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ABSTRACT 

 
 

Obesity in horses is an emerging field of study and while our understanding of 

obesity in horses is improving, much of our current understanding is based on data from 

human and rodent studies.  In some aspects the human and rodent data is directly 

applicable to the horse, while in other aspects, the dramatic disparity that exists in the 

digestive system and feeding patterns of the horse limits extrapolation and application of 

the data to the horse.  A unique concern with obese horses (that is not apparent in humans 

or rodents) is their predisposition to develop laminitis.  Therefore, to understand the 

patho-physiology of obesity and related maladies in horses, a series of characterization 

and challenge studies were conducted.   

Our initial studies focused on the earliest stages of growth and development of the 

horse.  Data gleaned from rodent, human, and sheep studies provided evidence that 

nutrition of the dam and stress on the dam during gestation and lactation could manifest 

endocrine responses that would alter neonatal physiology of the offspring.  Again, 

because of the limited data which exists in horses, we sought to identify metabolic 

hormones and growth factors present during the peri-parturient period that may affect 

neonatal physiology.  Therefore, the objectives of the first study were to characterize the 

endocrine profiles of leptin, insulin-like growth factor-1 (IGF-1), and thyroid stimulating 

hormone (TSH) in the blood and milk of peri-parturient mares and in the blood of their 

 x



 

offspring.  We found that in the milk, the highest concentration of all three hormones 

occurred in the milk sample taken within 2 h of parturition and before the foals first 

suckled.  Not only did this work yield novel information on leptin concentrations in the 

neonatal foal, these data also complemented other studies on peri-parturient 

concentrations of serum IGF-1 in mares and foals.   

In our second study, we examined the relationship between adipokines and 

adrenocorticoid hormones.  It is well-documented that adiposity is positively correlated 

with peripheral leptin concentrations and it has been suggested that leptin plays a role in 

hypertension through activation of the sympathetic nervous system in obese individuals.  

Additionally, adipocytes have recently been found to secrete potent mineralocorticoid 

secretagogues providing evidence of a direct link between adiposity and hypertension.  

Therefore, in order to investigate the relationship between leptin, aldosterone, and 

cortisol, the mineralocorticoid receptor antagonist spironolactone was administered to 

pony mares for seven days.  A single dose of spironolactone administered to ponies has 

previously been found to significantly increase sodium excretion (an action that is 

antagonistic to aldosterone) and peripheral concentrations of spironolactone have been 

found to peak at approximately three days in humans; therefore we felt seven days would 

be adequate to observe a difference in hormone profiles.  Our hypothesis was that leptin 

concentrations would be altered in response to spironolactone treatment and that 

concentrations of aldosterone and cortisol would coincidently increase in the blood in 

response to spironolactone treatment.  In contrast to our predicted outcome, we found no 

change in peripheral concentrations of cortisol or leptin in response to spironolactone, but 

as predicted, we observed a trend for a transient increase in aldosterone concentrations in 
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the blood of spironolactone treated ponies over time.  The precise reason for the tendency 

of increasing aldosterone over time is not known.  Based on reports in the literature, 

however, the antagonistic action of spironolactone on the mineralocorticoid receptors in 

the distal convoluted tubules of the kidneys likely prevented binding of aldosterone to 

those receptors.  As a result of this disruption in the negative feedback loop, renin 

secretion from the kidney increased, ultimately elevating aldosterone concentrations in 

the blood (Garthwaite and McMahon, 2003).  Because the receptors are bound by 

spironolactone, the body fails to recognize the elevated concentrations of aldosterone in 

the blood, thus the negative effects of hyperaldosteronism are abated.   Further work is 

necessary to elucidate the relationship between adipokines and adrenocorticoids in 

equine.   

In our third study, we investigated the effects of lipoic acid supplementation on 

blood glucose and insulin responses, as well as its effects on peripheral concentrations of 

leptin in pony mares.  We hypothesized that lipoic acid treated ponies would have 

improved insulin responsiveness and glucose disposal, as well as altered blood 

concentrations of leptin.  In contrast to our hypothesis, we found no difference in blood 

glucose or leptin concentrations due to lipoic acid treatment; however there was a trend 

for decreased insulin levels to occur during our modified i.v. glucose tolerance test.  The 

decreased concentrations of insulin may be evidence that lipoic acid improved insulin 

effectiveness; since less insulin was required to dispose of the same amount of glucose 

from blood.  Further investigation into the application of lipoic acid supplementation is 

warranted.   

Investigation of the etiology and pathophysiology of obesity and related 

 xii



 

conditions in equine is necessary to improve the understanding of these maladies.  In 

addition, the development of sound management techniques based on scientific data is 

imperative to effectively control obesity as well as associated disorders in the horse.   

These studies provide the groundwork for further research in the area of equine obesity.

 xiii



 

CHAPTER I 

 

INTRODUCTION 

 

Obesity is a growing concern in the horse industry that can be attributed to any 

number of genetic or environmental factors.  Easy access to better quality of feedstuffs, 

combined with owners over-feeding their horses, are examples of contributing causes to 

the problem of equine obesity (Marcella, 2004).  Additionally, the “thrifty genotype” and 

(or) “thrifty phenotype” hypotheses may help to explain the predisposition of some 

equine to becoming obese.  Robert Eustace, Director of The Laminitis Clinic in Wiltshire, 

England has gone so far as to state that “horse obesity [should] be declared a welfare 

concern” (Jurga, 2003).  It is obvious that owner education is necessary to resolve certain 

aspects of these issues relative to nutrition and feeding of the horse.  Although this is 

being addressed by some individuals in the horse industry (The Horse, 2006), elucidation 

of the complex paradigm of appetite regulation, energy intake and expenditure, as well as 

the hormones and mechanisms involved in the metabolic physiology of equine is 

warranted.   

The studies presented herein were designed to identify select metabolic hormones 

and growth factors present during the peri-parturient period in mares and foals and to 

investigate the relationship between adipokines, adrenocorticoids, and insulin sensitivity.  

In the first study, endocrine profiles of leptin, IGF-1, and TSH were characterized in 

mare and foal blood and in mare milk from 2 weeks prior to parturition until 2 months 

after parturition.  The second study investigated the relationship between adipokines and 
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adrenocorticoids in equine by measuring peripheral concentrations of leptin, aldosterone, 

and cortisol after administration of a mineralocorticoid receptor antagonist for seven 

days.  In the third and final study, leptin concentrations and glucose and insulin dynamics 

were evaluated after supplementation with an insulin sensitizing agent (lipoic acid) for 14 

days. In short, our goals were to achieve a better understanding of equine metabolic 

physiology, as well as investigate possible strategies to ameliorate obesity and related 

maladies in equine.   
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CHAPTER II 

 

LITERATURE REVIEW 

 

Equine metabolism and energetics 

Feeding Behavior 

Feed intake in equine is dependent upon a number of factors, including state of 

energy balance, body condition score, stage of growth, quality and availability of 

feedstuffs, temperate environment, herd dynamics/housing, reproductive state, level of 

fitness, and health of the animal.  The digestive tract of the horse is characterized by a 

relatively small stomach (8 % of GI tract) and comparatively large hindgut (40 – 50% of 

GI tract).  The fact that the horses’ stomach is small provides some indication that equine 

are not designed to consume one or two large meals each day.  Rather, they are designed 

to consume small, frequent meals which coincide with their natural feeding pattern.  Feral 

horses will graze for up to 15 hours per day (Duncan, 1979) with home ranges of up to 32 

square kilometers (Feist and McCullough, 1976).  It has been suggested that perhaps the 

reason feral horses spend nearly 65% of their day eating, is out of necessity (Dr. Gary 

Potter, personal communication).  In the U.S., feral horses typically have access to low 

quality forage and therefore they must spend the majority of their time foraging in order 

to meet their daily energy and nutrient requirements.  Similar to their feral counterparts, 

domesticated lactating mares with free access to adequate pasture reportedly graze up to 

16 h per day (Crowell-Davis et al., 1985).  In stark contrast, horses housed in stables have 

limited access to pasture (and thus grazing time) and, depending on management, spend 
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significantly less time eating throughout the day and more time standing idle (Fulmer, 

1995).  A reduction in foraging time and access to free exercise as well as increased 

intake of high-energy feeds has been implicated in the development and expression of 

stereotypical behavior in horses (Waters et al., 2002; McGreevy et al., 1995).  In this 

context, a stereotype is defined as relatively unchanging, repeated patterns of behavior 

performed for no apparent purpose (Fraser and Broom, 1990), and expression of these 

behaviors may be an indication of reduced animal welfare (Goodwin et al., 2002; Waters 

et al., 2002; Fraser and Broom, 1990).   

 

Appetite regulation 

Regulation of appetite in mammals is a complex paradigm controlled by two 

general pathways that contribute to the body’s awareness of current energy status.  

Briefly, the first pathway involves hormonal signals that are ultimately integrated in the 

hypothalamus.  Peripheral hormone signals include leptin, ghrelin, insulin, 

cholecystokinin (CCK), and pancreatic polypeptide YY (PYY; Broberger, 2005); to 

mention a few of those involved.  Two sets of neurons, having receptors for these 

peripheral endocrine signals, are located in the arcuate nucleus of the mediobasal 

hypothalamus.  One set of neurons expresses anabolic/orexigenic (appetite stimulating) 

neuropeptide Y (NPY) and Agouti-related peptide (AgRP), and another set of neurons 

expresses catabolic/anorexigenic (causes loss of appetite) pro-opiomelanocortin (POMC) 

and cocaine and amphetamine-regulated transcript (CART; Cripps et al., 2005).   

The second major pathway contributing to the body’s awareness of current energy 

status involves the brainstem.  The vagus nerve carries information from the 
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gastrointestinal tract to the brainstem nucleus tractus solitarii (nTS).  This vagal input 

senses GI tract distension and the presence (or absence) of CCK and other appetite-

regulating compounds (Broberger, 2005).  These systems work together to stimulate or 

inhibit feeding behavior and are explained in greater detail hereafter.   

NPY.  Neuropeptide Y is considered a hunger signal and is secreted in response to 

increased energy demands and during the fasted state so as to increase feed intake (Cone, 

2005; Erlanson-Albertson, and Zetterström, 2005).  Few studies have investigated the 

role of NPY relative to appetite in the equine, however it has been demonstrated in sheep 

that intracerebroventricular (i.c.v.) injection of NPY increases feed intake and can 

overpower / suppress satiety factors such as artificial distension of the reticulorumen 

(Miner, 1992).  Similar work in rodents revealed that NPY was a potent stimulator of 

appetite (Cripps et al., 2005).   

 POMC.  Pro-opiomelanocortin is expressed in the skin, immune system, pituitary 

gland, the arcuate nucleus of the hypothalamus and the nTS (Pritchard et al., 2002).  Pro-

opiomelanocortin is a prohormone that is cleaved upon secretion into a number of 

peptides including beta endorphin, adrenocorticotrophic hormone (ACTH), and 

melanocyte stimulating hormones (MSH).  The POMC pathway generally functions to 

induce satiety and increase fat metabolism.  Donaldson (2004) reported that a correlation 

existed between α-MSH and body mass index (BMI) of horses.  The investigators stated 

that further research would be required to determine whether this correlation was due to 

α-MSH plasma concentrations or a defect in melanocortin receptors.   

 Leptin.  Leptin is an anorexigenic peptide synthesized and secreted primarily by 

white adipose tissue.  Leptin receptors are found on NPY, AgRP, and POMC neurons in 
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the hypothalamus.  During the fed state, leptin has an inhibitory effect on NPY and AgRP 

gene expression and a stimulatory effect on POMC gene expression; however during the 

fasted state, expression of AgRP and NPY mRNA are upregulated and expression of 

POMC mRNA are downregulated (Cone, 2005).  Presumably leptin possess more of a 

permissive role in hunger signaling (i.e. via low leptin levels) rather than a role as a 

satiety signal (Erlanson-Albertson and Zetterström, 2005).  The effect of leptin infusion 

in horses has not been investigated.   

 It is well documented that blood concentrations of leptin are positively correlated 

to BCS and fat mass in horses and other species (Buff et al., 2002; Kearns et al., 2005; 

Kershaw and Flier, 2004).  However, feed restriction of up to 48-h decreased peripheral 

concentrations of leptin regardless of BCS in horses (Buff et al., 2005; McManus, 2000).  

Decreased levels of leptin in response to restricted nutrient intake makes physiologic 

sense due to leptin’s anorexigenic effects, where decreased levels of leptin is permissive 

to facilitate satiation, albeit the anorexigenic effects of leptin has not been directly 

determined in horses.  In a study by Gordon and McKeever (2006), plasma 

concentrations of leptin decreased due to a grain meal but increased as a result of i.v. 

dextrose administration.  The decrease in plasma leptin after a grain meal was in contrast 

to that found in humans and other mammalian studies where either an increase or no 

change in plasma leptin concentrations were observed after a meal.  The increase in 

plasma concentrations of leptin following an infusion of dextrose (as observed by Gordon 

and McKeever, 2006) does, however, agree with human and rodent studies.  Modulation 

of peripheral concentrations of leptin by glucose and/or insulin has been suggested.  

Increased plasma leptin in horses have been demonstrated in response to a bolus injection 
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of insulin (Cartmill et al. 2005), as well as following an injection of dexamethasone into 

mares, geldings, and stallions (Cartmill et al., 2006).  Gordon and McKeever (2005) 

found that peripheral concentrations of leptin were lower in fit vs. unfit horses and that fit 

horses also had lower BCS and % fat.  The role of leptin as a signal of energy status 

deserves further investigation in the horse.   

Insulin.  Insulin is secreted from the beta cells of the pancreas in response to 

increased blood glucose and it functions to enhance glucose uptake by cells and stimulate 

lipogenesis.  Insulin receptors are prominent in the arcuate nucleus of the hypothalamus 

and it has been reported that central (i.c.v.) administration of insulin decreases food 

intake, likely through inhibition of NPY (Cone, 2005; Cripps et al., 2005).  Insulin 

anorexigenic effects are the natural physiological response to food intake (i.e. elevated 

blood glucose), however in the fasted state, insulin functions like leptin to modulate NPY 

and AgRP gene expression and decrease POMC gene expression (Cone, 2005).   

Diet has been reported to influence glucose dynamics and insulin sensitivity in 

equine (Treiber et al., 2005).  These investigators reported decreased insulin sensitivity 

and increased insulin secretion in seven month-old weanling horses fed a high-glycemic 

diet (high sugar and starch) twice daily since birth compared to those fed a low-glycemic 

diet (high fat and fiber) twice daily since birth.  Similarly, Hoffman et al. (2003) reported 

lower insulin sensitivity in Thoroughbred geldings fed high- vs. low-glycemic diets over 

an eight week period.  The authors noted that horses were of varying BCS and this may 

have confounded their results as obese horses are often insulin resistant.  Aged mares 

adapted to a light exercise regimen for 7 days showed improved insulin sensitivity in 

response to a glucose challenge (Powell et al., 2002).  The authors reported no changes in 
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BW, BCS, or % body fat in the mares, suggesting that improved insulin action was due to 

exercise and not fat loss.  Diet and exercise appear to significantly affect insulin 

dynamics.  Insulin resistance and hyperinsulinemia as related to obesity will be discussed 

in the following sections.   

Ghrelin.  Ghrelin is an orexigenic hormone secreted by the stomach tissue of 

horses, humans, rats, and other livestock species (Hayashida et al., 2001).  Gordon and 

McKeever (2005) measured plasma ghrelin over 24-h and speculated that diurnal 

variations of ghrelin in horses may be attributed to feeding times.  However, this does not 

appear to be exclusive, as ghrelin concentrations did not increase significantly in 

response to or in anticipation of a grain meal for horses in that study (Gordon and 

McKeever, 2005), nor in a follow-up study (Gordon and McKeever, 2006).  This is 

contradictory to human and rat research that have determined that ghrelin concentrations 

typically increase in anticipation of a meal, stimulating feed intake and gastric emptying 

(Broberger, 2005).  Gordon and McKeever (2005) concluded the reason there was no pre-

prandial increase in ghrelin could be due to the fact that horses had hay in front of them 

throughout the sampling period and, as a result, constant hindgut activity may have 

prevented a pre-prandial rise in anticipation of a meal as observed in other species.  

Gordon et al. (2005) found ghrelin to be negatively correlated with body condition score 

in horses and reported greater fasting concentrations of active ghrelin in fit vs. unfit 

horses.  This may be explained by the fact that a fit horse’s brain predicts that it will 

require more intake of energy to meet the energy needs associated with training and 

increased physical activity.   

In rats, exogenous and hypothalamic ghrelin treatments have been reported to 
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activate NPY and AgRP neurons and inhibit POMC neurons, thus increasing feed intake 

and weight gain.  Treatments of NPY receptor antagonists block ghrelin-stimulated feed 

intake.  Evidence for a vagal pathway for ghrelin signaling also exists because after 

vagotomy, stimulation of feed intake is blocked after peripheral (but not central; 

hypothalamic) administration of ghrelin (review by Cone, 2005).  This indicates that by 

severing the vagal nerve, ghrelin secretion is not detected by the hypothalamic nuclei 

from the periphery.   

CCK.  Cholecystokinin is a well-characterized satiety signal secreted in response 

to the presence of fat or protein in the small intestine (Erlanson-Albertson and 

Zetterström, 2005).  Receptors for CCK are present on the vagal nerve.  Information 

regarding appetite is transmitted to the nTS via the vagus nerve and ultimately integrated 

in the brain.  Functions of CCK include inhibition of gastric emptying (the stomach must 

be full for satiation), stimulation of intestinal motility and pancreatic enzyme secretion, 

and acute inhibition of feed intake (Cone, 2005).  No information could be found relative 

to the role of CCK specifically in equine; however work by Lorenzo-Figueras et al. 

(2005) investigated the effects of a high-fat vs. high-carbohydrate diets on gastric 

emptying in horses.  These investigators found no difference in gastric emptying times 

between the diets; suggesting that fat supplementation in horses may not have a 

remarkable effect on gastric motility, which is in contrast to most species.  The reason for 

this disparity is perhaps because horses have evolved to eat a diet consisting primarily of 

carbohydrates and consume small, frequent meals throughout the day; thus a sense of 

satiety may be less developed in equine compared to humans.  From a teological 

perspective, it would not make evolutionary sense to have a highly responsive satiety 
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system when the needs are to continually eat in order to consume adequate energy and 

nutrients for survival.   

PYY.  Pancreatic polypeptide YY is produced and secreted in the gastrointestinal 

tract of humans and rodents in response to lipids and carbohydrates (Cripps et al., 2005).  

Peripheral administration of PYY has been reported to decrease food intake and stimulate 

weight loss in rats and humans (Broberger, 2005).  The role of PYY in the horse has not 

yet been investigated; however, because PYY secretion is stimulated by the presence of 

carbohydrates in the gut, it may be worth exploring in equine.   

Adiponectin.  Adiponectin is an adipocyte-derived hormone present in humans, 

horses, and a number of other species.  There is evidence that adiponectin has insulin 

sensitizing properties in rodents (Haluzik et al., 2004), but this remains to be investigated 

in equine.  Adiponectin has recently been reported to correlate negatively with fat mass in 

equine (Gordon et al., 2005; Kearns et al., 2005 and 2006), which is in agreement with 

human and rodent data, although the mechanisms behind this correlation are not fully 

understood.  Plasma concentrations of adiponectin were found to be higher in fit vs. unfit 

standardbred horses (Gordon et al., 2005).  These investigators hypothesized that 

increased adiponectin concentrations in fit horses could be related to a number of factors, 

but its inverse relationship to body mass (and therefore adiposity) was the most likely 

explanation.  Further conclusions could not be drawn due to the non-descriptive nature of 

the study.  Gordon and McKeever (2006) found no changes in plasma adiponectin 

concentrations in response to a grain meal or i.v. dextrose challenge, which is in 

agreement with studies of lean humans, and thus they concluded that acute glucose and 

insulin concentrations do not appear to regulate adiponectin secretion in horses.  The role 
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of adiponectin in appetite regulation is yet to be elucidated. 

 

Nutrient partitioning 

The theory of “priority in partitioning of nutrients” proposed by Hammond (1950) 

maintains that tissues and organs compete for nutrients in proportion to their metabolic 

rate, thus tissues with higher metabolic rates take up nutrients more actively than those 

with lower metabolic rates (Figure 1).  For example, the metabolic rate of the developing 

fetus is greater than that of the pregnant dam, so maternal resources are diverted first to 

the fetus and then to the dam.  Bauman and Currie (1980) expanded on this notion and 

put forth the idea that the regulation of nutrient partitioning involved two types of 

control:  homeostasis and homeorhesis.  Homeostasis is defined here as “maintenance of 

physiological equilibrium or constant conditions in the internal environment” and 

homeorhesis is defined here as “orchestrated or coordinated changes in metabolism of 

body tissues necessary to support a physiological state.”  The authors use the lactating 

dairy cow as an example and reveal that during the first third of the lactation period, the 

nutrient demands of the mammary gland far outweigh that of the cow relative to total 

metabolism, consequently resulting in the cow being in an acute state of negative energy 

balance.  It was recognized however that if a stressor of sufficient consequence was 

introduced (e.g. disease) that homestatic control for survival could essentially take over 

the homeorhetic control.   

Donoghue et al. (1990) argue that minimization and prevention of tissue protein 

loss is perhaps the most important objective of animal nutrition.  They contend that the 

cumulative loss of tissue protein via repeated mobilization of amino acids can be an 
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indicator of chronic stress in the animal and lead to immune system compromise, reduced 

fertility, and depressed activity.  Moberg (2000) explains that when an animal has 

insufficient biological reserves to effectively deal with repeated stressors, those resources 

(e.g., tissue proteins) are shifted away from less essential functions (e.g., reproduction) 

leaving those biological functions are impaired.  Ensuring minimal tissue protein loss 

may be achieved by providing adequate dietary protein and energy in a palatable form to 

the animal and in an environment conducive to feed consumption.   

In contrast to protein and energy, adipose tissue mobilization is generally 

regarded as a beneficial physiologic mechanism (Donoghue et al., 1990) compared to 

protein mobilization.  Catecholamines (dopamine, epinephrine, and norepinephrine) 

function to increase lipolysis through activation of β2-adrenergic receptors in 

subcutaneous adipocytes of horses (Carrington et al., 2003).  Beta 2 adrenergic agonists, 

clenbuterol and ractopamine hydrochloride, enhance protein accretion (increase muscle 

mass) by minimizing protein degradation and increasing lipolysis by repartitioning 

nutrients away from fat deposition and towards lean tissue deposition.   

In equine, clenbuterol is prescribed to alleviate symptoms of chronic obstructive 

pulmonary disease (COPD) because of its potent bronchodilation effects.  However, it 

has been shown that chronic administration of therapeutic levels of clenbuterol to equine 

has a repartitioning action as well.  Kearns et al. (2001) investigated the effects of 

exercise coupled with clenbuterol administration.  They found significant decreases in 

body fat with clenbuterol treatment alone and with exercise at week 2 and with exercise 

alone at week 4 of the trial.  These investigators speculated that one mode of action for 

the repartitioning effects of clenbuterol are due to its ability to stimulate lipase 
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production, which in turn increases adipocyte lipolysis.  Kearns et al. (2006) investigated 

the effects of clenbuterol on adipokines and reported an increase in human equivalents of 

immunoreactive adiponectin (ir-adiponectin HE) and a decrease in human equivalents of 

immunoreactive leptin (ir-leptin HE) in horses treated with clenbuterol for 8 weeks.   

Ractopamine hydrochloride is approved for use in swine and has been reported to 

improve ADG and feed efficiency, as well as decrease fat depth while increasing 

longissimus dorsi muscle area (Crome et al., 1996).  Due to its effect on fat mass, the 

therapeutic use of ractopamine in obese pony mares was investigated by Buff et al. 

(2006a).  These investigators reported a tendency for increased weight loss in ponies 

supplemented with ractopamine and demonstrated that a reduction of feed intake to 75% 

of ad libitum intake resulted in significant weight loss without exercise.  The fact that 

weight loss occurred without exercise is important because it is not uncommon for obese 

ponies and horses to have foot pain associated with chronic laminitis, rendering them 

unable to exercise.   

It should be recognized that both clenbuterol and ractopamine are banned 

substances under the purview of the United States Equestrian Federation, which is the 

governing body for all rated performance horse activities in the United States (U. S. 

Equestrian Federation, 2006).  Penalties range from monetary fines to permanent 

suspension from the activity or sport.  Detection of these substances in horses is 

accomplished by enzyme-linked immunosorbent assay (ELISA) of the urine (Lehner et 

al., 2004).   

 

Physiology of equine obesity 
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Background  

The accumulation of excess adipose tissue (obesity) is a growing problem in 

human and equine populations, giving rise to a multitude of detrimental conditions in 

both species.  Obesity is a disorder of energy balance by which energy intake exceeds 

energy expenditure and excess energy is stored as fat (Margetic et al., 2002).  In humans, 

obesity is often accompanied by hypertension (Pausova, 2006; Davy and Hall, 2004; 

Hall, 2000) and insulin resistance (Bastard et al., 2006; Kim et al., 2006), as well as 

subsequent development of Type II diabetes and cardiovascular disease (McGavock et 

al., 2006; Gogia and Agarwal 2006).  In horses, obesity is associated with laminitis 

(Johnson, 2002), insulin resistance (Freestone et al., 1992; Jeffcott et al., 1986), and 

reduced reproductive performance (Sessions et al., 2004). 

 

Thrifty genotype hypothesis 

 The thrifty genotype hypothesis was proposed by Neel in 1962 and maintains that 

a “thrifty genotype” is one that predisposes an individual to being highly efficient at food 

intake and utilization, as would have likely been necessary for the survival of our 

ancestors.  Neel hypothesized that modern day diseases such as obesity, diabetes, and 

hypertension are the result of disharmony between the contemporary environment 

(sedentary, food-abundant Western lifestyle) and our genetics (that of hunter-gatherer 

peoples).  Sharma (1998) expanded on this hypothesis suggesting unhealthy or “affected” 

individuals are in fact the normal and that healthy or “unaffected” individuals are those 

exhibiting recent mutations which lead to “loss of thriftiness.”  He provides evidence 

from current studies of the angiotensinogen gene in which a recently discovered mutation 
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reduced the risk of hypertension.   

Similar observations have been made in equine populations.  Researchers have 

speculated that horses and ponies, referred to as “easy keepers” have retained the 

metabolically efficient thrifty genotype (Johnson, 2002; Jeffcott et al., 1986), and that the 

“normal” metabolism of the modern equine could be the result of human intervention, 

breeding for traits “inconsistent with metabolic efficiency” (Buff et al., 2006).  Support 

for this may exist in data from pony breeds that demonstrate an innate insulin resistance, 

and therefore a predisposition to obesity and laminitis (Jeffcott et al., 1986).  

Domesticated mustangs also often have a greater than average incidence of obesity and 

endocrinopathic laminitis than the average horse population (Johnson, 2002).  

Presumably the thrifty genotype of ponies and feral mustangs confers some survival 

benefits for grazing sparse, low quality forage but predisposes those same equine to 

becoming obese in modern management systems where they are often over-fed high 

quality forage and concentrate.  

From a different perspective, consider that Holt and Byrne (2002) suggested that 

the intra-uterine environment was more important than genetic factors in determining 

growth rates in humans; estimating that 62% of infant birth weight variation was due to 

uterine environment and only 20% from maternal and 18% from paternal genes.  Walton 

and Hammond (1938) uniquely illustrated this concept in horses with their classic studies 

involving crossing Shire horses with Shetland ponies.  They and others (Allen et al., 

2004; Tischner, 1985 and 1987; Tischner and Klimczak, 1989) demonstrated that 

maternal size, and therefore uterine size, has a marked influence on birth weight, as well 

as growth and size, that persists through maturity (Figure 2). 
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Thrifty phenotype hypothesis 

The thrifty phenotype hypothesis is based on the idea of neonatal programming 

and proposes that poor nutrition (as opposed to adequate and/or excess nutrition) during 

gestation and lactation turns on different genes in the fetus, essentially preparing the 

offspring’s endocrine and metabolic systems for an appropriate response to expected 

energy intake (Hales and Barker, 1992).  The thrifty phenotype hypothesis stems from 

epidemiologic data where small birth size was related to the development of metabolic 

and/or cardiovascular disorders later in life (Cripps et al., 2005).  Additionally, it seems 

that development of obesity in infants malnourished during gestation and lactation occurs 

predominately when their nutrition improves later in life.  This was illustrated by the 

Dutch Famine Study whereby malnutrition during pregnancy resulted in offspring with 

increased incidence of overweight, obesity, and Type II diabetes as adults (Ravelli et al., 

1976).  Conversely, de Moura and Passos (2005) speculated that the lack of obesity in 

Russian children of women pregnant during the German siege of Leningrad in World 

War II was because food availability did not dramatically improve for those children in 

their lifetime.  Thus metabolic programming for relative scarcity of resources most likely 

proved beneficial to those individuals.   

Rodent models of nutrient restriction during pregnancy provide some support for 

these theories.  Rat pups born to dams that were nutritionally restricted after 10 d of 

gestation until birth and subsequently allowed ad libitum access to rat chow had 

significantly greater percentage of body fat and weighed more than rat pups born to dams 

that were not nutritionally restricted during gestation (Desai et al., 2004).  In another 
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study, pregnant rats were nutritionally restricted during the first 14 d of gestation then 

allowed ad libitum access to feed throughout lactation (Jones and Friedman, 1982).  

These investigators reported hyperphagia and overweight in male rat pups while no 

difference was observed between female pups and controls, supporting the argument that 

timing of nutrient restriction has important implications in the response of offspring to 

feed intake.  Three year old sheep born to nutrient restricted ewes exhibited elevated 

blood pressure prior to feeding and responded with increased circulating leptin to 

injections of norepinephrine or infusions of angiotensin II (Gopalakrishnan et al., 2004).  

In another study, the effects of maternal nutritional restriction of ewes resulted in a 

significant decrease in the activity of an enzyme essential for fatty acid oxidation in their 

offspring (Zhu et al., 2006).  This resulted in increased intramuscular triglyceride content 

in lambs which is associated with a disruption of the insulin signaling cascade, thus 

leading to insulin resistance.  

Ironically, no reports could be found in the literature which described the 

endocrine profiles or physiology of foals during the immediate post-natal period, relative 

to maternal nutritional restriction during gestation or lactation.  However, the effects of 

maternal size and uterine capacity on foal cardiovascular function (Giussani et al., 2003) 

and insulin dynamics (Forhead et al., 2004) has been reported.  Giussani et al. (2003) 

transferred pony embryos into Thoroughbred mares (PinT) and Thoroughbred embryos 

into pony mares (TinP), as well as maintained two sets of control animals (Thoroughbred 

in Thoroughbred – TinT and pony in pony – PinP; five to eight animals per group).  The 

authors reported that PinT foals had elevated basal arterial blood pressure, reduced 

baroflex sensitivity, and increased cortisol response to ACTH stimulation compared to all 
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other groups.  In contrast, TinP foals had increased baroflex sensitivity, but arterial blood 

pressure and cortisol response were not different compared to all other groups.  Because 

both growth-enhanced (PinT) and growth-restricted (TinP) foals had altered postnatal 

regulation of adrenal function and blood pressure, the authors suggested that deviations 

either above or below the normal growth trajectory may predispose individuals to 

cardiovascular disease later in life (Giussani et al., 2003).   

Forhead et al. (2004) investigated the effects of the intrauterine environment on 

glucose and insulin dynamics in foals.  Four groups of foals with seven or eight animals 

per group were produced using embryo transfer (TinT, PinP, PinT, and TinP).  The 

authors reported that PinT foals had elevated basal insulin concentrations and a greater β 

pancreatic cell response to glucose administration during glucose tolerance tests 

compared to the other three groups of foals.  No differences were seen between the TinP 

foals and control animals in glucose or insulin concentrations during the glucose 

tolerance tests.  The authors concluded that overgrowth, as opposed to growth retardation 

in utero, was responsible for alteration of insulin response in the immediate postnatal 

period in equine (Forhead et al, 2004).   

The thrifty phenotype hypothesis may also be a plausible explanation for the 

increased incidence of obesity and laminitis occurring in the pony and mustang 

populations described previously.  Perhaps the metabolic programming occurring during 

gestation and lactation in those populations functions to prepare the offspring for 

relatively scarce and uncertain food resources, and not the abundant food supply often 

readily available in a domestic state.  The latter circumstance thus predisposes those 

animals to experience a greater than average incidence of obesity related complications 
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than the general horse population.  The thrifty genotype and thrifty phenotype hypotheses 

need not be mutually exclusive however, since gene expression for metabolic efficiency 

(thrifty genotype) may be up-regulated or down-regulated depending on maternal 

nutritional status during gestation and lactation (thrifty phenotype).   

 

Obesity and leptin 

 The identification of leptin’s role in obesity can be traced to experiments by 

Hervey (1959) and Coleman (1973 and 1978).  The discovery of two genetic mutations in 

mice, described as obese (ob) and diabetic (db), served to contribute to the theory of a 

satiety factor.  The phenotypes of these two mutations were similar and characterized by 

hyperphagia and obesity; however each responded differently in parabiosis studies.  

Parabiosis of the ob/ob mouse and normal mouse resulted in the ob/ob becoming 

hypophagic and losing weight while the normal mouse was unaffected.  When the db/db 

and normal mouse were paired, the normal mouse decreased its food intake and lost 

weight while the db/db mouse was unaffected.  Finally parabiosis of the db/db and ob/ob 

mice resulted in hypophagia and weight loss by ob/ob mouse.  From these experiments, 

Coleman concluded that the ob mouse lacked the ability to produce a satiety factor, while 

the db mouse was unable to respond to the satiety factor.  Identification of leptin by 

Zhang et al. (1994) as the satiety factor described by Coleman, coupled with additional 

experiments using the ob/ob (mutated leptin) and db/db (mutated leptin receptor) mouse 

models further reinforced the role of leptin as a regulator of food intake and energy 

expenditure (Houseknecht et al., 1998).   

 Obesity is associated with elevated plasma concentrations of leptin in humans and 
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horses (Hall, 2000; Buff et al., 2002), as well as selective leptin resistance (Rahmouni et 

al., 2006).  Selective leptin resistance is characterized by rising concentrations of leptin 

simultaneously activating the sympathetic nervous system to increase blood pressure, yet 

failing to reduce food intake and weight gain.  This has been attributed to the activation 

of different hypothalamic neurotransmitter systems by leptin in rodents and humans 

(Pausova, 2006).  Johnson (2002) suggested that leptin resistance plays a role in equine 

obesity since similar hyperleptinemic profiles are exhibited by overweight horses.   

Leptin normally functions to stimulate fatty acid oxidation and glucose uptake 

into tissues, as well as prevent lipid accumulation in non-adipose tissue such as muscle 

(Minokoshi et al., 2002).  Slawik and Vidal-Puig (2006) describe lipotoxicity as a state 

resulting from accumulation of lipids in non-adipose tissue (muscle, heart, liver, 

pancreas, kidneys, or blood) due to “over-spill” from saturated adipose tissue.   

They further offer that peripheral leptin resistance can lead to lipid accretion in non-

adipose tissue, potentiating the effects of lipotoxicity in those tissues.   

 

Obesity and insulin  

The primary biological function of insulin is to decrease plasma glucose 

concentrations.  Its primary target tissues are the liver, skeletal muscle, and adipose 

tissue.  In the normal fed state, insulin promotes hepatic glycogen synthesis and inhibits 

hepatic glucose release, enhances glucose transport into the muscle and fat via GLUT4 

transporter mobilization, and inhibits lipase activity, which thereby reduces free fatty acid 

(FFA) plasma concentrations (Silverthorn, 2001).  In the normal fasted state, insulin 

concentrations are low, permitting glycogenolysis and gluconeogenesis, fatty acid 
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oxidation, and lipolysis (Silverthorn, 2001).   

The paradigm of insulin resistance (IR) is often associated with obesity in humans 

(Bastard et al., 2006; Kim et al., 2006) and horses (Jeffcott et al., 1986; Hoffman et al., 

2003; Frank et al., 2006).  Kahn (1978) defined IR as existing when “normal 

concentrations of insulin produces a less than normal biologic response.”  Treiber et al. 

(2006) state that, although the exact mechanisms are not wholly understood, insulin 

resistance often occurs as a result of insulin-receptor substrate-1 (IRS-1) not being 

phosphorylated, decreasing activation of phosphatidylinositol 3-kinase (PI 3-kinase), and 

ultimately reduced expression of glucose transporters.  In turn, glucose concentrations 

remain elevated in the blood, consequently stimulating insulin secretion and thus creating 

a vicious self deprecating cycle.  Chronic elevation of insulin may also contribute to 

lipotoxicity.  Frank et al. (2006) cite evidence in humans that lipid accretion disrupts both 

β-cell function in the pancreas and the IRS-1 signaling cascade in skeletal muscle; thus 

creating a state of hyperglycemia and IR.   

To further compound issues, obesity and insulin resistance are associated with 

laminitis in equine (Johnson, 2002); however the intricate details of this relationship have 

yet to be elucidated.  Human studies demonstrate that obesity and insulin resistance are 

related to vascular and endothelial damage (Rahmouni et al., 2005) and inflammation 

(Greenberg and Obin, 2006), all of which are apparent in laminitis.  It is important to note 

that the age range of horses affected with endocrinopathic laminitis (obesity-associated 

laminitis not necessarily brought about by an acute episode) is between 8 and 18 years of 

age.  Slawik and Vidal Puig (2006) reports that the aging process causes physiological 

cellular degeneration that may be exacerbated by insults such as lipotoxicity, and vice 
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versa.   

Frank et al., (2006) compared the neck circumferences of obese IR adult horses 

with non-obese adult horses of similar height and weight and found the neck 

circumference of the obese IR horses were significantly greater than the non-obese 

horses.  The suggestion was made that as a result of localized fat deposition, neck 

circumference could be used as a screening tool for IR in obese horses and potentially 

thwart laminitic episodes.   

It is documented in horses that weight loss, as a result of exercise (Powell et al., 

2002) or in the absence of exercise (Freestone et al., 1992), improves insulin sensitivity 

in equine.  Powell et al. (2002) speculated that improved insulin sensitivity of obese 

mares subjected to a 7 d regimen of light exercise was likely due to increased distribution 

of GLUT-4 transporters in the skeletal muscle as has been reported in rats.  Additional 

support for this hypothesis is evident in a recent study by Jose-Cunilleras et al. (2005) 

who reported an increase in GLUT-4 expression in skeletal muscle during the post-

exercise hours in horses.  Improved insulin response can also be achieved by reducing the 

amount of soluble carbohydrates in equine diets (Hoffman et al., 2003; Treiber et al., 

2005) and controlling feed intake of horses (Freestone et al., 1992; Buff et al., 2006a).  

This may be beneficial to equine because chronic hyperinsulinemia in young horses has 

been implicated as an associative factor in the development of osteochondritis dessecans 

(OCD) lesions (Ralston, 1996).  Both insulin and IGF-1 play a role in chondrocyte 

maturation and exacerbations of these hormones by high carbohydrate diets may be 

manifested by developmental orthopedic diseases such as OCD (Henson et al., 1997).  

Insulin resistance has also been reported to increase the interovulatory interval in mares 
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(Sessions et al., 2004), although the exact mechanisms behind this effect remains unclear. 

 

Obesity and glucocorticoids  

Excess production or administration of glucocorticoids (also known as Cushing’s 

syndrome) is characterized by hypercortisolism, hyperglycemia, insulin resistance, 

dyslipidemia, and omental (within the abdomen) obesity.  Omental adipocytes have been 

reported to over-express 11 β-HSD1 (Johnson, 2002), which is the enzyme responsible 

for the conversion of cortisone (inactive form) to cortisol (active form).  Accretion of 

omental vs. subcutaneous adipocytes has been reported to increase insulin resistance 

(Attallah et al., 2006).  Additionally, increased secretion of leptin from adipocytes, 

stimulated by excess local glucocorticoid production may potentate the negative effects 

of hyperleptinemia in affected individuals (Johnson, 2002).  Inhibition of 11βHSD1 may 

serve to protect against the maladaptive phenotype associated with omental obesity 

(Kershaw et al., 2005; Wake and Walker, 2006).  Excess glucocorticoids are associated 

with laminitis as well, and an in-depth review on the subject has been written by Johnson 

et al. (2002).  Briefly, exogenous administration of glucocorticoids to adult horses does 

not generally cause laminitis (a widely held view), although glucocorticoid-induced 

changes may predispose a horse to an episode of laminitis under certain conditions.  

Glucocorticoids have vasoconstrictive properties that may be involved in lamellar 

breakdown, as well as stimulatory effects on intestinal permeability which may result in 

the absorption of toxins which has been implicated as a causative factor in laminitis.  

Needless to say however, the role of glucocorticoids in laminitis and the associated 

mechanisms has yet to be elucidated. 
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Obesity induced hypertension 

 It is well-documented in the human population that increased weight gain is 

associated with increased blood pressure, although considerable individual variation 

exists (Davy and Hall, 2004).  Activation of the sympathetic nervous system and the 

rennin-angiotensin-aldosterone system (RAAS) are likely the primary players in this 

condition (Rahmouni et al., 2005; Hall, 2000).  Pausova (2006) suggested that activation 

of the sympathetic nervous system by leptin (which is elevated in obesity) may raise 

blood pressure via peripheral vasoconstriction and enhance re-absorption of renal sodium 

and water.  Ehrhart-Bornstein et al. (2003) reported that human adipocytes secrete potent 

mineralocorticoid releasing factors, providing evidence of a direct connection between 

obesity, the RAAS, and hypertension in humans.  Aldosterone is a steroid hormone 

synthesized by the zona glomerulosa cells of the adrenal cortex.  Classically, it is secreted 

in response to increased extracellular potassium concentrations and to angiotensin II, 

while it is inhibited by an increase in extracellular osmolarity (Silverthorn, 2001).  

Aldosterone functions to promote sodium, and thus water reabsorption, which increases 

blood volume and subsequently increases blood pressure.  Elevated aldosterone 

concentrations consequently lead to an increase in blood pressure.  Pausova (2006) 

reported that all components of the RAAS are augmented in obese compared to lean 

individuals.   

The most accurate assessment of blood pressure in horses requires arterial 

catheterization (invasive); however indirect (noninvasive) measures of blood pressure 

may be taken by using an occlusion cuff over the coccygeal artery and measuring 
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pressure by oscillometric methods (Magdesian, 2004).  Evidence does exist for a 

hypertensive state in chronically laminitic (and often obese) ponies.  However, it has 

been reported that hypertrophy of the left ventricle occurs in response to an exercise-

induced increase in blood pressure and volume in horses (Buhl et al., 2005; Young et al., 

2005).  Rugh et al. (1987) compared the hearts of nine chronically laminitic ponies to 

nine apparently normal controls and found that the left ventricle was significantly thicker 

and heavier in the chronically laminitic ponies, providing evidence of hypertension.  In a 

review of the literature, no published work apparently existed relevant to whether weight 

loss in obese equine parallels attenuation of blood pressure and left ventricular 

hypertrophy.  It has been reported that weight loss in humans is accompanied by lowered 

blood pressure, and thus a decrease of its ill-effects (Davy and Hall, 2004; Rahmouni et 

al., 2005); therefore it seems an investigation of this phenomenon in equine would be 

productive. 

 

Spironolactone 

Structure and mechanism of action  

Spironolactone is mineralocorticoid receptor (MR) antagonist (Figure 3).  It 

competitively binds MR at sodium-potassium exchange sites in the distal convoluted 

tubule of the kidney.  The consequence of its actions are increased water and sodium 

secretion while retaining potassium and magnesium ions; thus its actions are antagonistic 

to aldosterone (Figure 4).  The antagonistic action of spironolactone at the MR both 

displaces and prevents binding of aldosterone at these sites and disrupts the negative 

feedback loop, stimulating renin secretion which ultimately leads to a transient increase 
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in aldosterone synthesis and release from the adrenal cortex (Garthwaite and McMahon, 

2003).  Elevated circulating concentrations of aldosterone, in response to spironolactone 

treatment, do not aggravate the negative consequences associated with elevated 

aldosterone levels due to pathology or obesity because the MR are occupied by 

spironolactone and are therefore unable to be activated by aldosterone (Garthwaite and 

McMahon, 2003).   

Mineralocorticoid receptors have been reported to have a high affinity for 

glucocorticoids and become saturated by low concentrations of circulating 

glucocorticoids (Spencer et al., 1990; Spencer et al., 1993).  Occupation of the MR by 

spironolactone not only prevents binding of aldosterone, but glucocorticoids as well.  

This antagonistic action on the negative feedback effects of glucocorticoids at the MR 

has been reported to activate the HPA axis, causing transient elevation of glucocorticoids 

in humans (Young et al., 1998) and rats (Bradbury et al., 1994).   

Spironolactone also has mild anti-androgen effects; yet conflicting evidence exists 

for the mechanism of action by which spironolactone exerts these anti-androgen effects.  

Sert et al. (2003) suggested that spironolactone inhibits 5-α reductase activity and blocks 

dihydrotestosterone from binding its nuclear receptor, resulting in decreased testosterone 

production.  Ménard (2004) provided evidence, citing a number of studies, that 

spironolactone displaces dihydrotestosterone but does not affect 5-α reductase activity. 

Therefore, alterations in testosterone-estrogen ratios and/or metabolic clearance of these 

hormones may be altered, causing anti-androgenic activity.  Side effects of 

spironolactone treatment reportedly may include gynecomastia, menstrual irregularities, 

and decreased libido (Garthwaite and McMahon, 2004).   
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Use of Spironolactone 

Spironolactone is primarily used as a diuretic to treat congestive heart failure and 

hypertension in humans (Rossing et al., 2005; Rogerson et al., 2003).  In vitro work in 

rodents provides evidence that spironolactone may offer cardioprotective effects in 

addition to lowering blood pressure.  Chai et al. (2005) treated rats with spironolactone 

and demonstrated a significant reduction in infarct size (% of heart at risk for damage) for 

rats’ hearts that were perfused following ischemia.  These investigators speculated that 

spironolactone may act on cardiac MR to counteract the negative effects of locally 

produced aldosterone which include increased free radical production and 

proarrhythmogenic (causing abnormal heartbeat) actions.   

In other pathologies, spironolactone has been used to treat hirsuitism and 

polycystic ovary syndrome in women due to its anti-androgenic actions (Zulian et al., 

2005; Archer and Chang, 2004).   

In equine, spironolactone has been administered to affect electrolyte excretion in 

ponies (Alexander, 1982).  A 1 mg/kg BW dose of spironolactone resulted in a significant 

increase in urinary sodium excretion which was augmented by an additional dose 24 h 

later.  This response was expected due to the antagonistic effect of spironolactone on 

aldosterone action at the MR in the distal nephron.  Aldosterone concentrations were not 

measured in that study.     

 

Lipoic Acid 

Structure and mechanism of action  
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Lipoic acid is a naturally occurring compound synthesized by humans and 

animals (Carreau et al, 1975).  Although the complete pathway for its de novo synthesis 

is yet to be elucidated, it is known that lipoic acid is synthesized from octanoic acid to 

form an eight carbon structure with a disulfide bond in a 1,2-dithiolane ring with a chiral 

center at the C3 carbon to which a five carbon tail is attached.  The disulfide bonds may 

be oxidized to yield lipoic acid or reduced to yield dihydrolipoic acid (Figure 5).  It 

should be noted that the R-isomer of lipoic acid is the only one synthesized in the natural 

state and is more biologically active than the S-isomer (Biewenga et al., 1997).  Finally, 

endogenously produced lipoic acid is transported peripherally bound to lysine by an 

amide linkage forming a lipoyl group, which is a component of the mitochondrial 

pyruvate dehydrogenase and the α-ketoglutarate dehydrogenase complexes (Biewenga et 

al., 1997). 

 

Lipoic acid in glucose metabolism and insulin function  

Lipoic acid has been reported to increase glucose transport into skeletal muscle 

and improve insulin sensitivity in both rodent (Henriksen, 2006; Lee et al., 2005; 

Saengsirisuwan et al., 2004) and in human studies (Konrad et al., 1999).  Saengsirisuwan 

et al. (2004) administered 30 mg/kg BW of R-LA (the more biologically active isomer of 

lipoic acid) by intraperitoneal injection once daily for 15 days and reported a significant 

increase in insulin receptor substrate (IRS)-1 protein expression in the soleus muscle of 

treated rats compared to control animals.  Lee et al. (2005) found improved insulin-

stimulated whole body glucose uptake in diabetes-prone obese male rats fed racemic 

lipoic acid at 0.5% wt./wt. for three days compared to controls.  These investigators 
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attributed the improved glucose uptake to activation of AMP-activated protein kinase 

(AMPK), which is an enzyme involved in cellular energy metabolism that stimulates 

glucose uptake into cells (Lee et al., 2005).  Konrad et al. (1999) found that oral lipoic 

acid supplementation, delivered twice daily for 4 weeks, to lean and obese diabetic 

patients improved glucose-mediated glucose disposal (glucose effectiveness) as 

demonstrated by application of the minimal model to a modified glucose tolerance test 

performed before and after supplementation.  The minimal model analysis of glucose and 

insulin dynamics estimates glucose effectiveness and insulin sensitivity (insulin-mediated 

glucose disposal) using data from glucose tolerance tests (Kronfeld et al., 2005). 

Lipoic acid has also been shown to reduce feed intake and BW in rodents.  Kim et 

al. (2004) fed lipoic acid at 0.25, 0.50, and 1.0 %, wt./wt. for 2 weeks and demonstrated a 

dose dependent reduction in feed intake and BW in rats.  Additionally, 

intracerebroventricular (i.c.v.) administration of lipoic acid suppressed food intake in rats, 

suggesting that the anorexic effects of lipoic acid are mediated in the hypothalamic 

neurons (Kim et al., 2004).   

 

Lipoic acid use in livestock  

 Lipoic acid has previously been fed experimentally to pigs (Maddock et al., 2003; 

Rentfrow et al., 2004), beef cattle (Schmidt et al.,2006), broiler chickens (Hamano, 

2006), and horses (Williams et al., 2002).  Schmidt et al. (2006) found that beef cattle 

supplemented with 32 mg/kg BW of lipoic acid had a more rapid recovery from 

infectious bovine rhinotracheitis virus challenge than did cattle supplemented with 16 

mg/kg lipoic acid or with none at all.  This positive effect on cattle health was likely a 
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result of lipoic acid’s antioxidant capabilities and subsequent augmentation of the 

immune system.  Hamano (2006) demonstrated enhanced whole body glucose uptake in 

broiler chickens supplemented with lipoic acid from 2 to 5 wk of age as demonstrated by 

the results of before and after hyperglycemic-euglycemic clamp tests.  Supplementation 

of pasture managed horses with lipoic acid for two weeks reduced oxidative stress in 

treated animals as measured by glutathione and anti-oxidant enzymes present in the blood 

(Williams et al., 2002).   
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Figure 1.  Hammond’s (1950) theory of nutrient partitioning according to metabolic rate.  
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Figure 2.  These photographs are from Allen et al. (2004) and demonstrate the dramatic 

effect of intra-uterine space on size and growth of offspring.  Fourteen month old 

Thoroughbred (TB) colts are pictured in upper picture and the TB on the left was gestated 

in a pony (P) mare while the TB on the right was gestated in a TB mare.  Fourteen month 

old P fillies are pictured in the lower picture and the P on the left was gestated in a TB 

mare while the P on the right was gestated in a P mare.   
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Figure 3.  Molecular structure of spironolactone (Rogerson et al., 2003).   

 

 

 

 

 

  

Figure 4.  Molecular structure of aldosterone (Rogerson et al., 2003).   
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Figure 5.  Molecular structures of lipoic acid and dihydrolipoic acid 

(http://lpi.oregonstate.edu/infocenter/othernuts/la/lastructure.jpg).   
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CHAPTER III 

 

ENDOCRINE PROFILES OF PERI-PARTURIENT MARES 

AND THEIR FOALS 

 

ABSTRACT:  The aim of this study was to characterize concentrations of leptin, IGF-1, 

and TSH in the blood serum of mares pre- and post-partum, in the milk serum of mares 

post-partum, and in the blood serum of their foals.  Nine pregnant Quarter Horse mares, 

aged 4 to 21 yr and their subsequent offspring were used in this study.  Mares foaled 

between March 8 and May 15.  Once weekly between 1000 and 1200 h for two weeks 

prior to their predicted parturition date, pregnant mares were weighed, assigned a BCS, 

and blood sampled via jugular venipuncture.  Within 2 h of parturition and before foals 

nursed (d 0), blood samples were obtained from mares and foals, and a milk sample 

collected from the mares.  Blood from foals and blood and milk from mares were 

collected again at 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4 4.5, 5, 12, 19, 26, 33, and 61 d post-partum.  

Mares and foals were weighed and assigned a BCS on d 0, 5, 12, 19, 26, 33, and 61 as 

well.  Additionally, ultrasound images of fat depth and muscle area of the longissimus 

dorsi immediately cranial to and parallel with the last rib on the left side of foals were 

measured to characterize changes in fat depth and muscle area over time on d 5, 33, and 

61.   

Our observations were that there was no change in mare blood serum 

concentrations of IGF-1 (P = 0.07) or TSH (P = 0.15), nor were there any changes in foal 

blood serum concentrations of leptin (P = 0.54) or TSH (P = 0.10) during the trial period.  
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Mare blood serum concentrations of leptin were found to change over time (P < 0.001), 

initially decreasing then remaining relatively stable after d 5.  Foal blood serum 

concentrations of IGF-1 increased initially, peaked at d 19 and stabilized thereafter (P < 

0.001).  Milk serum concentrations of leptin and TSH were greatest on day 0 and 

decreased over time (P < 0.007), reaching nadir concentrations at d 61.  Milk serum 

concentrations of IGF-1 also changed over time (P = 0.02), being greatest on d 0 and 

undetectable by d 12.  There was no difference in BCS (P = 0.94) in mares over time, but 

there was a difference between pre- and post-partum BW (P < 0.001) due to foaling.  

However, no differences were detected in pre- (P = 0.70) or post-partum BW (P = 0.76) 

of mares over time.  Both mean ultrasonic fat depth and longissumus dorsi muscle area 

increased (P < 0.04) as foals aged, as did BCS and BW (P < 0.001).  Recognizing 

changes in metabolic hormones surrounding the time of parturition in the mare and foal 

provides a basis for further determination of the role if any these hormones play in the 

milk, as well as in the neonate.   

 

Key Words:  Foal, Insulin-like Growth Factor-I, Leptin, Mare, Milk, Thyroid Stimulating 

Hormone 

 

Introduction 

Successful transition of the animal from the fetal to the neonatal status involves 

tremendous physiological adaptation on both the part of the neonate and the dam.  The 

success or failure of this transition process equally dictates the survival of the offspring 

and subsequent recovery of the dam.  Precocial species are initially dependent upon the 
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dam to provide adequate nutrition and immune protection.  Typically, newborn foals do 

not ingest adequate amounts of solid feedstuffs for the first two to three months and 

therefore depend solely upon mare’s milk to obtain the required nutrients during that time 

(Duncan et al., 1984).  Additionally, because foals are born with a naïve immune system, 

ingestion of good quality maternal colostrum within the first 24 h of life is imperative 

(Robinson et al., 1993). 

It has been suggested for a number of species that the concentrations of various 

hormones and growth factors present in colostrum and milk may serve to “program” the 

neonate’s endocrine system in the acute post-partum period and therefore shape the 

body’s response to feeding and stress later in life (see review by de Moura and Passos, 

2005).  This may be of relative importance to the current problem of obesity in horses, as 

identification and elucidation of the roles of various compounds in milk and subsequently 

the newborn, may provide initial insight into mechanisms involved in the development of 

obesity-related maladies in equine.     

Hormones previously identified in mares’ milk include insulin, IGF-1 (Hess-

Dudan et al., 1994), leptin (Romagnoli et al., 2006; Salimei et al., 2002), progesterone 

(Laitinen, et al., 1981), and triiodothyronine (Slebodziniski et al., 1998).  The possible 

roles of these hormones in milk have been described in a number of species and to some 

extent in the horse (Xu, 1996; Murray and Luba, 1993;Grosvenor et al., 1992).  However, 

limited information is available on acute changes in metabolic hormones relative to 

parturition in mares and their foals.  Therefore, our objective was to characterize a 

portion of the endocrine changes occurring in peri-parturient mares and their offspring. 

We quantified concentrations of leptin, IGF-1, and TSH in the blood serum of mares pre- 
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and post-partum, in the milk serum of lactating mares post-partum, and in the blood 

serum of their foals.  Additionally, ultrasound images of fat depth and muscle area of the 

longissimus dorsi immediately cranial to and parallel with the last rib on the left side of 

foals were measured to estimate changes in fat depth and muscle area over time.   

 

Materials and Methods 

Management of Animals.  Nine pregnant Quarter Horse mares, aged 4 to 21 yr and 

their subsequent offspring were used in this study.  All mares, with the exception of one, 

were multiparous mares.  The mares foaled March through May of 2004.  Sixty days 

prior to expected parturition, mares were removed from their winter pasture of tall-fescue 

grass and maintained in a 4-acre dry paddock at the University of Missouri Horse 

Research and Teaching Farm.  Mares had ad libitum access to orchardgrass / alfalfa hay, 

fresh water, and a plain salt block.  Additionally, mares were fed a concentrate (Table 1) 

at 1% of their BW daily according to NRC requirements (1989).  Two weeks prior to 

expected parturition date, mares were monitored daily between 1600 and 1800 h for any 

changes in physical characteristics related to parturition (udder distention, teat secretions, 

and tone and appearance of croup muscles).  One mL of mammary secretions were 

obtained from mares at this time and mixed with 6 mL of deionized water to determine 

water hardness using Baker test strips (BVA Scientific, San Antonio, TX).  Test strips for 

water hardness have been utilized as a predictor for impending parturition in the mare as 

demonstrated by Ley et al. (1989).  Once there was a color change in at least 4 of the 5 

zones on the test strip, indicating increased water hardness, mares were brought into 3.6 x 

7.3 m stalls to be monitored for parturition throughout the night.  If the mare did not foal, 
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she was turned back out into the 4-acre paddock and checked daily until parturition.  If 

the mare foaled, the pair was maintained in the same 3.6 x 7.3 stall through d 5 post-

partum with ad libitum access to fresh water, a plain salt block, orchardgrass / alfalfa hay 

and mares were fed 1 % of their BW in concentrate daily according to NRC requirements 

(1989).  On d 6 post-partum mares and foals were turned out onto a 20-acre orchardgrass 

pasture with access to fresh water, a plain salt block, and fed 1 % of their BW in 

concentrate daily.   

The mares were vaccinated against rhinopneumonitis Type 1 with a killed vaccine 

at 5, 7, and 9 months of gestation.  Five weeks prior to expected parturition, mares were 

vaccinated against Eastern and Western equine encephalitis, West Nile virus, tetanus, and 

influenza.  The mares were dewormed every 2 mo with alternating anthelmintic products 

(January and July with pyrantel pamoate, March and September with ivermectin, and 

May and November with moxidectin).  Foals were dewormed with pyrantel pamoate at 1 

mo of age, with ivermectin at 2 mo of age, and then adapted to the same de-worming 

program as the broodmares.  The research protocol was approved prior to the study by the 

University of Missouri Animal Care and Use Committee. 

Data Collection.  A 10 mL blood sample was collected via jugular venipuncture 

from pregnant mares once weekly between 1000 and 1200 for two weeks prior to their 

predicted parturition date.  Mares were also weighed and assigned a body condition score 

at these times.  Body condition scoring was performed by the same individual throughout 

the trial period using a 1 to 9 scale according to Henneke et al. (1983).  Within 2 h of 

parturition and before the foal nursed (d 0), a 10 mL blood sample was collected via 

jugular venipuncture from the foal, and a 10 mL blood sample and 5 mL milk sample 
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collected from the mare.  Body weights were obtained for mares and foals within 24 h of 

parturition.  Blood from foals and blood and milk from mares was collected again at 0.5, 

1, 1.5, 2, 2.5, 3, 3.5, 4 4.5, 5, 12, 19, 26, 33, and 61 d post-partum.  Additionally, on d 5, 

12, 19, 26, 33, and 61 mares and foals were weighed and assigned a BCS.  Ultrasound 

measurements of fat depth and of foals’ longissimus dorsi muscle immediately cranial 

and parallel to the last rib on the left side were taken on d 5, 33, and 61.   

Blood samples were collected into SST® gel and clot activator Vacutainer brand 

collection tubes (Benton Dickinson, Franklin Lakes, NJ), were allowed to clot for 20 

minutes at room temperature and centrifuged for 25 minutes at 3,000 × g.  Serum was 

harvested immediately and frozen at – 20°C for later analysis.  Whole milk samples were 

collected into polyurethane tubes, immediately frozen at 0°C, and later centrifuged at 

100,000 × g at 6°C for 1 h to obtain milk serum.  The clear supernate was collected and 

stored at – 20°C for later analysis.  Blood and milk samples were analyzed for leptin, 

IGF-1, and TSH by radioimmunoassay procedures described as follows. 

Radioimmunoassays.  Blood and milk serum concentrations of leptin were 

quantified using the double-antibody leptin radioimmunoassay procedures described by 

Delavaud et al. (2000) with one modification consisting of the substitution of the reported 

primary antiserum with rabbit anti-ovine leptin primary antiserum #7105.  Briefly, 

standard concentrations of recombinant ovine leptin (Gertler et al., 1998; 0.1, 0.2, 0.3, 

0.5, 0.8, 1.2, 2.0, 3.5, 5.0, and 7.5 ng in 300 µL/tube) and increasing volumes of serum 

(25, 40, 60, 100, 175, 250, and 300 µL) from a pool of serum collected from a fat mare 

were added to assay tubes in triplicate and the total volume balanced to 300 µL per tube 

with buffer consisting of 0.1% gelatin, 0.01 M EDTA, 0.9% NaCl, 0.01 M PO4, 0.01% 
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sodium azide, 0.05%Tween-20, pH = 7.1 (PABET).  Likewise, 200 µL of the serum 

samples to be quantified were added to assay tubes in triplicate and volume balanced to 

300 µL per tube with PABET.  Immediately thereafter, 100 µL of rabbit anti-ovine leptin 

primary antiserum (7105; final tube dilution of 1:15,000 in PABET) was added and 

samples and standards incubated at 4°C for 24 h.  After the initial incubation, 100 µL of 

125I-ovine leptin (20,000 c.p.m.) were added to each tube and incubation continued for an 

additional 24 h at 4°C.  The antigen-antibody complex was then precipitated following a 

15 min, 22°C incubation with 100 µL of a precipitated sheep-anti-rabbit second 

antiserum by centrifugation at 3,000 × g for 30 min, and the supernatant removed by 

aspiration.  Assay tubes containing the antigen-antibody pellet were counted for 1 min on 

a LKB1277 gamma counter (LKB Wallac, Turku, Finland). 

 Standards and pooled aliquots of serum from a single source of fat-mare serum 

were linear (log/logit transformation; R2 > 0.98) and parallel over a mass of 0.1 to 7.5 

ng/tube and a serum volume of 25 to 300 µL, respectively.  Total specific binding was 

42%, the minimum detectable concentration was 0.1 ng/tube, percentage recovery of 

mass was > 99% across the range of 25 to 300µL of sample and the inter- and intra-assay 

coefficients were < 10%.   

 Equine blood and milk serum concentrations of IGF-I were measured in triplicate 

after acidified extraction via a double antibody radioimmunoassay validated for use in 

our lab (Lamberson et al., 1995).  Assay sensitivity was 8.6 ng/mL and the specific 

binding 41.8%.  The intra- and inter-assay coefficients of variation were 6% and 9% 

respectively. 

Equine blood and milk serum concentrations of TSH were performed in triplicate 
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with a double-antibody RIA using equine TSH antiserum (AFP-C33812) and equine TSH 

antigen (AFB-5144B) provided by A. F. Parlow (Harbor-UCLA Medical Center, 

Torrance, CA, USA).  The intra- and inter-assay CV were < 10% and the sensitivity was 

0.02 ng/mL.   

 

Ultrasound Images.  Ultrasonic images were captured using the AUSkey System 

Software (Animal Ultrasound Services: AUS, Ithaca, NY) using a 500V Aloka 

(Corometrics Medical Systems, Inc., Wallingford, CT, USA) ultrasound machine with a 

3.5 MHz transducer fitted to a custom standoff (a gel fitted to contour the shape of the 

foal immediately cranial to the last rib).  Longissimus dorsi muscle area and fat depth 

images were captured immediately cranial to and parallel with the last rib on the left side 

of each foal.  Generous amounts of commercial vegetable oil were applied to the 

ultrasound site to reduce soundwave attenuation associated with hair coat.  The same 

ultrasound technician performed the measurements throughout the study and final 

ultrasound images were approved by a AUS trained technician.   

Statistical Analysis.  Statistical analyses were performed to determine whether 

there was a change in leptin, IGF-1, or TSH concentrations in mare blood serum and milk 

serum, and foal blood serum over time, as well as fat depth and longissimus dorsi muscle 

area of foals over time.  Data were analyzed as repeated measures using the general linear 

model procedure (PROC GLM) of SAS (SAS Inst., Inc., Cary, NC).  Means separation 

procedures were performed using the LSMEANS statement.  Results are expressed as 

means ± standard error of means (± SEM). 
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Results 

Leptin.  There was a significant day effect on mare blood and milk serum 

concentrations of leptin (P < 0.001), but not on foal blood serum concentrations of leptin 

(P = 0.54; Figure 6).  Mean blood serum concentrations of leptin in mares were greatest 

at 14 d pre-partum (10.34 ± 1.38 ng/mL), declined until d 2, increased slightly and 

stabilized thereafter.  Milk serum concentrations of leptin were 34.13 ± 1.45 ng/mL on d0 

(pre-suckle), dropped to 7.36 ± 1.37 ng/mL by d 0.5, and declined to nadir concentrations 

by d 61.  Although there was no statistical difference in foal blood serum concentrations 

of leptin throughout this trial, blood serum leptin concentrations were lowest at d 0 (0.38 

± 0.85 ng/mL), peaked at d 5 (3.13 ± 0.80 ng/mL) and remained relatively stable 

thereafter.   

IGF-1.  There was no significant effect of day on mare blood serum 

concentrations of IGF-1 (P = 0.07), but there was a significant effect of day on milk 

serum concentrations of IGF-1 (P = 0.02) and foal blood serum concentrations of IGF-1 

(P <0.001; Figure 7).  Milk serum concentrations of IGF-1 were greatest at d 0 (76.31 ± 

13.63 ng/mL) and undetectable by d 12.  Foal blood serum concentrations of IGF-1 

increased initially, peaked at d 19 (257.70 ± 10.96 ng/mL) and stabilized thereafter (P < 

0.001).   

TSH.  There was no significant day effect on mare (P = 0.15) or foal (P = 0.10) 

blood serum concentrations of TSH, but there was a significant day effect on milk serum 

concentrations of TSH (P < 0.001; Figure 8).  Milk serum concentrations TSH were 

greatest on d 0 (18. 01 ± 0.67 ng/mL), decreased over time and reached nadir 

concentrations on d 61.  
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BW, BCS, and Ultrasound Measurements.  As expected, pre- and post-partum 

BW’s of mares differed (P < 0.001) due to foaling.  Within the prepartum interval, no 

differences were detected in BW over time (P = 0.70) and similarly, within the post-

partum interval BW did not differ over time (P = 0.76).  Among foals, both mean 

ultrasonic fat depth (Figure 9) and longissumus dorsi muscle area (Figure 10) increased 

(P = 0.03 and P < 0.001, respectively) as foals aged, as did BW and BCS (P < 0.001).   

 

Discussion 

It has been suggested that the presence of hormones and growth factors in 

colostrum and milk may contribute to neonatal GI tract development, feed intake 

regulation, thermoregulation, as well as metabolic programming in the newborn 

(Romagnoli et al. 2006; de Moura and Passos, 2005; McFadin et al., 2002).  We found 

peak concentrations of leptin, IGF-1, and TSH in the colostrum (d 0) when compared to 

milk samples taken 12 h post-partum and thereafter.  This pattern is similar to that 

described in other studies of leptin and IGF-1 in mare’s milk serum where pre-suckle 

concentrations of hormone were the greatest and gradually declined to nadir 

concentrations within days (Romagnoli et al. 2006; Salimei et al., 2002; Hess-Dudan et 

al., 1994).  Similar endocrine profiles have been reported to exist in ewes (McFadin et al., 

2002) and cows (Pinotti and Rosi, 2006; Taylor et al., 2004).  Coincidentally, the equine 

neonatal gut is able to readily absorb whole proteins within the first 24 h of life (Jeffcott, 

1975), corresponding with peak hormone concentrations in the milk.  The elevated 

concentration of leptin and IGF-1 found in equine colostrum may be due to increased 

local production in the mammary gland, as expression of leptin mRNA in mammary 
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tissues has been reported in other species (Bonnet et al., 2002; Aoki et al., 1999; Smith-

Kirwin et al., 1998) and IGF-1 mRNA (Berry et al., 2003; Forsyth et al., 1999).  It has 

also been speculated that the reason for peak hormone concentrations in colostrum is due 

to a pooling effect of the proteins in the milk prior to suckling by the neonate (McFadin 

et al. 2002).   

The absolute values of leptin in the pre-suckled mare milk serum in our study 

differed from values found by Romagnoli et al. (2006) and Salimei et al. (2002).  They 

reported peak milk serum leptin concentrations of 11.7 ng/mL and 16.88 ng/mL, 

respectively, while we found peak concentrations of 34 ng/mL.  This discrepancy may be 

due to variations in the assay procedures, sampling paradigms, nutritional status of mares, 

and (or) breed differences.  The blood leptin concentration profiles for the mares in our 

study were similar to those reported by others (Romagnoli et al., 2006: Heidler et al., 

2003).  Despite unchanging BCS or BW in mares, serum leptin concentrations were 

significantly lower in the post-partum period and remained there throughout the duration 

of the study (61 d).  It has been reported that peripheral concentrations of leptin are 

positively correlated to BCS in horses (Buff et al., 2002; Gentry et al., 2002).  However, 

it has also been demonstrated in equine that feed restriction of up to 48-h decreases leptin 

secretion regardless of BCS (Buff et al., 2005; McManus and Fitzgerald, 2000), 

supporting leptin’s role as an indicator of acute energy status in horses.  During the fed 

state, leptin has an inhibitory effect on orexogenic neuropeptide Y (NPY) and agouti-

related peptide (AgRP) gene expression and a stimulatory effect on anorexogenic pro-

opiomelanocortin (POMC) gene expression in the hypothalamus(Cone, 2005).  During 

the fasted state, however, expression of AgRP and NPY mRNA are upregulated and 

 45



 

expression of POMC mRNA are downregulated (Cone, 2005).  Although we saw no 

difference in BW or BCS in mares post-partum, the decrease in blood serum leptin may 

serve as a means to protect mares against negative energy balance by encouraging feed 

intake in mares during early lactation.  Erlanson-Albertson and Zetterström (2005) argue 

that leptin has more of a permissive role in hunger signaling (low leptin levels = stimulus 

for feed intake) rather than a role as a satiety signal per se (high leptin levels = stimulus 

to decrease feed intake).  It is logical that energy signaling during early lactation should 

be directed towards feed intake in order for mares to maintain good body condition and 

subsequently an adequate milk supply.  Quarter horse mares in early lactation produce 

nearly 12 kg (approximately 3% of BW) of milk daily, with peak production at 30 d post-

partum (Gibbs et al., 1982).  The NRC (1989) suggests that protein and energy 

requirements for mares in early lactation are nearly double what horses at maintenance 

require.   

 Although we saw an increase in fat depth and BCS over time, albeit small, there 

was no correlated increase in leptin concentrations in foals.  The fact that blood leptin 

fails to rise in rapidly growing foals may indicate that decreased leptin secretion is a 

signal to permit food intake in order for foals to ingest adequate energy for rapid early 

growth (similar to mares in early lactation).  Furthermore, the low adipose tissue reserves 

a foal has when born could also account for decreased blood leptin concentrations 

compared to mares.  Buff et al. (2002) examined serum leptin concentrations by age 

classification and found horses less than 2 years old had serum leptin concentrations 

lower than their older contemporaries.   

To our knowledge, this study is the first to report blood leptin and TSH 
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concentrations in foals during the acute neonatal period.  Interestingly, both leptin and 

TSH in the foal blood were at nadir concentrations before nursing at time 0 and 

concentrations had increased at least two-and four-fold respectively after nursing.  

Although we cannot delineate cause and effect relationships between maternal milk and 

autonomous fetal sources of hormone based on these data, in other species, exogenous 

hormone administration has a subsequent effect on neonatal hormone concentrations 

(Lins et al., 2005; Sanchez et al., 2005; Tenore et al., 1980).  Sanchez et al. (2005) 

demonstrated that a significant quantity of leptin is readily absorbed in the GI tract of rat 

pups through d 4 post-partum.  Additionally, rat pups supplemented with five times the 

amount of leptin ingested normally from maternal colostrum and milk, resulted in 

decreased production of leptin in the stomach and subcutaneous adipose tissue of rat 

pups, reduced food intake as demonstrated by decreased gastric content compared to 

controls, and finally reduced thermogenic capacity in brown adipose tissue.  These latter 

data provide evidence that leptin may play a role in feed intake and thermoregulation in 

the neonatal rat.   

Leptin has been reported to directly stimulate thyroid hormone secretion 

independent of TSH, as well as increase the transfer of iodine through milk in early 

lactation in rodents (Lins et al., 2005).  This action of leptin on thyroid hormones may 

serve to augment thermogenesis in the neonate.   

Thyroid hormones are known to play important roles in growth regulation, 

cellular function, and metabolism and are especially critical for post-partum neonatal 

thermogenesis (Silva, 2006; Irvine, 1984; Chen and Riley, 1981).  Hypothyroid foals may 

be characterized by hypothermia, musculoskeletal weakness, lethargy, and a poor sucking 
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reflex (Irvine, 1984).  Murray and Luba (1993) reported blood serum concentrations of 

T4 and T3 in foals to be greatest within one hour of parturition in samples obtained 

before foals nursed.  Similarly, Irvine and Evans (1975) found post-natal blood serum 

concentrations of total thyroxine (T4) and triiodothyronine (T3) in foals to be fourteen 

and twelve times greater, respectively, than in the blood of the mature horse.  It was not 

specified when blood samples were taken relative to nursing.   

A study by Ślebodziński et al. (1998) reported concentrations of T3 in mare’s 

milk peaking 4 d post-partum (0.74 ng/mL), then declining and stabilizing at d 7 through 

d 21 (0.46 ng/mL).  No previous reports of TSH concentrations in mare’s milk could be 

found, however TSH is present in the colostrum of humans and rodents (Tenore et al. 

1980; 1981).  It has been reported that oral administration of bovine TSH to suckling rats 

caused a subsequent rise in blood serum T4 and T3 concentrations in rat pups, providing 

evidence that TSH is absorbed as a whole, biologically active protein (Tenore et al., 

1980).  Thus, although elevated T4 and T3 blood serum concentrations have been 

reported in neonatal foals before having nursed, the presence of TSH in maternal milk 

may further stimulate the neonatal thyroid axis which is crucial for thermogenesis and 

normal development.   

We also found no difference in mare blood serum concentrations of IGF-1 over 

time, although the pattern of IGF-1 secretion was similar to other reports in mares 

(Heidler et al., 2003; Hess-Dudan et al.,1994).  Pre-partum IGF-1 concentrations 

increased during the week prior to parturition, decreasing gradually post-partum and 

stabilized thereafter.  This is in contrast to the abrupt decline in IGF-1 seen post-partum 

in dairy cattle (Taylor et al., 2004).   
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The presence of IGF-I in colostrum and milk has been reported in a number of 

species, including horses (Hess-Dudan et al., 1994; Cymbaluk and Laarveld, 1996), and 

has been reported to play a role in neonatal gut development in some species (Xu, 1996; 

Grosvenor et al., 1992).  Administration of porcine colostrum to piglets markedly 

enhanced intestinal development which was not apparent compared to water 

administration and oral administration of IGF-I to piglets tended to increase intestinal 

epithelial cell proliferation (Xu et al., 1996).  Similar work in rats resulted in enhanced GI 

tract growth, increased brain and liver weights, and increased overall weight gain in rat 

pups supplemented with a rat milk substitute plus IGF-I versus rat pups supplemented 

with a rat milk substitute lacking IGF-I (Philips et al., 1997).   

The endocrine profile and values of IGF-1 concentrations in foal blood exhibited 

during the two months post-partum is in agreement with other work conducted in horses 

(Hess-Dudan et al.,1994; Cymbaluk and Laarveld, 1996).  It is likely that the rapid 

increase of IGF-1 concentrations seen during the foals’ first two weeks of life, are 

associated with rapid growth occurring during that time as has been demonstrated in 

other species (Dunshea et al., 2002; Nosbush et al., 1996).  Plasma concentrations of 

IGF-I have been reported to decrease gradually as foals age from two to ten months 

(Thomas et al., 1996) and upon stabilization have been used as an indicator for the end of 

puberty in Thoroughbred horses (Fortier et al., 2005).   

Cymbaluk and Laarveld (1996) reported lower serum IGF-1 concentrations that 

persisted until 1 year of age in foals fed milk replacer compared to wholly mare-nursed 

foals, demonstrating that pre-weaning nutrition affected the metabolic programming of 

IGF-1 in foals.  Foals fed milk replacer did receive maternal colostrum but were removed 
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from their dams by 24 h post-partum and fed milk replacer until weaning at 

approximately two months of age.  Additionally, foals in the mare-nursed group gained 

more rapidly and had greater serum IGF-1 concentrations than milk-replacer foals in the 

first two weeks post-partum.  The difference in gain seen between the two groups may be 

partially attributed to the stress of early weaning in milk-replacer foals as the weight 

difference was negligible by one year of age.   

 

Implications 

Recognizing changes in hormones surrounding the time of parturition in the mare 

and foal provides a basis for further determination of the role hormones may play in the 

milk, as well as in the neonate.  It is apparent in a number of species, including equine, 

that gestation and lactation can profoundly affect the metabolic programming in 

neonates; therefore in order for us to elucidate the intricate endocrine patterns 

surrounding the peri-parturient period, we must continue to identify additional hormones 

present in equine colostrum and milk and work to reveal their function in the neonate.  

Improved understanding of endocrine profiles during the peri-parturient period in equine 

may assist in determining which horses are predisposed to metabolic disruptions later in 

life.   
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Table 1.  Composition of concentrate fed to mares and foals at 1% BW daily 

Item % as-fed basis
Ingredient 
  Cracked corn  

  
  37.40 

  Whole oats   40.90 
  Soybean meal     9.00 
  Wheat bran     5.00 
  Trace mineral salt     0.50 
  Dicalcium phosphate     0.70 
  Limestone     0.70 
  Vitamin A/D/E premixa     0.80 
  Molasses     5.00 
  Total 100.00 
Analyzed composition  
  Moisture, %   12.24 
  Fat, %     3.93 
  CP, %   13.44 
  Ca, %     0.61 
  P, %     0.56 
 

aVitamin premix provided per kilogram of grain concentrate:  vitamin A, 5,000 IU; 

vitamin D3, 408 IU; vitamin E, 132 IU. 
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Figure 6.  Mean concentrations of leptin in mare blood serum, mare milk serum and foal 

blood serum over time.  There was a significant day effect for leptin in mare blood (P < 

0.001) and milk (P < 0.001, but not foal blood (P = 0.54).  The inset within the panel 

provides details of d -14 to 5 on an expanded scale.   
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Figure 7.  Mean concentrations of IGF-1 in mare blood serum and milk serum and foal 

blood serum over time.  There was a significant day effect for IGF-1 in milk (P = 0.02) 

and foal blood (P < 0.001), but not mare blood (P = 0.07).  The inset within the panel 

provides details of d -14 to 5 on an expanded scale.   
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Figure 8.  Mean concentrations of TSH in mare blood and milk serum and foal blood 

serum over time.  There was a significant day effect for TSH in milk (P = 0.02), but not 

in mare blood (P = 0.15) or foal blood (P = 0.10).  The inset within the panel provides 

details of d -14 to 5 on an expanded scale.   

 

Days relative to parturition

-15 -10 -5 0 5 10 15 20 25 30 35 40 45 50 55 60 65

TS
H

 (n
g/

m
L)

0

1

2

3

4

5

6

7

8

16

20

Mare blood serum TSH 
Milk serum TSH 
Foal blood serum TSH 

-14 -7 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

1

2

3

4

5

6

7

8

16

20

 

 54



 

Figure 9.  Estimate of mean ultrasonic fat depth (cm) immediately cranial to and parallel 

with the last rib on the left side of foals over time.  Fat depth increased as the age of foals 

increased (P = 0.03) 
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Figure 10.  Estimate of mean ultrasonic muscle area (cm2) of the longissimus dorsi 

muscle immediately cranial to and parallel with the last rib on the left side of foals over 

time.  Muscle area increased as the age of foals increased (P < 0.001). 
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CHAPTER IV  

 

EFFECTS OF SPIRONOLACTONE ON ALDOSTERONE, CORTISOL, AND 

LEPTIN IN FAT PONY MARES 

 

ABSTRACT:  Recent investigations have yielded evidence of a direct link between 

adipocytes and adrenocorticoid secretion in the pathology of obesity-related maladies.  

The objective of this study was to examine the effects of short-term administration of 

spironolactone (a mineralocorticoid receptor antagonist) on serum concentrations of 

aldosterone, cortisol, and leptin in overweight pony mares.  Twelve pony mares ranging 

in age from 8 to 18 yr were blocked by BW and ovarian status [intact (I) or 

ovariectomized (O)], then randomly assigned to receive 1 mg/kg dose of spironolactone 

(SPR; Mutual Pharmaceutical Co., Inc; n = 6 [ I = 4, O = 2]) or no spironolactone (CON; 

n = 6 [ I = 3; O = 3]) daily for 7 d.  Ponies were removed from their pasture two days 

prior the start of the study and maintained in 3.6 x 3.6 m stalls where ponies had visual 

contact with one another throughout the trial.  Ponies had access to fresh water and TM 

salt blocks and were fed mixed grass hay at 2% of their BW daily that was split into two 

equal feedings at 0900 and 2000.  Spironolactone tablets were crushed, mixed with 30 

mL of syrup, and administered orally to each pony in the SPR group daily at 0800.  The 

CON ponies each received 30 mL of syrup as a placebo daily at 0800.  Orts were 

collected at 0830 daily.  Blood was collected via jugular venipuncture three times daily 

(0700, 1300, and 1900) for later analysis of serum cortisol, aldosterone, and leptin.  Data 

were analyzed with a repeated measures design using PROC MIXED of SAS.  All ponies 
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lost BW (P < 0.001) regardless of treatment or ovarian status.  There were no differences 

between treatment groups for feed intake (P = 0.87), leptin (P = 0.47), or cortisol (P = 

0.93).  Serum concentrations of cortisol changed over time (P < 0.001), while serum 

concentrations of leptin only tended to change over time (P = 0.07) for both SPR and 

CON ponies.  Serum concentrations of aldosterone tended (time × treatment interaction; 

P = 0.105) to be greater in SPR than CON ponies over time.  The relationship between 

leptin and adrenocorticoids in overweight equine is presently unclear.  Further 

characterization and elucidation of the roles these hormones play in obesity and related 

maladies will improve our understanding and management of these disorders. 

 

Key Words:  Aldosterone, Cortisol, Leptin, Pony 

 

Introduction 

The condition of being overweight or obese is typically accompanied by 

hypertension in humans (Rossing et al., 2005; Saha et al., 2005), rats (Liu et al., 2000), 

and dogs (de Paula et al., 2004).  Consequently, an association between adipocytes and 

adrenal activity has long been suspected in the pathology of obesity-related maladies.  

Recently, human adipocytes have been suspected of producing secretagogues that 

stimulate adrenal secretion of corticoids; and in particular, secretion of 

mineralocorticoids (Davy and Hall, 2004).  Mineralocorticoids, specifically aldosterone, 

function to promote sodium and water resorption, resulting in increased blood volume 

and blood pressure.  In 2003, Ehrhart-Bornstein et al., presented irrefutable evidence that 

adipocytes produced secretagogues that stimulated adrenal secretion of 
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mineralocorticoids.  As such, mineralocorticoid receptor antagonists have also been 

reported to exhibit some attenuation of hypertension. 

Increased adiposity is also associated with increased circulating concentrations of 

leptin in humans (Margetic, et al., 2002) and horses (Buff et al., 2002; Gentry et al., 

2002).  In addition to leptin’s role as a regulator of appetite and energy balance, leptin has 

been reported to activate the sympathetic nervous system and more recently implicated in 

obesity-related hypertension in humans (Haynes, 2005; Tanida et al., 2006).   

The condition of elevated blood pressure in obese and chronically laminitic 

ponies was reported by Johnson (2002).  His indirect diagnosis of elevated blood pressure 

however was based on the pathology of left ventricular hypertrophy (LVH) of the heart 

muscle (Rugh et al., 1987).  In reality, the condition and physiology associated with a 

hypertensive state in equine has yet to be identified.   

Our objective was to characterize the endocrine association between obesity and 

adrenal function, and determine the short-term effects of spironolactone (a 

mineralocorticoid receptor antagonist) on serum concentrations of aldosterone, cortisol, 

and leptin in overweight pony mares.   

 

Materials and Methods 

Experimental Design and Treatments.  Twelve pony mares ranging in age from 8 

to 18 yr were blocked by BW and ovarian status [intact (I) or ovariectomized (O)], then 

randomly assigned to receive 1 mg/kg BW of spironolactone (SPR; Mutual 

Pharmaceutical Co., Inc; n = 6 [ I = 4, O = 2]) or no spironolactone (CON; n = 6 [ I = 3; 

O = 3]) daily for 7 d.  The dose of spironolactone chosen was based on a previous study 
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in ponies (Alexander, 1982) that reported a significant increase in urinary sodium 

excretion with a single 1 mg/kg dose of spironolactone administered via nasogastric tube.  

Spironolactone pills were crushed, mixed with 30 mL of syrup, and administered orally 

to each pony in the SPR group daily at 0800.  The CON ponies each received 30 mL of 

syrup as a placebo daily at 0800.  Ponies readily consumed both the SPR and CON syrup.  

The research protocol was approved by the University of Missouri Animal Care and Use 

Committee prior to initiation of the study. 

Management of Animals.  Ponies were transported from their pasture of tall fescue 

and orchardgrass two days prior to the start of the study and maintained in 3.6 x 3.6 m 

stalls where ponies had visual and physical (able to touch noses) contact with one another 

for the duration of the 7 d trial.  A two day acclimation interval was judged to be 

adequate because these ponies had been housed in the same facilities numerous times and 

other studies have provided evidence that peripheral concentrations of cortisol return to 

baseline within 1 d of transport (Stull and Rodiek, 2000).  Ponies had access to fresh 

water and TM salt blocks throughout the study and were fed mixed grass hay at 2% of 

their BW daily that was split into two equal feedings at 0900 and 2000.  Orts were 

collected and weighed daily at 0830.  Ponies were weighed on d -1 and 8.  Ponies were 

vaccinated against tetanus and Eastern and Western encephalitis, and dewormed with 

alternating anthelmintic products (February with febendazole, May with ivermectin, 

August with praziquantel, and November with moxidectin) according to the University of 

Missouri’s standard operating procedures for the pony herd. 

Measurements and Sample Collection.  Blood was collected via jugular 

venipuncture three times daily (0700, 1300, and 1900) into Vaccutainer (Becton 
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Dickinson, Franklin Lakes, NJ) tubes with no additive.  Samples were allowed to clot for 

1 h at room temperature and were stored at 4°C for 4-12 h where they were later 

centrifuged at 3,000 × g for 20 minutes at 4°C for serum separation.  Serum was collected 

and stored at – 20°C for later analysis of leptin, cortisol, and aldosterone.  

Radioimmunoassay.  Serum concentrations of leptin were measured in triplicate 

and were quantified using the double-antibody leptin radioimmunoassay procedures 

described by Delavaud et al. (2000) with one modification consisting of the substitution 

of the reported primary antiserum with a different rabbit anti-ovine leptin primary 

antiserum (number 7105).  Briefly, standard concentrations of recombinant ovine leptin 

(Gertler et al., 1998; 0.1, 0.2, 0.3, 0.5, 0.8, 1.2, 2.0, 3.5, 5.0, and 7.5 ng in 300 µL/tube) 

and increasing volumes of serum (25, 40, 60, 100, 175, 250, and 300 µL) from a pool of 

serum collected from a fat mare were added to assay tubes in triplicate and the total 

volume balanced to 300 µL per tube with buffer consisting of 0.1% gelatin, 0.01 M 

EDTA, 0.9% NaCl, 0.01 M PO4, 0.01% sodium azide, 0.05%Tween-20, pH = 7.1 

(PABET).  Likewise, 200 µL of the serum samples to be quantified were added to assay 

tubes in triplicate and volume balanced to 300 µL per tube with PABET.  Immediately 

thereafter, 100 µL of rabbit anti-ovine leptin primary antiserum (7105; final tube dilution 

of 1:15,000 in PABET) was added and samples and standards incubated at 4°C for 24 h.  

After the initial incubation, 100 µL of 125I-ovine leptin (20,000 c.p.m.) were added to 

each tube and incubation continued for an additional 24 h at 4°C.  The antigen-antibody 

complex was then precipitated following a 15 min, 22°C incubation with 100 µL of a 

precipitated sheep-anti-rabbit second antiserum by centrifugation at 2,000 × g for 30 min, 

and the supernatant removed by aspiration.  Assay tubes containing the pellets were 
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counted for 1 min on a LKB1277 gamma counter (LKB Wallac, Turku, Finland). 

 Standards and pooled aliquots of serum from a single source of fat-mare serum 

were linear (log/logit transformation; R2 > 0.96) and parallel over a mass of 0.1 to 7.5 

ng/tube and a serum volume of 25 to 300 µL, respectively.  Total specific binding was 43 

% , the minimum detectable concentration was 0.1 ng/tube, percentage recovery of mass 

was > 98% across the range of 25 to 300µL of sample and the inter- and intra-assay CV 

were < 10%.   

Serum concentrations of cortisol were measured in duplicate using a commercial 

RIA kit previously validated for use on horse serum in our laboratory (Coated Tube RIA, 

Diagnostic Systems Laboratories, Webster, TX).  Standards and pooled aliquots of serum 

from a single source of fat-mare serum were linear (log/logit transformation; R2 > 0.98) 

and parallel over a mass of 5 to 600 ng/tube and a serum volume of 25 to 125 µL, 

respectively.  Sensitivity of the cortisol assay was 5 ng/mL and the intra- and inter-assay 

CV was < 10%.  No cross reactivity with aldosterone was reported by the manufacturers 

of this assay.   

Serum aldosterone concentrations were measured in duplicate using a commercial 

RIA kit previously validated for use on horse serum in our laboratory (Coated Tube RIA, 

Diagnostic Systems Laboratories, Webster, TX).  Standards and pooled aliquots of serum 

from a single source of fat-mare serum were linear (log/logit transformation; R2 > 0.92) 

and parallel over a mass 25 to 1600 pg/tube and a serum volume of 50 to 400 µL, 

respectively.  Sensitivity of the aldosterone assay was 25 pg/mL and the intra- and inter-

assay CV was < 10%.  No detectable cross-reactivity was reported with cortisol or 

spironolactone by the manufacturers of this assay. 
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Statistical Analysis.  Data were analyzed with a repeated measures design using 

PROC MIXED of SAS (SAS Institute, Cary, NC).  The model included the fixed effects 

of ovarian status, time, and treatment and all interactions of the previous variables on 

feed intake and serum concentrations of leptin, aldosterone, cortisol, and BW.  Initial 

individual BW was used as a covariate because differences existed between I and O 

mares before treatment began.  The variable of time was used in the repeated statement, 

and the error term used was animal within treatment × ovarian status.  Least squares 

means were generated for ovarian status, time, treatment, and all interactions.  No 

differences between I and O ponies were found in feed intake, leptin, cortisol, or 

aldosterone concentrations; therefore these data were pooled and analyzed using PROC 

MIXED of SAS.  The model included time, treatment, and time × treatment.  Least 

square means were generated for time, treatment, and time × treatment.  All data are 

presented as means ± SEM.   

 

Results 

 All ponies lost BW (P < 0.001) regardless of treatment or ovarian status.  No 

differences were found between I and O ponies in feed intake (P = 0.32), serum leptin (P 

= 0.23), cortisol (P = 0.43), or aldosterone (P = 0.63), therefore these data were pooled 

and analyzed as described in Materials and Methods.  When the data were pooled, there 

were no differences between treatment groups for feed intake (P = 0.87), leptin (P = 

0.47) or cortisol (P = 0.93).  Serum concentrations of cortisol changed over time (Figure 

11; P < 0.001), and serum concentrations of leptin tended to change over time (Figure 12; 

P = 0.07).  There was a trend among serum concentrations of aldosterone for a time × 
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treatment interaction (Figure 13; P = 0.105) such that serum aldosterone was greater in 

SPR than CON ponies over time.   

 

Discussion 

This study was designed to investigate the relationship between leptin and 

adrenocorticoids (cortisol and aldosterone) in equine and in response to administration of 

the mineralocorticoid receptor antagonist spironolactone.  Spironolactone competitively 

binds and displaces aldosterone at the MR at the sodium-potassium exchange sites in the 

distal convoluted tubule of the kidneys, causing increased water and sodium secretion 

while retaining potassium and magnesium ions.  Chronically elevated aldosterone 

concentrations in the blood are often associated with obesity, and are thought to play a 

major role in obesity-induced hypertension (Pausova, 2006; de Paula et al., 2004).  An in 

vitro study by Ehrhart-Bornstein et al. (2003) demonstrated that human adipocytes 

secrete potent mineralocorticoid releasing factors, suggesting a direct link between 

obesity and hypertension.  Pausova (2006) suggested that activation of the sympathetic 

nervous system by leptin (which is elevated in obesity) may augment the effects of 

aldosterone on peripheral vasoconstriction and enhance reabsorption of renal sodium and 

water, thus elevating blood pressure.  A hypertensive state in equine as measured by LVH 

has previously been reported in horses affected with chronic laminitis (Rugh et al., 1987) 

who are often obese (Johnson, 2002); however endocrine profiles associated with 

hypertension in equine have yet to be identified.   

Chronic hyperleptinemia associated with obesity and a high fat diet has been 

shown to elevate blood pressure in rodents (Tanida et al., 2006) likely due to peripheral 
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vasoconstriction and increased sodium and water retention (Pausova, 2006).  It has been 

reported that blood concentrations of leptin are positively correlated with BCS (Buff et 

al., 2002) and fat mass in horses (Kearns et al., 2005), as well as BMI in humans (Hall et 

al., 2000).  Notwithstanding these associations, we found no difference between CON 

and SPR ponies in serum concentrations of leptin in the present study.  Haluzik et al. 

(2002) compared serum concentrations of leptin and insulin sensitivity in eleven patients 

with primary hyperaldosteronism (PA) to eleven healthy, age-, gender-, and body mass 

index (BMI)-matched individuals.  They reported impaired insulin sensitivity in PA 

individuals before surgical or pharmacological (spironolactone) treatment, and no 

differences in leptin concentrations between healthy and PA individuals.  However, after 

at least six mo of treatment, insulin sensitivity improved significantly and leptin 

concentrations increased in individuals treated for PA with no significant change in BMI, 

which was not expected.  Since hyperleptinemia often accompanies insulin resistance, not 

improved insulin sensitivity, no explanation could be offered for this rise in leptin based 

on the Haluzik et al. (2002) study.  The authors speculated though that chronic elevation 

of aldosterone and/or decreased concentration of renin may somehow affect leptin 

synthesis.  Additionally, it was suggested that reduced concentrations of leptin among 

patients with elevated aldosterone concentrations may have been a compensatory 

mechanism to regulate hypertension (Haluzik et al., 2002).   

We saw no changes in serum concentrations of cortisol between CON and SPR 

mares which was unexpected based on human reports.  Young et al. (1998) reported that 

one single 400 mg dose of spironolactone administered to healthy adult men caused a 

transient rise in blood cortisol concentrations compared to placebo treatment.  
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Glucocorticoids have a high affinity for the MR, which become saturated by low 

concentrations of glucocorticoids (Spencer et al., 1990; Spencer et al., 1993; Young et al., 

1998).  The transient rise in cortisol reported in human studies may be explained by 

spironolactone’s occupation of the MR, preventing binding of glucocorticoids to those 

receptors, causing a temporary increase in circulating glucocorticoid concentrations.  Our 

inability to resolve a difference in serum concentrations of cortisol may have been due to 

an inadequate sampling frequency, compared to the human study by Young et al. (1998) 

where samples were collected every 30 min for 6 h.  Additionally, there may be species 

differences in the glucocorticoid response to spironolactone.   

The cortisol response may also have been altered as a result of the jugular 

venipuncture three times per day.  We observed that while some of the ponies were less 

reactive to venipuncture with time, other ponies were more responsive to venipuncture.  

Thus our sampling method may have unexpectedly skewed or obscured the cortisol 

response in some ponies.   

The tendency of aldosterone to be increased over time in SPR compared to CON 

groups is in agreement with the literature (Ménard, 2004; Garthwaite and McMahon, 

2003).  The antagonistic action of spironolactone at the MR in the distal convoluted 

tubules of the kidneys both displaces and prevents binding of aldosterone at these sites, 

disrupting the negative feedback loop.  Because of occupation by spironolactone, the MR 

do not respond to the circulating aldosterone, which stimulates renin secretion, ultimately 

leading to increased aldosterone synthesis and release from the adrenal cortex 

(Garthwaite and McMahon, 2003).  Chronic elevated circulating aldosterone 

concentrations in response to spironolactone treatment are unlikely to cause the negative 
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consequences associated with elevated aldosterone concentrations due to pathology or 

obesity because the MR are occupied by spironolactone and are therefore unable to be 

activated by aldosterone (Garthwaite and McMahon, 2003).  Alexander (1982) 

administered spironolactone to equine to examine its effects on electrolyte excretion in 

ponies.  A 1 mg/kg BW dose of spironolactone resulted in a significant increase in 

urinary sodium excretion which was augmented by an additional dose 24 h later, 

presumably as a result of spironolactone’s antagonistic effect at the MR on aldosterone 

action.  The authors did not measure peripheral concentrations of aldosterone in their 

study.   

Clarke et al. (1988) investigated the effects of meal frequency and size on the 

rennin-angiotensin-aldosterone system (RAAS) in horses.  These investigators found that 

a single large meal caused significant changes in the RAAS of horses that were not 

exhibited when horses were fed six equal meals at 4-h intervals throughout the day.  

Since horses are designed to eat small, frequent meals throughout the day, not one or two 

large meals as is the current industry practice, the consequences of this management 

strategy may warrant further investigation (Clarke et al., 1988).   

 It is well-documented in the human population that increased weight gain is 

associated with increased blood pressure, although great individual variation exists (Davy 

and Hall, 2004).  Activation of the sympathetic nervous system and the rennin-

angiotensin-aldosterone system (RAAS) are likely the primary influences in this 

condition (Rahmouni et al., 2005; Hall, 2000) as it has been reported that all components 

of the RAAS are augmented in obese compared to lean individuals (Pausova, 2006). 

Although we did not measure blood pressure in our study, indirect measures of blood 
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pressure may be taken in equine by using an occlusion cuff over the coccygeal artery and 

measuring pressure by oscillometric methods (Magdesian, 2004).  No published work 

could be found investigating whether weight loss in obese equine parallel attenuation of 

blood pressure.  It has been reported that weight loss in humans is accompanied by 

lowered blood pressure, and thus a decrease of its ill-effects (Davy and Hall, 2004; 

Rahmouni et al., 2005); therefore it seems an investigation of this phenomenon in equine 

would be worth pursing. 

 

Implications 

The relationship between leptin and adrenocorticoids in overweight equine is 

presently unclear.  In addition, the implication of a hypertensive state in equine remains 

unknown and warrants further investigation.  Further characterization and elucidation of 

the roles that adipokines and adrenocorticoids play in equine hypertension, as it relates to 

obesity, insulin resistance, and laminitis in the horse deserve additional investigations.   

 

 68



 

Figure 11.  Serum concentrations of cortisol in control (CON; ●,n = 6) vs. spironolactone 

(SPR; ○,n = 6) treated pony mares over time.  The numbers on the x-axis indicate the 

sample day and the letters a, b, and c represent sampling times of 0700, 1300, and 1900 

within each day, respectively.  Serum concentrations of cortisol changed over time (P < 

0.001); however no differences (P = 0.93) were seen between treatments.   
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 Figure 12.  Serum concentrations of leptin in control (CON;▲, n = 6) vs. spironolactone 

(SPR; ∆, n = 6) treated pony mares over time.  The numbers on the x-axis indicate the 

sample day and the letters a, b, and c represent sampling times of 0700, 1300, and 1900 

within each day, respectively.  Serum concentrations of leptin tended to change over time 

(P = 0.07); but did not differ (P = 0.47) with respect to treatment.   
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Figure 13.  Serum concentrations of aldosterone in control (CON; ■, n = 6) vs. 

spironolactone (SPR;□, n = 6) treated pony mares over time.  The numbers on the x-axis 

indicate the sample day and the letters a, b, and c represent sampling times of 0700, 1300, 

and 1900 within each day, respectively.  Serum concentrations of aldosterone tended to 

differ according to a time × treatment interaction (P = 0.105), and serum concentrations 

of aldosterone were greater in SPR than CON ponies over time.   
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CHAPTER V 

 

BIOAVAILABILITY OF LIPOIC ACID IN EQUINE 

 

ABSTRACT:  Lipoic acid is a small molecule that is rapidly absorbed by the 

gastrointestinal tract and metabolized by a variety of tissues.  Lipoic acid is also a 

cofactor in a number of multi-enzyme complexes and supplementation with lipoic acid 

has been shown to improve insulin effectiveness and glucose disposal.  No evidence 

could be found in the literature to establish the absorption rate of lipoic acid into equine 

blood after oral dosing.  Therefore the objective of this trial was to determine whether 

lipoic acid was absorbed into equine blood after oral administration and if so, the 

associated pharmacokinetics.  Three pony mares were fitted with indwelling jugular 

catheters 3 d prior to initiation of the lipoic acid bioavailability trial.  A baseline sample 

was taken at time 0 h, and then a 10 mg/kg BW dose of lipoic acid was mixed with 30 

mL of syrup and administered orally to each animal.  Subsequent blood samples were 

taken at 0.02, 0.08, 0.50, 1, 2, 4, 6, 8, 10, 12, and 24 h after LA administration.  Serum 

was harvested and stored at – 80°C for later HPLC analysis.  Our observations were that 

oral dosing of lipoic acid rapidly resulted in elevated serum concentrations of lipoic acid, 

peaking at 30 min post-dosing and returning to baseline concentrations by 6 h post-

dosing.  We conclude that oral administration of lipoic acid to equine is an effective 

method of lipoic acid supplementation.   

 

Introduction 
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It has been reported that oral dosing of rats with lipoic acid resulted in rapid 

absorption by the gastrointestinal tract, metabolism by various tissues including the liver, 

skeletal muscle, and heart, and then excretion (Bustamante et al., 1998).  The small 

molecular size of lipoic acid (approximately 43 kD; Yasuno and Wada, 1998) likely 

facilitates its rapid absorption into biological membranes.   

No evidence could be found in the literature to establish the bioavailability of 

orally administered lipoic acid to equine.  Therefore, the purpose of this trial was to 

determine whether orally administered lipoic acid would be absorbed by the equine gut 

and the pharmacodynamics of lipoic acid in the blood. 

  

Materials and Methods 

Three pony mares were fitted with indwelling jugular catheters (Extended Use 

MILACATH®, Florence, KY) 3 d prior to study.  A baseline sample was taken at time 0 

h, and then a 10 mg/kg BW dose of lipoic acid was mixed with 30 mL of syrup and 

administered orally to each animal.  The mixture was readily consumed by all ponies.  

Subsequent blood samples were taken at 0.02, 0.08, 0.50, 1, 2, 4, 6, 8, 10, 12, and 24 h 

after lipoic acid dosing.  Blood samples were collected into Monoject tubes with no 

additive (Tyco Healthcare Group, Mansfield, MA) and allowed to clot for 1 h at room 

temperature.  Blood samples were then centrifuged at 3,000 × g for 20 minutes at 4°C.  

Serum was harvested and stored at – 80°C for later high-performance liquid 

chromatography (HPLC) analysis.   

Samples were briefly thawed and 250 µl of serum was placed into 1.5 ml 

microtube.  A 0 h reference sample was created to establish recovery rates, by adding 100 
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µl of 1 ppm lipoic acid standard to 500 µl of diluted alcalase buffer.  After vortexing, 

samples were incubated in a 37°C water bath for 30 min.  After incubation, 1 ml of 

distilled water and 1 ml of trichloroacetic acid were added and tubes and vortexed.  The 

samples were then slowly loaded on a pre-conditioned Baker SPE phenyl column and 

washed with 1 to 2 mL of distilled water.  Lipoic acid was eluted with 4 mL of methanol 

washed through the column.  The samples were then reconstituted in 1 mL HPLC grade 

methanol:water (80:20) mixture, vortexed, and rested for 30 minutes until analysis.  

Cloudy samples were transferred to microtubes and centrifuged at 13,000 × g for 5 min 

and then transferred to HPLC vials for analysis.   

 

Results 

 Concentrations of lipoic acid increased 3,000 times baseline concentrations by 30 

min post-dosing and rapidly decreased as well, declining to 800 times baseline 

concentrations by 2 h post-dosing, and returning to baseline concentrations by 6 h post-

dosing (Figure 2).   

 

Discussion 

 This trial establishes that lipoic acid is rapidly absorbed into equine blood after 

oral dosing, similar to findings in other species.  Bustamante et al. (1998) reported 

maximum urinary excretion of lipoic acid 3 to 6 h after administration to rats, supporting 

the idea that lipoic acid is rapidly absorbed and metabolized by biological membranes.  

Schmidt (2004) reported a 6,000-fold increase in blood serum concentrations of lipoic 

acid 3 h after oral dosing of lipoic acid in sheep, compared to only an 80-fold increase 
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when lipoic acid was placed directly into the rumen of cannulated steers.  Schmidt and 

coworkers (2004) speculated that due to lipoic acid’s small size, oral dosing resulted in a 

much more rapid increase in blood levels of lipoic acid due to absorption of lipoic acid in 

the mouth and esophagus of orally dosed animals, as opposed to rumen absorption.  We 

concluded that oral dosing equine with lipoic acid is an effective method of lipoic acid 

supplementation.   
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Figure 14.  Serum concentrations of lipoic acid in the blood of pony mares following oral 

administration of 10 mg/kg lipoic acid at the time 0 blood sample.   
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CHAPTER VI 

 
 

EFFECTS OF LIPOIC ACID SUPPLEMENTATION ON GLUCOSE, INSULIN, 

AND LEPTIN CONCENTRATIONS IN PONY MARES 

 

ABSTRACT:  Equine obesity is a growing industry concern often associated with 

insulin resistance.  Dietary supplements containing lipoic acid have been found to 

improve the effectiveness of insulin and glucose disposal for a number of species.  The 

primary objective of this study was to determine whether daily dietary supplementation 

of 10 mg/kg lipoic acid for 14 d to fat pony mares would improve insulin effectiveness 

and glucose disposal as measured by an i.v. glucose tolerance test (IVGTT).  In 

Experiment 1, eleven pony mares were blocked by BCS and ovarian status (ovary intact 

= I or ovariectomized = O) and randomly assigned to receive saline (SAL) or insulin 

(INS) during a IVGTT on d 0.  In Experiment 2, the same pony mares were again 

blocked by BCS and ovarian status and randomly assigned to receive 10 mg/kg lipoic 

acid daily (LA; n = 6 [ I = 4, O = 2]) or control (CON; n = 5 [ I = 3, O = 2]) treatment for 

14 d.  An IVGTT was performed on d 14 of the trial period.  The IVGTT consisted of 

baseline blood samples collected one hour (-1) preceding initiation of the IVGTT on d 0 

and 14 and immediately prior to administration of the glucose bolus (d 0 and d 14; 50% 

dextrose solution, Fort Dodge Animal Health, Fort Dodge, IA) administered at the rate of 

0.3 g/kg of BW.  In Experiment 1, an insulin bolus of 0.030 U/kg was injected through 

the jugular catheter 20 min after glucose dosing of INS ponies while an equal dose of 

saline was administered to SAL ponies.  In Experiment 2, an insulin bolus of 0.030 U/kg 
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was injected through the jugular catheter 20 min after glucose dosing to the both CON 

and LA ponies.  Blood samples were collected at 3, 6, 9, 12, 15, 18, 22, 25, 28, 31, 35, 

40, 45, 50, 55, 60, 70, 80, 90, 100, 120, 150, and 180 min following glucose 

administration.  Additional blood samples were obtained twice daily from LA and CON 

ponies on d 1 through 14 for leptin analysis.  In Experiment 1, there was a trend (P = 

0.099) for mean concentrations of glucose to be lower in the INS than in the SAL group, 

however no differences were found in mean serum concentrations of insulin (P = 0.16) or 

leptin (P = 0.65) during the d 0 IVGTT.  In Experiment 2, there was a trend (P = 0.06) 

for mean serum concentrations of insulin to be lower in the LA ponies compared to CON; 

however no differences were found in mean serum concentrations of glucose (P = 0.61) 

or leptin (P = 0.81) between treatments during the d 14  IVGTT.  No differences (P = 

0.80) were found between treatment groups for mean serum concentrations of leptin over 

the 14 d sampling period.  All ponies lost BW (P = 0.002) and BCS (P = 0.02) regardless 

of treatment or ovarian status.  These data provide evidence that lipoic acid 

supplementation to ponies for 14 d may improve insulin effectiveness, suggesting that 

further work to  investigate the potential of lipoic acid as an insulin sensitizing agent in 

equine is worth pursuing.   

 

Key Words:  Lipoic acid, Equine, Glucose, Insulin, Leptin 

 

Introduction 

Both insulin and leptin are recognized as biological regulators of energy balance 

(Schwartz et al., 2000).  The primary role of insulin is glucose homeostasis and it is an 
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acute indicator of energy status (Benoit et al., 2006).  Leptin is an adipocyte-derived 

protein hormone that plays an important role in appetite regulation (Schwartz et al., 2000) 

and is a relatively stable indicator of body fat in animals (Benoit et al., 2006).  It has been 

demonstrated that obese equine often have elevated concentrations of both leptin (Buff et 

al., 2002; Gentry et al. 2002; Kearns et al., 2005) and insulin (Jeffcott et al., 1986), 

however the exact relationship between the two hormones is yet to be defined.   

Lipoic acid is a naturally occurring eight carbon compound synthesized by 

animals and plants (Carreau et al, 1975), although the complete pathway for its de novo 

synthesis is yet to be elucidated.  Endogenously produced lipoic acid travels bound to 

lysine by an amide linkage forming a lipoyl group that is a component of the 

mitochondrial pyruvate dehydrogenase and the α-ketoglutarate dehydrogenase complexes 

which are involved in energy metabolism (Biewenga et al., 1997).  Although two isomers 

(R-LA and S-LA) of lipoic acid may be synthetically produced and supplemented, only 

R-LA is synthesized in the natural state and is more biologically active than S-LA 

(Biewenga et al., 1997).   

Lipoic acid supplementation has been found to improve glucose utilization and 

insulin action in humans, rodents, and chickens.  Saengsirisuwan et al. (2001) found that 

supplementation of R-LA to obese Zucker rats increased glucose transport into isolated 

skeletal muscle as assessed by in vitro rates of 2-deoxyglucose uptake into muscle.  

Hamano (2006) reported improved whole body glucose disposal in broiler chickens 

supplemented daily with 200 mg/kg lipoic acid as estimated by hyperglycemic-

euglycemic clamp technique.  In addition, lipoic acid supplementation has been reported 

to improve insulin effectiveness as evidenced by increased expression of insulin receptor 

 79



 

substrate-1 (IRS-1) signaling in skeletal muscle (Saengsirisuwan et al., 2004; Henriksen, 

2006), a primary site for glucose uptake and storage.   

The objectives of this study were to determine whether lipoic acid 

supplementation to pony mares for 14 d: 1) improved glucose uptake and insulin 

effectiveness (as measured by a modified frequent sampled i.v. glucose tolerance test) 

and (or) 2) altered serum concentrations of leptin. 

  

Materials and Methods 

Animal Management and Blood Collection for Experiments 1 and 2.  Eleven pony 

mares between 8 and 18 years of age with an initial average BW of 252.5 ± 18.3 kg were 

used for this trial.  Two days prior to the initiation of Experiment 1, ponies were removed 

from a dry lot and placed in 3.6 x 3.6 m2 stalls.  While on test, ponies continued to be fed 

mixed grass hay (Table 2) from the same source and load as had been fed while in the dry 

lot.  Ponies were maintained in the 3.6 x 3.6 m2 stalls for the duration of both studies and 

fed mixed grass hay at 2% of BW daily split into two equal feedings.  The morning hay 

was fed at 0830 and evening hay at 2030.  Ponies had ad libitum access to fresh water 

and TM salt blocks throughout the study.  All ponies were vaccinated against tetanus and 

Eastern and Western encephalitis and dewormed with alternating anthelmintic products 

(February with febendazole, May with ivermectin, August with praziquantel/ivermectin 

combination, and November with moxidectin) according to University of Missouri’s 

standard operating procedures.   

Experiment 1.  Ponies were weighed and assigned a BCS prior to the initiation of 

Experiment 1 (d 0).  Body condition scoring was performed by the same individual 
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throughout the trial period using a 1 to 9 scale according to Henneke et al. (1983).  Ponies 

were blocked by BCS and ovarian status [intact (I) or ovariectomized (O)], and randomly 

received a 0.030 U/kg (INS; n = 6 [ I = 4, O = 2]) insulin bolus or an equivalent volume 

of saline (SAL; n = 5 [ I = 3, O = 2]) during a modified frequent sampled i.v. glucose 

tolerance test (IVGTT) on d 0.   

Experiment 2.  Ponies were again blocked by BCS and ovarian status [intact (I) or 

ovariectomized (O)], then randomly assigned to receive either 10 mg/kg BW of racemic 

(50:50 mixture of R- and S-isomer) lipoic acid (LA; MTC Industries, New York, NY; n 

= 6 [ I = 4, O = 2]) on d 1 through 14 or no lipoic acid (CON; n = 5 [ I = 3, O = 2]).  The 

dose of lipoic acid chosen was based on a previous study (Williams et al., 2002) that 

reported reduced oxidative stress in horses orally supplemented with 10 mg/kg lipoic acid 

for 14 d.  The lipoic acid was mixed with 30 mL of generic brand maple syrup and 

administered orally to each pony in the LA group at 0800 while each CON pony received 

30 mL of syrup daily as a placebo at 0800.  Both CON and LA ponies readily consumed 

the treatment dose.  Blood samples were collected daily at 0700 and 1900 on d 1 through 

13 and once at 0700 on d 14 for subsequent leptin analysis.  Ponies were weighed and 

assigned a BCS prior to administration of a IVGTT on d 14.   

Modified IVGTT for Experiments 1 and 2.  Modified IVGTT were administered 

on d 0 and 14.  Ponies were fitted with extended use indwelling jugular catheters 

(Extended Use MILACATH®, Florence, KY) the morning of the IVGTT on d 0.  Each 

pony had a minimum of two hours from the time of catheterization to initiation of the 

IVGTT at 1430.  Ponies were allowed access to hay until the initiation of the IVGTT 

(Eiler et al., 2005; Frank et al., 2006) as fasting has been shown to disrupt the insulin 
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response (Forhead and Dobson, 1997).  Baseline blood samples were collected one hour 

(-1 h) preceding initiation of the IVGTT and immediately prior to administration of the 

glucose bolus (0 h; dextrose solution 50%, Fort Dodge Animal Health, Fort Dodge, IA) 

dosed at 0.3g/kg BW.  The glucose bolus was injected through the catheter in less than 

2.5 min.  In Experiment 1, an insulin bolus (Humulin R, Eli Lilly and Co., Indianapolis, 

IN) of 0.030 U/kg was injected through the catheter 20 min after glucose administration 

to INS ponies while an equal dose of saline was administered to SAL ponies.  In 

Experiment 2, an insulin bolus of 0.030 U/kg was injected through the catheter 20 min 

after glucose administration to the both CON and LA ponies.  The doses of glucose and 

insulin administered have previously been used in horses by Hoffman et al. (2003).  

Blood samples were collected at 3, 6, 9, 12, 15, 18, 22, 25, 28, 31, 35, 40, 45, 50, 55, 60, 

70, 80, 90, 100, 120, 150, and 180 min following glucose administration.  Jugular venous 

blood was collected for both plasma and serum yield.  The blood for plasma was 

immediately placed into sodium heparinized Venoject tubes (Terumo Medical 

Corporation, Elkton, MD) and kept on ice until plasma was harvested within 60 minutes 

of collection.  The blood for serum was placed into Monoject tubes with no additive 

(Tyco Healthcare Group, Mansfield, MA) and allowed to clot for 1 h at room 

temperature.  Samples for plasma and serum were centrifuged at 3,000 × g for 20 minutes 

at 4°C.  After harvest, plasma and serum were stored at –20°C for later analysis.  

Glucose and Hormone Analysis from Blood.  Plasma concentrations of glucose 

were analyzed by enzymatic assay (Infinity Glucose Hexokinase, Thermo DMA, 

Pittsburgh, PA).  Plasma concentrations of insulin were determined in duplicate using a 

commercial RIA kit (Coat-A-Count Insulin, Diagnostic Products Corp., Los Angeles, 
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CA) which was previously validated for equine insulin determinations (Freestone et al., 

1991).  The intra- and interassay CV for glucose was 5% and <10% for insulin.  Serum 

concentrations of leptin were measured in triplicate and were quantified using the double-

antibody leptin radioimmunoassay procedures described by Delavaud et al. (2000) with 

one modification consisting of the substitution of the reported primary antiserum with a 

different rabbit anti-ovine leptin primary antiserum (number 7105).  Standards and 

pooled aliquots of serum from a single source of fat-mare serum were linear (log/logit 

transformation; R2 > 0.97) and parallel over a mass of 0.1 to 7.5 ng/tube and a serum 

volume of 25 to 300 µL, respectively.  Total specific binding was 43%, the minimum 

detectable concentration was 0.1 ng/tube, percentage recovery of mass was > 98% across 

the range of 25 to 300µL of sample and the inter- and intra-assay CV were < 10%.   

Statistical Analysis.  In Experiment 1, analyses were conducted to determine 

treatment differences over time for glucose, insulin, and leptin during the IVGTT on d 0 

as a result of the insulin dose.  Data were analyzed with a repeated measures design using 

the mixed procedures of SAS evaluating the effects of treatment (SAL vs. INS) and 

ovarian status (I vs. O) for differences in least squares means of glucose, insulin, and 

leptin with treatment as the repeated measure and animal within ovarian status as the 

error term.  No differences were found between I and O animals, therefore these data 

were pooled and analyzed using the mixed procedure of SAS evaluating the main effect 

of treatment (SAL vs. INS) for differences in least squares means of glucose, insulin, and 

leptin with treatment as the repeated measure and animal as the error term.  Least square 

means ± SEM were generated for treatment.   

In Experiment 2, analyses were conducted to determine whether differences 
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existed in leptin, BW, and BCS due to lipoic acid treatment for 14 d.  Leptin, BW, and 

BCS data were analyzed with a repeated measures design using the mixed procedure of 

SAS (SAS Institute, Cary, NC).  Effects used in the model were treatment (CON vs. LA), 

time, ovarian status (I vs. O), and all interactions of the previous variables on leptin, BW, 

and BCS.  The variable of time was used in the repeated statement, and the error term 

used was animal within treatment × ovarian status.  Least squares means were generated 

for treatment, time, ovarian status, and all interactions.  No differences (P > 0.05) were 

found between I and O ponies, therefore these data were pooled and analyzed using 

mixed procedures of SAS and the model used including time, treatment, and time × 

treatment.  Least square means were generated for time, treatment, and time × treatment.   

Analyses were also performed to determine whether differences existed between 

glucose, insulin, and leptin during the d 14 IVGTT as a result of lipoic acid treatment.  

Data were analyzed with a repeated measures design using the mixed procedures of SAS 

evaluating the effects of treatment (CON vs. LA) and ovarian status (I vs. O) for 

differences in least squares means of glucose, insulin, and leptin concentrations with 

treatment as the repeated measure and animal within ovarian status as the error term.  No 

differences (P > 0.05) were found between I and O ponies, therefore data were pooled 

and analyzed using the mixed procedure of SAS, evaluating the main effect of treatment 

(CON vs. LA) for differences in least squares means of glucose, insulin, and leptin 

concentrations with treatment as the repeated measure and animal as the error term.  

Least square means ± SEM were generated for treatment.   

 

Results 
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Experiment 1.  Mean concentrations of glucose across all time points associated 

with the IVGTT tended (P = 0.099) to be lower in INS (154.03 ± 9.23 mg/dL) compared 

to SAL (179.18 ± 10.14 mg/dL) treated ponies.  No differences were found in mean 

insulin (113.65 ± 36.22 and 188.91 ± 33.16 µU/mL for SAL and INS, respectively; P = 

0.16) or leptin (6.87 ± 2.21 and 5.48 ± 2.02 ng/mL for SAL and INS, respectively; P = 

0.65) concentrations across all time points of the IVGTT between treatments.  There was 

a difference in mean concentrations of insulin (120.63 ± 52.31 and 296.13 ± 47.75 

µU/mL for SAL and INS, respectively; P = 0.035) and glucose (191.55 ± 10.51 and 

159.10 ± 9.59 mg/dL for SAL and INS, respectively; P = 0.049) between the time points 

of 22 min (2 min post-dosing) and 55 min of the IVGTT.  Response variables are 

presented in Figures 15 through 17 for glucose, insulin, and leptin, respectively.   

Experiment 2.  All ponies lost BW (252.5 ± 18.3 and 246.2 ± 18.3 kg for d 0 and 

d 14, respectively; P = 0.002) and BCS (6.82 ± 0.32 and 6.44 ± 0.32 for d 0 and d 14, 

respectively; P = 0.02) regardless of treatment (CON or LA) or ovarian status (I or O).  

No differences (P = 0.80) were found between treatment groups for serum concentrations 

of leptin over time (Figure 18).  During the d 14 IVGTT, concentrations of insulin tended 

(P = 0.06) to be higher among CON (304.10 ± 45.90 µU/mL) than LA (167.86 ± 41.95 

µU/mL) treated ponies.  Interestingly, no differences (P = 0.61) were found in mean 

concentrations of glucose between CON (162.06 ± 10.65 mg/dL) and LA (169.61 ± 9.74 

mg/dL).  Likewise, concentrations of leptin for CON (5.46 ± 1.75 ng/mL) and LA (4.87 ± 

1.60 mg/dL) did not differ (P = 0.81).  Response variables during the IVGTT are 

presented in Figures 19 through 21 for glucose, insulin, and leptin, respectively.   
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Discussion 

Experiment 1.  The primary biological function of insulin is to decrease blood 

concentrations of glucose.  Although we saw no difference in mean concentrations of 

insulin across all time points of the IVGTT, we did observe a significant increase in 

concentrations of insulin during the period from 22 to 55 min of the IVGTT.  This was 

accompanied by reduced concentrations of glucose during that same interval.  The 22 to 

55 min interval was chosen and analyzed discretely, as we anticipated this intervalwould 

yield the greatest difference in insulin and glucose, if one existed, between INS and SAL 

ponies in the period following exogenous insulin administration at 20 min.  The end point 

of 55 min was chosen because the half-life of insulin is approximately 2 to 3 minutes 

(Benoit et al., 2004), therefore we expected the exogenous insulin to have been cleared 

from the blood in approximately 30 min (time 55).  A trend for reduced concentrations of 

glucose in the INS ponies was maintained across all time points.   

We did not observe an increase in concentrations of leptin during the 180 min 

IVGTT in either SAL or INS treated ponies.  Cartmill et al. (2005) reported that leptin 

had not increased by 3 h after stallions had been administered exogenous insulin or a high 

carbohydrate grain meal.  However, by approximately 8 hr post-treatment, significant 

peaks in serum concentrations of leptin were evident while no increase was observed in 

stallions that were not fed and did not receive exogenous insulin.  Similarly, Gordon and 

McKeever (2005) reported no increase in plasma leptin within 3 hr of a grain meal, but 

did see an increase in concentrations of leptin approximately 7 h after increased plasma 

concentrations of insulin as the result of a morning grain meal.  In the same study, this 
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did not hold true for the afternoon meal as a subsequent rise in leptin was not observed 7 

to 9 h post-feeding.  Had we continued to sample ponies for a longer period of time, we 

speculate that we may have observed an increase in leptin response due to the insulin 

dose.  Buff et al. (2006b) recently reported a decrease in leptin concentrations 6 h after 

feed removal in obese pony mares.  Similar work in equine supports the idea that feed 

deprivation suppresses leptin secretion (McManus and Fitzgerald, 2000; Cartmill et al., 

2005). 

Experiment 2.  Insulin resistance is described by Kahn (1978) as existing 

“whenever normal concentrations of hormone produce a less than normal biologic 

response.”  In other words, if more insulin than normal is required to maintain 

homeostatic concentrations of blood glucose, as is often the case with obese individuals, 

the condition is described as insulin resistance.  Obese Zucker (fa/fa) rats are an animal 

model for severe insulin resistance in skeletal muscle.  These rats have a defect in the 

insulin signaling pathway which leads to decreased insulin-stimulated GLUT4 

expression, resulting in reduced glucose uptake by skeletal muscle (Henriksen, 2006).  

Saengsirisuwan et al. (2004) orally supplemented R-LA at 30 mg/kg BW daily for 2 

weeks to obese Zucker rats and reported a significant improvement in insulin action on 

glucose transport activity in skeletal muscle.  This improvement was attributed to 

increased expression of key factors in the insulin-signaling pathway, including IRS-1 and 

PI-3 kinase.  Lee et al. (2005) demonstrated that oral supplementation of a racemic lipoic 

acid mixture at 0.5% (wt/wt) for 3 d to obese male Otsuka Long Evans Tokushima Fatty 

rats improved insulin-stimulated glucose disposal in whole body and in skeletal muscle as 

determined by hyperglycemic-euglycemic clamp studies.  We observed a trend for 

 87



 

reduced mean concentrations of insulin in LA ponies after 14 d of supplementation and, 

although we saw no difference in concentrations of glucose, these data may indicate that 

lipoic acid indeed improved insulin effectiveness since less insulin was required to clear 

the same amount of glucose.  Another possible explanation for the apparent improvement 

in insulin effectiveness with no difference in glucose concentrations may be due to the 

fact that the majority of glucose was disposed of via non-insulin dependent mechanisms 

as has been demonstrated in humans (Gottesman et al., 1983; Huang et al., 1980).  So 

although lipoic acid supplementation did affect insulin secretion and perhaps improved 

insulin effectiveness, lipoic acid does not appear to have aided in glucose disposal in this 

study because no differences in glucose concentrations were observed.   

Our glucose results are in contrast to a number of studies in humans and rodents 

that reported differences between lipoic acid supplemented and control animals.  Konrad 

et al. (1999) reported that oral lipoic acid supplementation to humans twice daily for four 

weeks increased glucose transport via non-insulin-dependent mechanisms, as determined 

by application of the minimal model to i.v. glucose tolerance data.  The minimal model of 

glucose and insulin dynamics is a model which predicts the disappearance rate of glucose 

from blood and separates glucose-mediated glucose disposal (non-insulin-dependent) 

from insulin-mediated glucose disposal (Bergman, 2005).  Hamano (2006) also 

demonstrated enhanced whole body glucose uptake in broiler chickens supplemented 

with lipoic acid from 2 to 5 wk of age as demonstrated by the results of before and after 

hyperglycemic-euglycemic clamp tests.  Differences in glucose response between other 

studies and the present study may be attributed to the isomer of lipoic acid supplemented 

(pure R-LA as opposed to racemic lipoic acid), the lipoic acid dose and dosing frequency, 

 88



 

or species differences.  Another possibility may be the timing of lipoic acid 

supplementation in relation to the glucose tolerance tests.  Lipoic acid is rapidly absorbed 

into equine blood after oral supplementation with peak concentrations in serum occurring 

30 min post-dosing and returning to basal concentrations by 6 h post-dosing (our 

unpublished observations).  The optimal time to measure the maximum effects of lipoic 

acid supplementation on glucose disposal may be at the peak appearance of lipoic acid in 

the blood.  In addition, it could be that twice daily supplementation would improve the 

effect of lipoic acid on glucose disposal.  More studies are necessary to determine the 

optimal time for lipoic acid dosing in relation to an expected rise in blood glucose 

concentrations.   

The effects of lipoic acid may also be more dramatic in those individuals with 

impaired insulin action.  Saengsirisuwan et al. (2002) investigated the effects of lipoic 

acid and exercise on glucose and insulin response during an oral glucose tolerance test in 

lean (insulin-sensitive) Zucker rats and found no evidence that lipoic acid treatment alone 

enhanced glucose uptake in skeletal muscle.  Additionally, Lee et al. (2005) found no 

improvement in insulin effectiveness in normal (insulin-sensitive) Long-Evans 

Tokushiuma Otsuka rats orally supplemented with 0.5% (wt/wt) racemic lipoic acid for 3 

d.  The ponies used in this study were fat (mean d 14 BCS of 6.44 ± 0.32).  Insulin 

resistance is often associated with excess adiposity in humans (Bastard et al., 2006; Kim 

et al., 2006) and horses (Jeffcott et al., 1986; Hoffman et al., 2003; Frank et al., 2006).  

Admittedly, we did not assess insulin resistance per se, but by assuming that insulin 

resistance accompanies obesity, is possible that the ponies used in this study were either 

not fat or insulin resistant “enough” for lipoic acid supplementation to affect glucose 
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uptake from the blood; thus the reason we saw no differences.   

We also found no differences in BW between LA and CON ponies, which is in 

contrast to studies in rodents.  Cremer et al. (2006) conducted a 2 year trial for toxicity 

testing of lipoic acid and found a significant reduction in BW in lipoic acid supplemented 

rats with no signs of toxicity.  Kim et al. (2004) fed LA at 0.25, 0.50, and 1.0 % (wt/wt) 

for 2 weeks and demonstrated a dose dependent reduction in feed intake and BW in rats.  

Additionally, intracerebroventricular (i.c.v.) administration of lipoic acid suppressed food 

intake in rats, suggesting that the anorexic effects of lipoic acid are mediated via the 

hypothalamic neurons (Kim et al., 2004).  In partial agreement with our work, body mass 

index did not change in humans supplemented twice daily with 600 mg lipoic acid for 4 

weeks (Konrad et al., 1999).  In order to elicit weight loss in equine, a greater dose may 

be necessary to sufficiently reduce feeding behavior.  Additionally, it may be that lipoic 

acid must be supplemented for a longer period of time in equine for weight loss to be 

realized. 

Lipoic acid treatment had no effect on serum concentrations of leptin during the 

IVGTT or throughout the 14 d trial period.  This is in agreement with work done by 

Schmidt et al. (2006) who reported no differences in concentrations of leptin in cattle fed 

lipoic acid (16 mg/kg or 32 mg/kg BW) for 42 d and challenged with infectious bovine 

rhinotracheitis virus at 21 d.  No other reports of leptin concentrations being measured in 

lipoic acid trials could be found; however Lee et al. (2006) report that lipoic acid mimics 

the anorexogenic effect of leptin on hypothalamic nuclei.  The fact that neither we, nor 

Schmidt et al. (2006) detected any differences in concentrations of leptin may be a result 

of the infrequent sampling paradigm in both studies (once and twice daily, respectively).  
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A diurnal pattern of concentrations of leptin has been reported in both feed-restricted and 

ad libitum fed ponies (Buff et al., 2006b).  Additionally, lipoic acid may have no direct 

affect on leptin and therefore we did not observe a difference.   

 

Implications 

Insulin resistance in horses is associated with a number of maladies including 

laminitis, disruption of the estrous cycle, and osteochondrosis dessecans.  Delivery of 

lipoic acid to pony mares appeared to improve insulin effectiveness, suggesting that 

further work on the potential of lipoic acid as an insulin sensitizing agent in equine is 

worth pursuing.   
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 Table 2.  Chemical analysis (DM basis) of hay fed to pony mares at 2% BW daily 

throughout the 14 day trial period a

 
Item % 
CP   9.7 
ADF 47.1 
NDF 66.4 
NFC 12.9 
Fat    1.7 
Ash   9.3 
Ca   0.4 
P   0.2 
 

a Analyses were performed at Custom Laboratory Inc., Golden City, MO. 

 b Non-fiber carbohydrate, NFC = 100 – (CP + ash + fat + NDF).   
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Figure 15.  Serum concentrations of glucose over time in pony mares during the d 0 

modified frequent sampled i.v. glucose tolerance test with 0.3 g/kg glucose administered 

i.v. at 0 min and either saline (SAL, ●) or 0.030 U/kg (INS, ○) insulin administered i.v. at 

20 min.   
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Figure 16.  Serum concentrations of insulin over time in pony mares during the d 0 

modified frequent sampled i.v. glucose tolerance test with 0.3 g/kg glucose administered 

i.v. at 0 min and saline (SAL, ■) or 0.030 U/kg (INS, □) insulin administered i.v. at 20 

min.   
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Figure 17.  Serum concentrations of leptin over time in pony mares during the d 0 

modified frequent sampled i.v. glucose tolerance test with 0.3 g/kg glucose administered 

i.v. at 0 min and either saline (SAL, ▲) or 0.030 U/kg (INS, ∆) insulin administered i.v. 

at 20 min.   
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Figure 18.  Serum concentrations of leptin over time in pony mares supplemented with 10 

mg/kg lipoic acid daily (LA, ∆) or with sham treatment (CON, ▲) for 14 d.  The 

numbers on the x-axis indicate the sample day and the letters “a” and “b” represent 

sampling times of 0700 and 1900, respectively, within each day.   
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Figure 19.  Plasma concentrations of glucose over time in pony mares during the d 14 

modified frequent sampled i.v. glucose tolerance test with 0.3 g/kg glucose administered 

i.v. at 0 min and 0.030U/kg insulin administered i.v. at 20 min.  Ponies were 

supplemented with 10 mg/kg of lipoic acid (LA, ○) daily for 14 d or control treatment 

(CON, ●).   
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Figure 20.  Plasma concentrations of insulin over time in pony mares during the d 14 

modified frequent sampled i.v. glucose tolerance test with 0.3 g/kg glucose administered 

i.v. at 0 min and 0.030U/kg insulin administered i.v. at 20 min.  Ponies were 

supplemented with 10 mg/kg of lipoic acid (LA, □) daily for 14 d or control treatment 

(CON, ■).   
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Figure 21.  Serum concentrations of leptin over time in pony mares during the d 14 

modified frequent sampled i.v. glucose tolerance test with 0.3 g/kg glucose administered 

i.v. at 0 min and 0.030U/kg insulin administered i.v. at 20 min.  Ponies were 

supplemented with 10 mg/kg of lipoic acid (LA, ∆) daily for 14 d or control treatment 

(CON, ▲).   
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