to high rates of
glycolysis; lactic acid can be take up by skeletal muscle and heart and usgulratory
fuel (Juel and Halestrap, 1999). MCTL1 is responsible for the influx of lactate into
skeletal muscle so that it may be oxidized as fuel (McCullagh et al., 1996nduel a
Halestrap, 1999; Dubouchaud et al., 2000). Results from our study conclude that there
was no difference in plasma lactate (LA) concentration due to diet beforeror aft
exercise. Since blood lactate removal ability is positively correlatédMMCT1 protein
expression but not MCT4 after a 1-min all-out exercise test in humans (Thbatas e
2005), it is not unreasonable to expect that MCT1 expression in our study would not be
different post-exercise since the exercise intensity performed did noteise in
plasma lactate concentration.

Human subjects that were well-trained, either from sprint training or ancieir
training, had significantly higher MCT1 expression as compared to lessdrand/or
untrained subjects (Pilegaard et al., 1999a; Dubouchaud et al., 2000; Thomas et al., 2005;
Bickham et al., 2006). Furthermore, Thomas et al. (2005) found a negative relationship

between serum LA concentration and MCT1 and MCT4 contents at the end of
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supramaximal exercise as a function of training status; there existed[lo&} in the
best conditioned subjects. Electrically stimulated muscle contractionegtduc
sarcolemmal MCT1 protein expression by 10% and MCT4 content by 25% in the
hindlimb muscles of the rat; all of which were statistically significdonpuchi et al.,
2002). Monocarboxylate transporter 1 expression appears to not only be species and
fiber-type specific, but adding to the inconsistency between studies is theabiosethat
protein fractions evaluated are not always known with absolute certainty. Rorcesit
appears that Thomas et al. (2005) and Bickham et al. (2006) are using total memabranes
determine their MCT protein content, while Tonouchi et al. (2002) is using sarcdlemma
fractions and total crude homogenates were used in Pilegaard et al. (199%@&)rdae
without more detail, it is difficult to determine the exact protein foactised. More
credit should be given to Dubouchaud et al. (2000) as this group of researchers took the
time to remove RBC as well as divide protein fractions into total muscle, esamail,
and mitochondrial protein fractions from their muscle samples.

Monocarboxylate transporter 1 is highly related to the oxidative capacities of t
cell and activities that increase the mitochondrial density of the mudiclaltalso
increase the expression of MCTL1 in [human] muscle due to its insertion into both
sarcolemmal and mitochondrial membranes (Dubouchaud et al., 2000).
Monocarboxylate transporter 1 protein content in human vastus lateralis muscle
correlated with citrate synthetase (CS) activity and this reflecitscaease in muscle
mitochondrial mass due to [endurance] training (Dubouchaud et al., 2000). Furthermore,

MCT1 expression in the skeletal muscle of rats is also correlated withti€i8/amnd is
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highly related to oxidative capacities of skeletal muscle and the cagdtityher in red
oxidative muscles) of the muscle to take up lactate into the cell (McCulladh E96).
The results of the current study indicate that diet does not play a role in the
expression of MCT1 protein and although both MCT1 and MCT4 protein expression can
be rapidly upregulated by a single exercise session (Coles et al., 20CG) demore
likely that the concentration of metabolites such as the ketone bodies acetopcetat
hydroxybutyrate and acetate, along with lactate contribute to the upreguathe
monocarboxylate transporters since they are responsible for enablingnsott of not
only these metabolites, but pyruvate as well (Juel and Halestrap, 1999; Enerson and
Drewes, 2003). Itis likely that endurance conditioning in horses could produce an
increase in sarcolemmal and mitochondrial MCT1 protein content based upon
observations in the human and the rat, but only the cytosolic fractions of the myocyte
were assayed in the present study. More research would need to take placé imevhi
various protein fractions of the muscle cell are separated and assayedTfbrmpkt@in

content.

MCT4. There was no effect of diet on whole muscle expression of MCT4 at Time
2 (P =0.833) nor at Time 3 (= 0.656) (Table 14).

As with MCT1, to our knowledge, this is the first study to evaluate the effect of
diet on MCT4 protein expression in equine skeletal muscle. Monocarboxylate transporter
4 present in all muscle fibers, but in lower concentrations in oxidative fibergfore, it
is the primary isoform in glycolytic fibers as MCT1 exists primamlyxkidative fibers

(Juel and Halestrap, 1999; Kobayashi, 2004) and it is positively correlated with the
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percentage of fast-twitch, glycolytic fibers (Bonen et al., 2000). The MG®fdrm is
clearly more abundant in type 2 fibers in human skeletal muscle, but interindividual
variation is high (Pilegaard et al., 1999b). As is the case with MCT1, the MGfodnis
profile in horses is similar to that in human and rat skeletal muscle (Koho et al., 2006

There exists a large variation in published research with regard to condjtioni
effects on MCT4 protein expression, indicating that MCT4 is less sensitive to
conditioning effects than MCT1. High-intensity exercise significamityaased protein
expression of MCT4 in one study after 8 weeks of high-intensity one-legged knee
extensor exercise; the average contents of MCT1 and MCT4 protein in thd traigele
were 70 and 33% higher respectively, than in the untrained muscle (Pilegaard et al
1999a). However, a similar study using the same exercise for the sameooglit
duration, failed to find a statistically significant increase in MCT4 pnaggpression
although a trend did exist (Juel et al., 2004). Bickham et al. (2006) found that MCT4
protein content was not enhanced with 6 weeks of sprint-training in moderately
endurance conditioned runners (in mixed muscle homogenates that contained both fast
and slow twitch muscle fibers) even though MCT1 protein was increased. Perhaps
Dubouchaud and coworkers (2000) are more accurate in their conclusion that MCT4
expression as the result of endurance training showed large interindividubbuaaria
before training and changed by variable amount due to training; thus, total M@t
contents did not change significantly due to training.

The effect of conditioning on MCT4 protein expression has not been documented
in horses; however, Koho and associates (2006) speculated that interval typg,trai

such as for Standardbred race horses that aims to increase anaerobic eahdrance
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gradually increases the accumulation of lactic acid, could trigger iesr@aadCT4
expression in equine muscle cells. Even though research in humans has failed to find a
consistent correlation between increased MCT4 protein expression and highyintensit
training (Pilegaard et al., 1999a; Juel et al., 2004; Thomas et al., 2005; Bickham et al
2006), the higher arterial and venous [LA] in trained subjects did elicit an iadreas

MCT4 expression; exercise intensity was adequate to obtain a rise in [ileja@d et

al., 1999a). Juel et al. (2004) did report similar LA response in their researebtsubj
however, the authors did not find a statistically significant upregulation of MQdipr
Conditioning does not necessarily result in increases in MCT4 protein content in human
athletic populations whereas protein expression of MCT1 appears to show more
consistent responses to exercise.

Monocarboxylate transporter 1 cytosolic protein expression in the current stud
increased somewhat with conditioning; nonetheless, no statistically sagmifidference
was found between the two treatment groups. However, MCT4 cytosolic protein content
did not increase in as a result of conditioning. These findings are in agreement with
Dubouchaud and colleagues (2000) who reported an approximately 90% increase in total
muscle MCT1 protein expression in total muscle homogenates from human vastus
lateralis muscle while MCT4 content did not change in response to conditioning.

The current study only evaluated transporter protein content in cytosolic fractions
of whole muscle homogenates of the middle gluteal in horses. Immunohistochemical
findings by light microscopy and TEM performed in a study by Kobayashi (2004), found
that MCT1 and MCT4 are uniformly expressed on the plasma membrane of skeletal

muscle fibers and that MCT4 is also expressed in vesicular structurenatiette
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plasma membrane which would allow LA to be exchanged at the plasma membrane.
Monocarboxylate transporter 1 is also found in inner mitochondrial membrane (Brooks et
al., 1999). Western blot analysis by Dubouchaud et al. (2000) confirmed these findings in
that MCT1 was located in the total muscle, mitochondrial, as well as sarcalemm

skeletal muscle fractions while MCT4 was absent in the mitochondria, but isted)te

be a constitutive sarcolemmal lactate transporter isoform due to its gge¢bere. While
MCT1 contents in the mitochondrial fractions increased after training, theraava

change in MCT4 protein contents, but both MCT1 and MCT4 expression increased in the
sarcolemmal fractions as a response to training (Dubouchaud et al., 2000).

Neither MCT1 nor MCT4 were found in the trans-Golgi networks (TGN) or in the
intracytoplasmic tubulovesicular system (Kobayashi, 2004). The author suggests tha
MCT1 and MCT4 do not translocate from inside the cell to the cytoplasmic membrane
under the influence of some sort of stimulus (Kobayashi, 2004) because while GLUT4 is
located at those cites when muscle is inactive, it then translocates toweaplissima
membrane upon stimulation by insulin or muscular contraction (Roy and Marette, 1996;
Ploug et al., 1998). However, a stimulus of some sort must upregulate protein content of
the monocarboxylate transporters as Coles et al. (2004) found that MCT1 and MCT4
were very rapidly up-regulated by a single exercise session. Proteintooate
measured by Western blot detection for 24 hours after a single 2 hour egessEm.

Levels of MCT1 and MCT4 protein increased immediately after (2 hours pestisx)
and in varying amounts in three different muscle groups (soleus, red gastrognemius
white gastrocnemius) for 24 hours post-exercise (Coles et al., 2004). Maximad prote

content of MCT1 occurred 5-10 hours after exercise while MCT4 also peaked 5-10 hours
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after exercise, but remained elevated to 24 hours post-exercise (Ctle2084.
Nonetheless, it was unclear as to which cellular fraction was used forriVielste
analysis in the study by Coles and colleagues (2004).

AMP-activated protein kinase (AMPK) is known to translocate both GLUT4 and
FAT/CD36 upon its phosphorylation and subsequent activation (Pandke et al., 2008);
therefore it is plausible that AMPK could have the same result on MCT1 and MCT4.
However, the AMPK activator, 5-aminoimidazole-4-carboxamide-1-b-D-riboasicle
(AICAR) decreased MCT1 mRNA but did increase MCT4 mRNA expression in rat
Sertoli cells (Galardo et al., 2007). There exists a positive relationginpdreMCT1
MRNA and MCT1 protein, but a lack of a relationship was found between MCT4 mRNA
and MCT4 protein indicating that this protein is regulated by posttranscriptional
mechanisms and MCT1 expression is regulated both by transcriptional and
posttranscriptional mechanisms as suggested by Bonen et al. (2000).

Bonen et al. (2000) also reported that MCT4 was present in intracellular pools
which could provide a reservoir of transporters that can be translocated to tha plasm
membrane upon some sort of stimulus such as contraction. This could be particularly
important during times of high-intensity exercise when MCT4 could assistin t
extrusion of LA from muscle cells. However, it is not presently known if iati@ar
MCT4 is able to be translocated to the plasma membrane as its concentration in the
intracellular pools is only 25% of that that in the plasma membrane as compared to
GLUT4 which has an intracellular concentration 5-8 times that of its plasmmébraee

concentration at rest (Roy and Marette, 1996; Bonen et al., 2000).

154



The subcellular fractions of MCT4 were 2.6 times greater than MCTL1 in the T-
tubules (TT) and 2 times greater than MCT1 in the triads (TR). Furthermore4d MCT
content was nearly 3 times greater than MCT1 in the sarcoplasmic neti(SiR)
fraction. In contrast, MCTL1 is present in only very small amounts in the intriacell
pool; little or no MCT1 was found in the intracellular membrane (IM) fraction (L.7%
although a substantial amount of MCT4 was present (24%) (Bonen et al., 2000).
Although the presence of MCT1 is known in mitochondrial protein fractions (Brooks et
al., 1999) the mitochondria is not an organelle in which transport proteins are cycled to
the plasma membrane (Tonouchi et al., 2002). Furthermore, neither MCT1 nor MCT4
were found in the cytosolic compartment of sarcolemmal giant vesicles aitrest or
upon electrical stimulation (Tonouchi et al., 2002); no assumptions were made as to
whether the composition of this compartment is similar to the cytosol of thé intac
muscle.

As with MCT1, MCT4 protein expression does not appear to be influenced by
diet type in horses and conditioning effects are highly variable. It remains to be
determined if MCT4 protein expression can be enhanced by exercise. It has bee
suggested that MCT4 protein expression can be increased in equine skeletaivitluscle
exercise that increases lactic acid accumulation, but this conclusion ig $pglculative
at this point as results in human studies failed to find consistent correlatiorebetwe
MCT4 protein expression and high intensity exercise. Furthermore, the exdemsen

that contributes to the upregulation of these two proteins remains unclear at this point
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Table 14. Least squares means, standard errors (in parenthesis), and observed
significance levels of effects on expression of transporter proteins in equste by
treatment and period, arbitrary units

Treatment
Transporter Dletl Post-exercisze P-value
Fat Starch Fat Starch Diet Post -

(n=7y (n=9) (n=7) (n=9) exercise

Fat/CD36 104526  78.138 105.67 91.608 0.006 0.273
(8.264) (7.729) (14.981) (14.318)

GLUT4 163.560  169.020 89.216 98.407 0.687 0.375
(9.958) (8.782) (7.514) (6.627)

MCT1 108.210 86.775 142.420 135.740 0.517 0.852
(24.208) (21.350) (26.308) (23.202)

MCT4 111.770 105.900 111.930 106.694 0.833 0.656
(25.088)  (23.086) (14.147)  (13.563)

Time 1 (baseline/pre-treatment) to Time 2 (posittreent/pre-exercise) comparison

*Time 2 (post-treatment/pre-exercise) to Time 3 {y@o®rcise) comparison

3Fat group has an n of 7 as one horse did not caeentile exercise challenge

“Least squares means adjusted for the average M@&luid uf the pre-exercise (time 2) covariate (109.76
aBvithin a row and treatment, means that do not lravemmon superscript diffeP & 0.05)
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CHAPTER V

CONCLUSIONS AND IMPLICATIONS

Previous research in the equine species has proven that supplemental fat can be
fed safely and is effective for increasing the energy density of hatsevdthout the
harmful metabolic effects of excessive starch intake. The premise ofutthysveis to
determine what adaptations take place within the myocyte in response tefat luiggh
that might better enable athletes such as horses to utilize dietaryrfatadsolic
currency.

The digestibility findings of this study were consistent with other published
research in horses. Furthermore, feeding fat to yearlings during ancamyobitioning
program did not cause a negative impact on digestibility of other nutrients.,In fact
supplementing the diets of yearlings with soybean oil enhanced digesbbitityde fat,
crude protein, and calcium. Therefore, high fat diets consisting of supplememighisoy
oil up to 10% of the total DM intake can be fed as safely and effectively torgyowi
yearlings as a traditional high-starch ration provided that the total dietiscledl and
nutrients are sufficiently available for growth and performance.

Skeletal growth patterns between the two treatment groups were notndiéfede
were consistent with other research in growing horses. Feeding supplefateiotal

aerobically conditioned yearlings did not cause excessive weight gspitel an
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increased consumption of DE as has been reported in trials using mature horses;
therefore, no reduction in feed intake was necessary during the experimenttiorma
appropriate body condition in the fat-fed horses. However, it was surprising that the
horses on the Starch treatment were significantly heavier by the conabisien

experiment than those on the Fat treatment despite the higher DE intake for teese hor
consuming supplemental fat. The reason(s) for this cannot be explained without further
investigation. But meals with a high glycemic index such as those containing high
amounts of dietary starch tend to promote glycogen synthesis due to a resuldagadcr
insulin response which would increase membrane permeability to glucose (Srow et a
1987). In addition, glycogen binds water while fat is stored anhydrous so the extra 5.6 kg
of weight on horses consuming the starch diet could be wholly or partially be accounted
for in water, but glycogen analysis or measurement of fat mass was not gerfarthe
current study, so this conclusion is purely speculative at this point. The caas#{s) f
increase in final weight for horses on the Starch treatment remain elutweeitiurther
examination.

Feeding supplemental fat in the form of soybean oil did not cause alterations in
the blood metabolites, glucose, lactate, and triglycerides either at edtdra 20 minute
slow aerobic test at 4 m/s as compared to a traditional starch ration; ketegpoicses
were variable. The exercise test was likely not challenging enoulgé giucose
homeostatic mechanism to cause alterations in plasma glucose between tletanyo di
groups. Likewise, lactate production was expected to be kept at a minimum during the
slow aerobic test; the small amount of lactate that was produced could be irnsiyediat

metabolized. Some of the published research on the effect of dietary fat on plasma TG
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concentration indicates that dietary fat lowers plasma TG content. Howevar, whe
Marchello and colleagues (2000) separated the various lipoprotein contents of the TG,
they found that the VLDL fraction was greater in the fat-supplemented radosgswith
a sizeable decline in the LDL fraction. As VLDL lipoproteins are the primary
lipoproteins responsible for transport of TG from the liver to adipose tissue ana&muscl
(Murray et al., 2006), it could be speculated that more VLDL is available to uselas f
for the exercising muscle. Further examination would be required to detefmjribe
fat supplemented horses had greater VLDL lipoprotein fractions, and b) the VLDL
lipoprotein fraction was used as substrate for the working myocyte. Thesries3k
Hydroxybutyrate (BHB) indicated that a ketogenic diet would decreasarthuating
levels of BHB at rest, but it was curious that BHB levels did not differ postisee
Could this mean that horses on the Fat treatment were able to utilize mord B a
Decreased appearance, however, does not necessarily mean increasédrush the
consequences of this finding require further investigation. It was disappoimainiye
results of the acetoacetate analysis were unusable as the results enslgdthsome light
on ketone production and availability in horses with respect to diet. It remains to be
elucidated if an increase in exercise intensity and/or duration could haltedes
differences in post-exercise blood metabolites between the fat supplemenesdamals
controls in this particular study.

The endocrine response at rest and post-exercise did not differ by treatment for
insulin or adiponectin but differences were evident for some horses in the plasma
concentration of leptin at rest. Nor did the exercise intensity or duration perfoaonrss c

significant differences in the heart rate response to exercise byydre@ment. The
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results of the leptin assay indicate that horses on the Fat treatment thatdliae bas
values of 1.40 ng/mL HE or larger (n=5) had a larger mean response fordspels due

to diet as compared to their Starch counterparts, but overall it can be said thatthere
no difference between treatments. Previous research in horses indicatgstithévels
are positively correlated with fat mass. Therefore, it can be ascertaateéddse horses
with higher mean leptin responses exhibited a greater percentage of fat makssha

on the Starch treatment. This assumption is speculative at this point becaussfat ma
was not measured in the current study. The hormone adiponectin, also related to fat
mass although inversely so, did not differ by treatment or post-exercise, butdataal
points were usable and when the baseline value was missing, the covariais amalys
impaired. Further examination including measurement of fat mass is cetpire
determine unequivocally if feeding supplemental fat in the form of soybeas Hil%a of
the total dry matter intake to aerobically conditioned yearlings could @iesations in

the plasma hormones leptin and adiponectin both at rest and post-exercise as campared t
yearlings consuming a traditional high-starch ration. Exercise ingearsil or duration,
would also likely need to be increased to cause potential alterations in heanrate
insulin responses post-exercise due to dietary treatment.

The quantity of protein transporters GLUT4, MCT1 and MCT4 in the cytosol of
the myocyte did not differ by treatment at rest or post-exercise. The nudielfiof the
current research is the increased quantity of the fatty acid transporféC[B26 in the
skeletal muscle of horses on the Fat treatment. The increased amount of BE&T/CD
available in the cytosol of the myocyte could be of benefit for the clearahcedt

during aerobic work. However, further analysis would need to take place which could
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include separation of the various fractions of the muscle cell into cytosotiolesamal

and mitochondrial fractions. The lack of a difference in post-exercise measlikesy

due to the fact that sarcolemmal fractions were not assayed, so it is unknown what
guantity of transporters could have been upregulated to the sarcolemmal upon stimulati
by insulin or contraction as in the case for GLUT4 and FAT/CD36. To our knowledge,
no published research exists which examines the effect of diet on the aforenaentione
substrate transporters in the muscle. The practices and conclusions of this studly shoul
stimulate further directive research in this area and potentially helpedafyjogenic

benefits of fat supplementation with respect to endurance exercise in horses.
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