ABSTRACT
MOORE, JENNIFER LEIGH. Obesity, Dietary Restriction, and Exercise in Horses. (Under the
direction of Dr. Shannon Pratt-Phillips).
Equine obesity is linked to insulin and leptin dysregulation, both of which increase the
risk for diseases such as laminitis. A common recommendation for obese horses is to restrict feed
intake, and in many situations, this requires restricting pasture access. In experiment I, insulin
and leptin concentrations of horses on a time- and space-restricted grazing protocol were
investigated. Ten mature, stock-type geldings (577.4 ± 58.0 kg, 10 ± 4 yr) were assigned to
continuous (CON) or restricted (RES) grazing. CON horses had unrestricted pasture access 24
h/d. RES horses grazed 8 h/d on a grazing cell designed to provide ~80% of digestible energy
requirements. Serum insulin and leptin were assessed before RES horses were turned out, in the
middle of the RES grazing period, and at the end of the RES grazing period, on d10 and 31—
before and after changes in body weight (BW) independent of gut fill. RES horses lost
significant BW, while CON showed no change. However, there were no differences in (log)
insulin or (log) leptin between RES and CON at any time point, suggesting that alternative
weight loss strategies may be necessary for horses at risk of pasture-associated laminitis.
When maintained on free-choice forage, some horses are more prone to obesity than
others. Experiment II aimed to compare energy intake and expenditure between obese and lean
horses. Ten mature, stock-type geldings (577 ± 52 kg; 11.8 ± 4.0 yr old) maintained on the same
pasture were classified as obese (n = 6, BCS ≥ 7) or lean (n = 4, BCS = 4-5), and adapted to freechoice grass hay over 25 d before data collection. Serum leptin, intake, digestibility, and activity
parameters were similar between groups. Obese horses spent more time active (interacting with
other horses, moving) (P = 0.003), and less time eating (P = 0.03). While this study identified

some differences in behavior, it did not identify any differences in energy intake or expenditure
between obese and lean horses.
Despite a lack of observed difference in intake between obese and lean horses, weight
loss plans typically use dietary restriction, but exercise may have additional benefits. Experiment
III compared the effects of diet vs. exercise in obese horses. Ten obese horses were paired
according to sex, age, and breed. One horse from each pair was assigned to either diet or exercise
(EX) for 4 weeks, with both protocols designed to result in similar energy restriction. The groups
showed similar decreases over time in BW and all body measurements except for neck
circumference, in which EX showed significantly greater losses. However, only EX showed
improvement or a tendency for improvement in parameters of insulin and glucose dynamics and
plasma leptin concentrations.
Horses on free-choice forage may increase intake in response to exercise, potentially
negating the benefits observed in Experiment III. Experiment IV aimed to determine if exercise
increases intake in horses, and if horses on ad libitum forage would achieve the benefits
previously observed. Eight mature, stock-type geldings (594.3 ± 50.5 kg; 12.0 ± 1.7 yr) were
adapted to a diet of ad libitum grass hay. Baseline dry matter intake (DMI) was measured for 7 d.
Horses then remained idle (n=4) or entered an exercise program (n=4) for 3 weeks. Exercise did
not alter DMI, but resulted in improvements in morphometric measurements, (log) Ins:glc, and
plasma leptin concentrations, and avoided gains in body weight and rump fat seen in the control
group.
Overall, obesity does not seem to be maintained by differences in intake, and while
dietary restriction was not effective at improving hormonal measurements, exercise, with or
without weight loss, was.
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CHAPTER 1: LITERATURE REVIEW
1.1. Energy Requirements in Horses
1.1 a. Determination of Energy Requirements
In humans and other species, several methods have been developed to determine energy
requirements. Such requirements can be expressed in terms of gross energy (GE), digestible
energy (DE), metabolizable energy (ME), or net energy (NE) (Fig. 1.1). GE is typically the
easiest value to obtain for feedstuffs, as it is determined by simply combusting the feedstuff.
However, this value is not reflective of the energy actually available to the animal. In contrast,
most measurements of energy expenditure (EE) measure NE, as they are usually measuring the
energy available to the animal after the losses of feces, urine, gas, and the heat increment of
feeding. In order to create systems for energy requirements in terms of feed intake, both feed
energy and energy output must be compared in the same energy system. The urine, gas, and heat
increment losses required to calculate NE are difficult to measure, so feed values at the level of
NE have not been well-established in horses. For this reason, the current feeding
recommendations for horses are most often based on DE values (energy after fecal losses), as DE
is more accurate than GE, but is more practical to obtain than ME or NE.
Regardless of the type of energy used to express requirements, all requirements center
around determining energy expenditure (EE). The most precise method for determining EE is
direct calorimetry, in which the subject is placed in a container surrounded by a water jacket of
known volume, and as energy is expended, the associated heat production raises the temperature
of the water layer, which can then be used to quantify EE. While this method is the most direct, it
is impractical for horses, as a result of the magnitude and expense that would be required for
such a chamber. Additionally, direct calorimetry does not accurately capture EE in a realistic
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environment, as it is a climate-controlled chamber that does not allow for normal movement or
activity.
Indirect calorimetry is another method for determining EE. One type of indirect
calorimetry is respiratory calorimetry, in which oxygen consumption and carbon dioxide
production are measured, typically using a mask, and used to calculate the respiratory quotient
(RQ), where RQ = CO2 production / O2 consumption. The RQ varies depending on the relative
proportions of metabolic fuels being burned. If an animal is exclusively burning carbohydrate,
the expected RQ is 1.0, based on the chemical reaction for the oxidation of glucose (C6H12O6 +
6O2 à 6H2O + 6CO2). For an animal burning exclusively lipid, the expected RQ is 0.7, and for
protein oxidation, the expected RQ is 0.8. Once the RQ is determined, it can be used to calculate
the approximate EE per L of O2 consumed. Because the RQ for protein oxidation is intermediate
to that of carbohydrate and lipid, it can be difficult to detect, but it can be accounted for with a
corrective factor based on urinary N excretion (Weir, 1949). However, protein oxidation is
usually a minor contribution to energy expenditure, so it is often ignored, and the “non-protein
RQ” is used.
The other type of indirect calorimetry uses the same principles as respiratory calorimetry
but uses doubly labeled water (2H218O) administered intravenously or via nasogastric tube. After
administration, the isotopes equilibrate with the body water, with the 18O incorporated into water
and CO2, while the 2H2 is only incorporated into water. The difference in the excretion of the
labeled components is then used to calculate the CO2 production, and the same principles used in
respiratory calorimetry are used to determine EE, with the exception that the O2 consumption is
typically calculated using an estimated RQ based on the composition of the diet or other factors.
While the use of doubly labeled water allows the animals to go about their typical behavior and
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activities with little interference, it is very expensive, and for this reason, has not been used in
horses to estimate EE.
Measures such as heart rate can also be used to estimate EE. Heart rate is strongly related
to O2 consumption, as the heart is responsible for delivering oxygen to the tissues and responds
to changes in oxygen demand/consumption (Coenen, 2008). Based on this principle, an equation
was developed for estimating oxygen consumption from heart rate in horses (Coenen, 2005). As
with doubly labeled water, an estimated RQ is then required to calculate EE. This method is not
as accurate as some of the other techniques, but the use of heart rate monitors is more practical
than masks for exercising horses and is considerably less expensive than either doubly labeled
water or respiratory masks. Other equations have been developed that relate oxygen consumption
to other factors of exercise intensity, such as speed or incline (Pagan and Hintz, 1986b; Coenen,
2005). However, these equations are only applicable in very specific conditions, usually the use
of treadmill. It is important to note that for all of the methods mentioned above, the final
measured product (EE) is in terms of NE, and additional conversions are required to calculate
EE, and thus the energy requirement, at other levels.
One final method of determining energy requirements is the maintenance of body weight,
also referred to as the global method. In this method, the energy content of a diet is determined
from a feeding trial or chemical analysis, the diet is offered at varying rates, and the
corresponding changes in body weight can be regressed to determine the basal energy
requirements (point at which no body weight change occurs). This method is easy to use,
reflective of the animal’s actual response, and can be used for either maintenance or some work
requirements, by determining the amount of feed energy required for maintenance of body
weight while horses are idle or when a certain standard exercise program is performed. However,
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this method can be inaccurate, as it does not account for any changes in body composition and
can be affected by many other variables. Additionally, the results only apply to the maintenance
conditions and/or exercise program used in the experiment. Unlike the other methods of
measuring EE, however, this method can be used to calculate EE in the same energy system as
that used for the feed energy directly.

1.1 b. Maintenance Energy Requirements
Maintenance is defined as horses that are not pregnant, lactating, growing, or performing
work, but maintaining body weight and condition (NRC, 2007). Maintenance requirements are
the base of the energy requirements for all other physiological classes, and as such, it is
important to have accurate measures of these requirements. The foundational work in
determining maintenance requirements in horses was conducted by Pagan and Hintz (1986a). In
that study, four mature horses (all male) of varying body weights were fed a diet at three levels
of intake. Feces and urine were collected and analyzed for GE content, and urine was analyzed
for N content. Indirect respiratory calorimetry was performed to calculate heat production (HP),
with a correction for urinary N excretion, and gas energy losses were estimated using cecal
volatile fatty acid (VFA) ratios in fistulated ponies given the same diet. Digestible energy (DE)
and metabolizable energy (ME) intake were calculated, and on average, ME was approximately
87% of DE (Pagan and Hintz, 1986a). Values of ME and DE intake were then regressed to
calculate intake requirements for a neutral energy balance (calculated as ME – HP). Heat
production increased linearly with body weight (BW), as did ME and DE intakes required for
maintenance (neutral energy balance). The maintenance requirements calculated in that study
were 25.2 kcal DE/kg BW/d or 21.6 kcal ME/kg BW/d. These values were lower than the
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previous recommendations (NRC, 1978), which were based on metabolic BW (BW0.75).
However, horses in this study were kept in straight stalls, allowing little movement, and they
were in a thermoneutral environment, so an additional factor was added to account for activity.
Several other studies have also estimated requirements at or near maintenance for horses
in terms of ME and/or DE for various diets. The NRC (2007) compiled the values from these
studies and calculated the average DE required for maintenance as 30.3 kcal/kg BW/d. However,
these studies were conducted in confined animals, so this value was considered the average
minimum requirement. This requirement was recommended for animals that have a very
sedentary lifestyle. For maintenance horses with normal activity levels, a 10% margin was
added, resulting in an average maintenance requirement of 33.3 kcal/kg BW/d. For horses with
high levels of voluntary activity or high-strung temperaments, an elevated maintenance
requirement of 36.3 kcal/kg BW/d was suggested. While these different levels of maintenance
are helpful in making recommendations more specific to individual horses, there are still many
other factors that can affect requirements, not least of which is individual variability. Other
factors include climate, diet, turnout, breed/temperament differences, and body composition
differences. For these reasons, monitoring changes in BW and body condition is the most
practical way to determine the appropriate maintenance requirements, and subsequent feeding
recommendations, for an individual horse.

1.1 c. Energy Requirements for Work
Because horses are not production animals in the traditional sense that other livestock
animals are, work (exercise) is the most common form of production. As with maintenance
requirements, Pagan and Hintz (1986b) conducted the foundational research in determining
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requirements for horses in work. Another set of four geldings were trained to exercise alongside
a vehicle with an open-circuit indirect respiratory calorimeter. The horses were exercised at the
walk, trot, and canter, with and without riders to determine EE. Calculated EE was exponentially
related to speed, and linearly related to weight, regardless of whether the weight came from the
horse or the rider and tack (Pagan and Hintz, 1986b). The NE values calculated from the
calorimetry were then converted to DE requirements. Because the efficiency of DE for work was
not known, the efficiency of DE for fattening (57%) that was derived from the previous study
(Pagan and Hintz, 1986a) was used, as body fat was assumed to be the major substrate for
submaximal exercise. Because the energy requirements for work used by the NRC at that time
(and currently) were based on arbitrary categories, the authors were not able to make an accurate
comparison with the NRC recommendations. Additionally, these measurements were conducted
on a racetrack, so the horses were on a smooth, level surface, which is not applicable to many
other types of riding.
More recently, Coenen (2005) compiled data from 87 publications to make predictive
equations for oxygen consumption in exercising horses. From this data, two equations were
derived to predict oxygen consumption from heart rate or from velocity and incline. However, it
was noted that the second equation is only practical for treadmill exercise. In a later publication,
the author acknowledged that oxygen consumption can only accurately reflect the contribution of
aerobic metabolism to EE, and that blood lactate accumulation is the only way to determine the
contribution of anaerobic metabolism (Coenen, 2008). However, previous work has noted that
the anaerobic contribution to exercise at low intensities (continuous exercise at the walk and/or
trot) is negligible (Hanák et al., 2001). Additionally, it is important to note that oxygen
consumption during exercise (and subsequent EE) is not specific to the oxygen consumed for
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exercise, but oxygen consumption as a whole, and therefore, maintenance should be subtracted.
Suggested corrective factors for maintenance are 3.4 mL O2/kg BW/min, or the oxygen
consumption at rest or a heart rate of 38 bpm (Coenen, 2008).
Even when all of these factors are accounted for, the major problem for translating
exercising EE into feeding requirements using the American system is the conversion of feed DE
to NE for work. As mentioned, the initial Pagan and Hintz (1986b) exercise study used an
estimated efficiency of 57%, assuming that lipid use for submaximal work and efficiency for
fattening were equivalent. However, later work by Pagan et al. (2009a) calculated an efficiency
of DE for work of only 25.5% or 28%, depending on the calculation used. Many factors can
affect the actual efficiency, including diet composition, type/intensity of exercise, and breed or
individual variation. Additionally, the horses in that study were turned out for several hours each
day, and this EE was not accounted for. The NRC (2007) suggests an efficiency of
approximately 30% for strenuous work, and 40% or more for moderate or mild work. However,
very little work has been done to determine DE efficiency for work and how it varies with
different factors. Perhaps it is for this reason that the NRC (2007) continues to use arbitrary
categories to classify work requirements (average maintenance ´ 1.20 for light work, average
maintenance ´ 1.40 for moderate work, average maintenance ´ 1.60 for heavy work, and
elevated maintenance ´ 1.90 for very heavy work).

1.2 Practical Assessment of Energy Status
1.2 a. Body Condition and Cresty Neck Scoring
When a horse’s energy intake is in excess of its energy requirements, a positive energy
balance occurs, resulting in weight gain. Over time, this can lead to the animal quickly becoming
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overweight. While a horse’s body weight is important to know for many reasons, whether or not
that particular body weight is desirable, too high, or too low is all relative to the individual horse.
For this reason, subjective scoring systems are often of more use to horse owners than body
weight alone, as they aim to evaluate relative fat cover, and therefore energy status. The most
commonly used body condition score (BCS) system for horses is the system developed by
Henneke et al. (1983). This system uses visual inspection and palpation of fat deposits along the
back, ribs, tailhead, withers, shoulders, and neck to assign a score from 1-9, with a score of 1
being considered “poor,” and a score of 9 being considered “extremely fat” (Table 1.1). A
modification of the Henneke system also exists (Kohnke, 1992), in which each of the six regions
of fat deposits is assigned a score (1-9) based on graded descriptors for that region. The regional
scores are then averaged to determine the overall BCS.
The other predominant BCS system used for horses is the system developed by Carroll
and Huntington (1988) as a modification of the system created by Leighton-Hardman (1980).
This system scores animals based on subcutaneous fat along the neck, back and ribs, and pelvis.
Each of the three regions is scored individually on a scale of 0 to 5 based on descriptors specific
to that region, with 0 being considered “very poor,” while 5 is considered “very fat.” When
determining the overall score, the pelvis scored is adjusted by 0.5 points if it is different from the
neck or back and ribs scores by 1 point or more. While the Henneke system was developed using
Quarter Horses, the Carroll and Huntington system was developed using Thoroughbreds,
Standardbreds, horses used by mounted police and pony clubs, ponies, and other breeds.
However, the Henneke system has been used in research settings for many different types of
horses, as well as ponies, and modified versions have been developed for Thoroughbreds
(Suagee et al., 2008) and Warmbloods (Kienzle and Schramme, 2004).
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While BCS is designed to evaluate the overall fat cover of an animal, some animals have
excessive fat deposits specific to certain areas. This regional adiposity is not always
accompanied by generalized obesity and is typically not well assessed by BCS systems. One of
the most common areas for such regional adiposity to occur is the crest of the neck. A scoring
system with similar principles to BCS, the cresty neck score (CNS) system, was developed to
assess this fat (Carter et al., 2009a) (Fig. 1.2). It is scored from 0 to 5, with a score of 0
indicating no visual appearance of a crest, while a score of 5 indicates a crest so large that it
permanently droops to one side. A CNS < 3 is considered to describe a moderate neck, while a
CNS ≥ 3 is considered to describe a cresty neck.

1.2 b. Morphometric Measurements
While BCS and CNS are useful systems for assessing overall and regional neck adiposity,
respectively, they are both subjective and require a trained scorer for proper assessment. An
objective alternative involves the use of morphometric measurements—numerical measurements
of different aspects of the body. These measurements typically involve heart girth, belly girth
and/or waist circumference, neck circumference, and/or crest height. Heart girth circumference is
measured directly behind the elbow, with the measuring tape falling behind the slope of the
withers (Carter et al., 2009a). Belly girth circumference can be measured at the widest point of
the belly, approximately 2/3 of the distance from the point of the shoulder to the point of the hip
(Dugdale et al., 2010). However, that measurement is more commonly referred to as waist
circumference (Carter et al., 2009a), while belly girth circumference is typically taken at the
umbilicus, sometimes referred to as umbilical belly girth (Dugdale et al., 2011a).
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Heart girth, belly girth, and/or waist girth circumference are all designed to assess overall
adiposity, similar to BCS. While each of these measurements is useful for tracking changes over
time in an individual horse, a measurement that is scaled for body size is necessary to provide
information about whether the obtained value is desirable or not. The ratio used for this purpose
is the girth:height ratio (G:H), which is calculated from the heart girth circumference divided by
the height at the withers (Carter et al., 2009a). Cutoff values defining overweight and obese have
been created for G:H with a value ≥ 1.26 considered overweight for horses, while a value ≥ 1.33
is considered overweight for ponies. Cutoff G:H values for obesity are values ≥ 1.29 or ≥ 1.38
for horses and ponies, respectively (Carter et al., 2009a).
Neck circumference and crest height are both designed to measure adiposity specific to
the neck region, similar to CNS. Neck circumference (NC) is measured at a given location along
the horse’s neck, typically defined as a percentage of the total length. The most common
locations are 0.25, 0.50, and 0.75 of the neck length, with neck length measured as the distance
from the poll to the cranial aspect of the withers (Frank et al., 2006). However, the average of
these three values did not significantly improve the association with metabolic variables (blood
leptin, insulin, or glucose concentrations) or CNS compared to NC at 0.50 neck length alone, so
it is recommended that using 0.50 NC is the most practical assessment of neck adiposity (Carter
et al., 2009a), and is used for NC for the remainder of this discussion. As with heart girth
circumference, NC is more useful when scaled for body size, so the neck circumference:height
ratio (NC:H) is often used. A cresty neck (equivalent to CNS ≥ 3) is defined by NC:H ≥ 0.63 for
horses or ≥ 0.68 for ponies (Carter et al., 2009a). Crest height is measured from the dorsal
midline of the neck to the location that is identified as the division between the crest and the
musculature of the neck, as determined by palpation, at 0.50 neck length (Carter et al., 2009a).
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While crest height, like NC, was significantly associated with CNS and other variables (blood
insulin and glucose concentrations), it is more subjective in its measurement, and cannot be
easily scaled to body size. For this reason, NC:H is the recommended morphometric
measurement for assessing neck adiposity.

1.2 c. Other Adiposity Measurements
One of the most precise methods for determining body fat content is the use of deuterium
oxide (D2O) dilution. This method uses a measured amount of D2O (administered intravenously
or via nasogastric tube), which equilibrates with body water spaces, but not lipid compartments.
Once the D2O is equilibrated with the horse’s body water stores, the relative level of D2O
dilution can be used to determine total body water (TBW) content (Andrews et al., 1997). The
TBW content can then be extrapolated to determine lean tissue mass, also known as fat-free
mass, compared to fat mass. This technique has been used to calculate fat mass in horses (Carter
et al., 2010) and ponies (Dugdale et al., 2010; Dugdale et al., 2011a), and has been validated
using cadaver dissection in ponies (Dugdale et al., 2011c) and stock-type horses (Ferjak et al.,
2017). However, this method is expensive and requires precise analytical techniques, so it is not
commonly used.
An alternative method for determining body fat content is the use of ultrasonography.
This technique uses ultrasound at various locations to determine subcutaneous fat thickness (FT),
which is then extrapolated to a total body fat percentage. The original investigation of
ultrasonography to measure FT in horses was performed by Westervelt et al. (1976). The authors
investigated FT at the shoulder, ribs, and rump and compared that to total extractable fat once the
animals were slaughtered. While both rump FT (RFT) and shoulder FT were significantly
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correlated with total percent body fat, RFT had the strongest correlation (r = 0.93), and so an
equation was developed to estimate percent body fat from RFT. For this reason, RFT is the
ultrasound location most commonly used to determine percent body fat. Ultrasound has also
been used to assess cresty neck fat (Martin-Gimenez et al., 2016). Even though ultrasonography
is less expensive or complex than D2O dilution, it is still typically limited to research settings.
BCS is more practical and has been significantly associated with the more precise measures for
quantifying adiposity in horses and/or ponies, including carcass dissection (Martin-Rosset et al.,
2008; Dugdale et al., 2011b), D2O dilution (Dugdale et al., 2012), and ultrasonography (Henneke
et al., 1983; Gentry et al., 2004). For this reason, BCS remains the most common technique for
assessing body fat in field settings.

1.3. Incidence of Obesity in Horses
1.3 a. Definition of Obesity
Obesity can be defined as excessive adipose tissue accumulation (Geor, 2008). However,
this definition is highly subjective. Typically, obesity is defined in terms of BCS, but no standard
BCS at which a horse is considered obese has been defined (Wyse et al., 2008). The Henneke
BCS system uses the terms “fleshy,” “fat,” and “extremely fat” to describe BCS of 7/9, 8/9, and
9/9, respectively, but no definition is given for which score(s) constitute obesity (Henneke et al.,
1983). Additionally, there may be horses that suffer from what has been defined in humans as
“normal-weight obese syndrome.” This syndrome involves a normal body weight, but evidence
of metabolic risk factors typically associated with obesity (Geor, 2008). In general, however,
horses that score an 8 or 9 using the Henneke system are considered obese, while horses that
score a 7 are considered either overweight or obese, depending on the source. For a more
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objective measure, Carter et al. (2009a) developed cutoffs using the girth-to-height ratio, in
which a G:H ≥ 1.26 for horses or ≥ 1.33 for ponies is considered overweight, while a G:H ≥ 1.29
for horses or ≥ 1.38 for ponies is considered obese, as previously described.

1.3 b. Risk Factors for Obesity
It is likely that there is a genetic basis for obesity in horses—the so-called “thrifty”
phenotype (Treiber et al., 2006). Supporting this theory, in a study of owner-reported
information, animals described as “good doers” (easy keepers) were 3.7 times more likely to be
obese than those described as normally maintaining a regular weight (Robin et al., 2015). There
was also a highly significant association between breed/type and obesity risk, and another study
found that breed was the factor most strongly associated with obesity (Giles et al., 2014). Other
studies of client horses have also found breed effects, with gaited horses, Morgans, Paints, and
Quarter Horses having higher BCS than Thoroughbreds (Pratt-Phillips et al., 2010).
Alternatively, another study found that Rocky Mountain Horses, Tennessee Walking Horses,
Quarter Horses, Warmbloods, and mixed breed horses, but not Arabian or Paint horses, had
higher odds of being overconditioned/obese than Thoroughbreds (Thatcher et al., 2012). It was
also observed that ponies had higher BCS than Standardbreds or Thoroughbreds (Pratt-Phillips et
al., 2010). Similarly, studies in the UK and Australia found that a significantly higher proportion
of ponies were overweight/obese than horses (Robin et al., 2015; Potter et al., 2016). However, a
study of horses and ponies with pasture access found no difference in obesity prevalence (Giles
et al., 2014).
Some of the differences between breeds and breed types may be confounded by owner
preference, however, as a study of show horses and ponies in Wellington found that dressage
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horses and show hunters had significantly higher BCS and CNS than show jumpers and polo
ponies (Pagan et al., 2009b), suggesting that some of the contribution towards the prevalence of
overweight/obesity may be the standards considered to be “ideal” for certain show disciplines.
Similarly, a study of leisure horses and ponies competing at an unaffiliated national
championship in the UK found significant differences in obesity prevalence between disciplines,
with show horses and dressage horses being significantly fatter than senior show jumpers
(Harker et al., 2011). However, in another study, competition animals were significantly less
likely to be obese than animals used for pleasure riding or not ridden at all (Robin et al., 2015).
This suggests a potential beneficial role of exercise in reducing obesity risk. A study of 300
mature, light-breed horses also found a tendency (P = 0.081) for exercise to affect obesity risk,
with increased exercise intensity tending to correspond to a lower odds ratio for obesity
(Thatcher et al., 2012). Conversely, studies of privately-owned horses and leisure horses and
ponies did not find an association between structured exercised and obesity (Pratt-Phillips et al.,
2010; Giles et al., 2014).
Factors other than genetic predisposition and human preferences have also been shown to
influence obesity risk. In a study of obese horses with insulin resistance (IR) compared to nonobese, non-IR controls, all of the obese horses were at least 10 years old, suggesting that obesity
risk may increase with age (Frank et al., 2006). Similarly, in a study of leisure horses and ponies
with pasture access, young animals (age ≤ 4 years) were significantly less likely to be obese than
older animals (age > 4 years) (Giles et al., 2014). However, the risk associated with age
diminishes in geriatric animals, as a study in the UK found that a significantly higher proportion
of horses and ponies aged > 5 years old to 20 years were overweight/obese than animals ≤ 5
years old, but that animals > 20 years old had a lower proportion of overweight/obese animals
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(Robin et al., 2015). Thatcher et al. (2012) also found that “middle-aged” horses had the greatest
overconditioning/obesity risk. Additionally, mares have been shown to have significantly higher
odds of being overconditioned/obese than males (geldings and stallions grouped together)
(Thatcher et al., 2012). A study of outdoor-living horses and ponies found a similar sex effect on
obesity risk (Giles et al., 2014). Conversely, another U.S. study of client-owned horses found no
significant difference in BCS between sexes (Pratt-Phillips et al., 2010).
Diet can also play a role in obesity risk. Access to pasture and hay have been shown to
significantly affect the odds of a horse being overconditioned or obese. Horses that had free
access to pasture had significantly higher odds of being overconditioned/obese than horses who
did not, while horses that had access to hay had significantly lower odds of being
overconditioned/obese than horses who did not (Thatcher et al., 2012). Feeding concentrate had
more conflicting results, with higher odds of being overconditioned or obese when horses were
fed between 1.0-1.4 kg/d of concentrate compared to no concentrate, but lower odds when
concentrate was fed at a rate greater than 1.4 kg/d. This is potentially because the practice of
feeding large amounts of concentrate may be more common in “hard keepers,” who may be
given an increased amount of concentrate in an attempt to promote weight retention.
Alternatively, Pratt-Phillips et al. (2010) found no correlation between amount of grain fed (as a
percentage of body weight) and BCS. Changes in diet nutrient content may also correlate with
changes in obesity, as demonstrated by the difference in obesity prevalence in leisure horses and
ponies in England with pasture access for more than 6 h/d. Obesity prevalence was 27.08% at the
end of winter, but increased to 35.41% during the summer, corresponding with changes in
pasture nutrient content (Giles et al., 2014). In these animals, developing a new injury also
increased chances of becoming obese.
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1.3 c. Population Statistics and Owner Perceptions
One of the earliest known estimates for prevalence of overweight and obese horses was
the 1998 USDA National Animal Health Monitoring System Equine Study, which estimated that
approximately 1.4% of the U.S. horse population was overweight or obese (NAHMS, 1998).
However, more recent estimates have greatly challenged this reported incidence. A study of 319
pleasure riding horses in Southwest Scotland classified 45% of horses as fat or very fat (BCS of
5 or 6 on a 1-6 scale, respectively) (Wyse et al., 2008). However, this study excluded horses who
suffered from serious disease within the prior 6 months, and as a result, may have
underestimated the proportion of overweight/obese horses. Additionally, this study was
conducted during the summer. In a study of leisure horses and ponies in England with pasture
access for more than 6 h/d, the researchers found an obesity (BCS ≥ 7/9) prevalence of 27.08%
at the end of winter, but a prevalence of 35.41% during the summer, demonstrating a significant
seasonal effect (Giles et al., 2014). Thus, studies conducted during the summer may report higher
incidence of obesity than at other times. However, in another study of Pony Club horses and
ponies (not specific to animals living outside), no seasonal effects on BCS were observed (Potter
et al., 2016). These results suggest that seasonal effects on BCS are likely associated with
changes in pasture nutrient content, and therefore, predominantly affect horses or ponies housed
on pasture.
A study of 300 mature, light-breed horses in Southwest Virginia found that 32% of
horses were over-conditioned (BCS 6.5-7/9), and 19% were obese (BCS 7.5-9/9), leading to a
total of approximately 51% of horses that were overweight or obese (Thatcher et al., 2012).
Because this study was specific to light-breed horses, it did not include ponies or draft horses,
which may have affected the recorded prevalence, as several studies have reported ponies to
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have a greater incidence of obesity than horses (Robin et al., 2015; Potter et al., 2016). However,
another study conducted in North Carolina that included ponies and draft horses found similar
rates of overweight and obese animals. Of the 366 horses and ponies sampled, 48% of the
animals were overweight (BCS ≥ 6/9), with 20% meeting the criteria for obesity (BCS > 7/9)
(Pratt-Phillips et al., 2010). Overall, therefore, it seems that the incidence of overweight and
obese horses ranges from approximately 27-51% of most populations, rather than the 1.4%
reported by NAHMS in 1998. One potential reason for this discrepancy is that the NAHMS data
was collected more than 20 years ago. Trends may be changing, with more animals tending to be
overweight or obese than they were at that time.
The NAHMS data was also based on owner-reported data, and the obesity incidence may
have been under-reported. In a study of pleasure riding horses in Scotland, owners were most
likely to misclassify their horses by underestimating their body condition (Wyse et al., 2008).
Owners of fat horses were even more likely to under-score their horses, with only 50% of these
owners classifying their horses correctly. Another study in the UK also showed poor agreement
between owner-assigned BCS (1-5) and researcher-assigned BCS, with owners again tending to
under-estimate their horse’s body condition (Stephenson et al., 2011). This problem has also
been reported outside of the UK, with a study at Pony Club rallies in Australia showing a
significant difference between owner and researcher perceptions of BCS (Potter et al., 2016).
Again, owners were more likely to underestimate their horse’s condition. This consistent underreporting of BCS can have a significant impact on the reported prevalence of overweight/obesity.
Specifically, a study of horses in the UK found that the owner-reported prevalence of overweight
horses was only 20.6%, but when adjusted for the observed underestimation of owner-assigned
BCS, the extrapolated prevalence was 54.1% (Stephenson et al., 2011). It appears that the
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problem extends beyond incorrect scoring of an owner’s personal horse, as a survey of 546 UK
horse owners showed that only 11% of survey respondents were able to correctly identify all of
the overweight animals in a photographic survey (Morrison et al., 2015). Additionally, within the
same survey, respondents were significantly more likely to consider the overweight condition as
appropriate when the animals were intended to be used for showing. These results suggest that
some of the contribution towards the prevalence of overweight/obesity may be the standards
considered to be “ideal” for certain show animals/disciplines, as previously discussed. This
theory is supported by the fact that a study of leisure horses and ponies competing at an
unaffiliated national championship in the UK found that 62% of animals were classified as
overweight, fat, or obese (BCS > 5, 1-9 scale), a higher prevalence than reported in all of the
other populations (Harker et al., 2011). Furthermore, there were significant differences in
prevalence between disciplines. Together, these results indicate that owners are usually not able
to correctly identify or score overweight animals, and that in addition to changes in trends over
time, the increasing proportion of overweight and obese horses has likely been influenced by
cultural “ideals” for competition horses.

1.4. Consequences of Obesity
1.4 a. Altered Insulin Dynamics
Obesity is associated with several disease conditions, many of which result from
disruptions to hormonal systems. One of the hormonal systems most commonly affected in
obesity is the insulin system, particularly as it relates to insulin and glucose dynamics. The most
common result of such dysregulation is hyperinsulinemia and/or insulin resistance.
Hyperinsulinemia is defined as elevated blood insulin concentrations, typically measured from
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basal values, and has been identified as a risk factor for pasture-associated laminitis (Carter et al.,
2009b), Equine Metabolic Syndrome (discussed in a later section) (Frank et al., 2010b), and
osteochondrosis (Ralston, 1996; Henson et al., 1997). Additionally, when supraphysiological
hyperinsulinemia (> 1000 mU/L) is induced, it causes laminitis in healthy horses in less than 36
h (Asplin et al., 2007; de Laat et al., 2010).
The cutoff value for hyperinsulinemia in horses has been somewhat varied. Early work
suggested that hyperinsulinemia involved insulin concentrations greater than 30 mU/L (Geor et
al., 2007), and values greater than 32 mU/L have been used to describe hyperinsulinemia as a
risk factor for pasture-associated laminitis (Carter et al., 2009b). However, a consensus statement
from the American College of Veterinary Internal Medicine defined hyperinsulinemia as insulin
concentrations greater than 20 mU/L (Frank et al., 2010b). Thus, hyperinsulinemia typically
involves insulin concentrations greater than 20 mU/L.
Insulin resistance (IR) is broadly defined as normal concentrations of insulin failing to
elicit a normal biological response (Kahn, 1978). Such resistance can develop as the result of
decreased insulin sensitivity, decreased responsiveness to insulin, or both. Typically, insulin
insensitivity is associated with decreased glucose transport into the cell, while decreased
responsiveness to insulin is associated with impaired utilization of glucose within the cell
(Kronfeld et al., 2005). Regardless of the mechanism, however, once IR or other insulin
dysregulation has developed, it increases the risk of several significant disease conditions. In
humans, IR is strongly associated with type II diabetes risk (Reaven, 1988). Diabetes mellitus is
very rare in horses (Johnson et al., 2012), but insulin dysregulation is known to contribute to the
development of other serious diseases, including laminitis (Coffman and Colles, 1983), Equine
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Metabolic Syndrome (Frank et al., 2010b), hyperlipemia (Jeffcott and Field, 1985), and
osteochondrosis (Ralston, 1996).
For these reasons, the high occurrence of hyperinsulinemia, IR, and other insulin
dysregulation in obese animals is of serious concern. Overweight ponies show impaired glucose
tolerance and elevated insulin concentrations during an oral glucose tolerance test compared to
normal ponies, indicating the presence of insulin resistance in the overweight ponies (Jeffcott et
al., 1986). Similarly, obese horses with IR had resting insulin concentrations 6 times as high as
non-obese controls (Frank et al., 2006). Additionally, the percentage of horses with BCS ≥ 7
demonstrating hyperinsulinemia (plasma insulin ≥ 30 mU/L) was more than double the
percentage for horses with 4 < BCS < 7, and BCS in general was positively correlated with
plasma insulin concentrations (Carter et al., 2009a). A large study of privately-owned horses also
found significant correlations between BCS and insulin concentrations, as well as the glucose-toinsulin ratio (Pratt-Phillips et al., 2010). However, in another study, obese horses (BCS ≥ 7/9)
showed no differences in basal insulin concentrations compared to non-obese horses, despite
having significantly lower insulin sensitivity and significantly higher acute insulin response to
glucose than the non-obese horses (Hoffman et al., 2003). Thus, hyperinsulinemia is not always
present with insulin dysregulation. For this reason, dynamic testing is needed for an accurate
determination of potential insulin dysregulation, rather than values derived from a single basal
sample. The exact mechanisms linking obesity to insulin dysregulation in horses are unclear, but
evidence suggests that the increased inflammation associated with obesity is a key component in
IR development (Vick et al., 2007; Vick et al., 2008). Regardless of the cause, however, the
insulin dysregulation associated with obesity is of serious concern.
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1.4 b. Laminitis
Laminitis is an inflammatory condition of the lamellar tissue connecting the hoof wall
and the underlying coffin bone. In severe cases, the coffin bone separates from the hoof wall and
“sinks,” causing a level of pain and damage to the hoof structure that is often insurmountable,
resulting in the need for humane euthanasia (Orsini et al., 2010). As described above, both
hyperinsulinemia and IR are significant risk factors for laminitis. Because obesity is associated
with both of these conditions, it is not surprising that obesity is also associated with increased
risk of laminitis (Treiber et al., 2006; Carter et al., 2009b). It is possible that very obese animals
may exhibit excessive mechanical strain on lamellar tissues, potentially contributing to laminitis
risk (Orsini et al., 2009). A study of pasture-associated laminitis cases found that the majority
(83%) of affected animals were overweight/obese, and that overweight/obese animals were less
likely to survive than normal weight animals (Menzies-Gow et al., 2010). However, there is
increasing evidence that the primary association between obesity and laminitis risk is the result
of the interaction of the inflammatory state and insulin dysregulation previously described, rather
than the excess weight itself (Bailey et al., 2007; Bailey et al., 2008; Treiber et al., 2009;
Menzies-Gow et al., 2017). For this reason, obesity treatment plans must focus not only on
weight loss, but also on mitigating the insulin dysregulation associated with obesity.

1.4 c. Equine Metabolic Syndrome
The combination of obesity and insulin dysregulation and its subsequent laminitis risk is
often referred to as Equine Metabolic Syndrome (EMS). The syndrome was named after its
parallels with human metabolic syndrome, which involves obesity, insulin dysregulation/glucose
intolerance, hypertension, and dyslipidemia, and is a strong indicator of type II diabetes and
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cardiovascular disease risk (Eckel et al., 2005). However, definitions for what constitutes EMS
have varied. Early work describing EMS also referred to the condition as obesity-associated
laminitis or obesity-associated insulin refractory state (Johnson, 2002). Horses with EMS were
characterized as presenting for treatment of laminitis, demonstrating generalized or localized
obesity, particularly in the regions of the neck (“cresty neck fat”) and rump/tailhead, exhibiting
normal response to dexamethasone suppression tests (ruling out pituitary pars intermedia
dysfunction), and demonstrating elevated insulin concentrations in the presence of normal
glucose concentrations. Additionally, the author noted that affected horses are typically between
8 and 18 years old, described as “easy keepers,” and are more likely to be pony breeds,
domesticated Spanish Mustangs, or Morgan horses, similar to the risk factors described for
general obesity (Section 1.3 b).
Subsequent work defined a prelaminitic metabolic syndrome (PLMS) in ponies, where
ponies fitting 3 or more of the following characteristics were considered to have PLMS: IR,
compensatory beta-cell response, hypertriglyceridemia, or obesity (Treiber et al., 2006).
Similarly, the EMS phenotype has been described as obesity, IR, hyperinsulinemia, and
hypertriglyceridemia (Geor and Frank, 2009). When applied to a herd of healthy ponies, the
PLMS criteria successfully predicted 11 of 13 cases of laminitis that developed in the following
months as pasture starch content increased (Kronfeld et al., 2006). Overall, it was determined
that ponies identified as having PLMS were 10.4 times more likely to develop laminitis than
ponies deemed PLMS-free. Subsequently, a modified PLMS was defined using the same criteria
as the original PLMS, but with stricter cutoff values (Carter et al., 2009b). Additionally, the
authors proposed new selection criteria with higher sensitivity, where animals meeting 3 or more
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of the characteristics of generalized obesity, localized obesity (cresty neck), hyperinsulinemia,
and hyperleptinemia were indicated as having increased laminitis risk.
Later work in a different population of ponies found that laminitis-prone ponies
demonstrated significantly higher mean blood pressure, plasma triglyceride concentrations, and
plasma uric acid concentrations, as well as significantly higher serum insulin concentrations and
thus, significantly lower RISQI (indicative of IR), than control ponies in the summer, but not the
winter (Bailey et al., 2008). Because the ponies were all managed on pasture, the authors
suggested that the seasonal effects were related to changes in pasture nutrient content, and that
owners and clinicians should take note that symptoms of metabolic syndrome may not be evident
during the winter. That particular study utilized exclusively non-obese ponies. Additionally, the
original PLMS study noted that PLMS appeared to be associated with a dominant pattern of
genetic inheritance, and thus, genetic factors may play a large role in occurrence of PLMS and
associated characteristics (Treiber et al., 2006). Further studies have also suggested that EMS is
likely a combination of complex genetic traits (McCue et al., 2015; Norton et al., 2018). These
results suggest that obesity itself is less likely to be the cause of increased laminitis risk, as
previously discussed. However, the majority of primary laminitis cases at an equine referral
hospital were attributed to EMS, and 95% of the affected horses were overweight (Karikoski et
al., 2011). Thus, despite the other factors identified, obesity remains the primary risk factor for
EMS (Morgan et al., 2015).

1.4 d. Altered Leptin Dynamics
In addition to the dysregulation observed in the insulin system, obesity is also known to
disrupt the leptin system. Leptin is a hormone produced by adipose tissue that acts as a long-term
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suppressant of appetite and intake (Klok et al., 2007). Multiple studies have indicated increased
leptin concentrations in overweight/obese horses (Buff et al., 2002; Frank et al., 2006; Carter et
al., 2009a; Pratt-Phillips et al., 2010; Pleasant et al., 2013), which is not surprising, as leptin
concentrations are related to fat mass (Kearns et al., 2006). Additionally, work in ponies has
suggested that obese equids may become leptin resistant (Van Weyenberg et al., 2013), which is
consistent with findings in humans (Schwartz et al., 1996). Specifically, elevated basal leptin
concentrations in obese ponies were associated with decreased ability to reduce intake in
response to overeating, which could perpetuate obesity (Van Weyenberg et al., 2013).
Additionally, elevated leptin concentrations are associated with increased risk of laminitis
(Carter et al., 2009b) and decreased glucose-to-insulin ratio (proxy for insulin sensitivity) (PrattPhillips et al., 2010). Thus, in addition to targeting insulin dysregulation, weight loss programs
should aim to decrease leptin concentrations.

1.4 e. Other Consequences
In addition to insulin dysregulation, laminitis, EMS, and leptin dysregulation, equine
obesity is associated with several other health risks. As alluded to previously, obesity is
associated with increased systemic inflammation (Vick et al., 2007; Adams et al., 2009; Suagee
et al., 2013). Obesity also increases mechanical loading on joints, which inherently increases
joint strain. Others have suggested that this combination of joint strain and inflammation may
also contribute to the development of osteoarthritis (Wyse et al., 2008). While no specific studies
have been conducted to investigate this potential correlation in horses, these theories have been
confirmed in humans (Rai and Sandell, 2011). Additionally, as previously discussed, the insulin
dysregulation that typically accompanies obesity has been implicated in the development of
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osteochondrosis (developmental orthopedic disease) in young horses (Ralston, 1996; Henson et
al., 1997).
Early work suggested that obesity may increase fertility and pregnancy rates in mares
(Henneke et al., 1984) without adversely affecting postpartum reproductive performance (Kubiak
et al., 1989). However, later work showed that obesity is associated with alterations to
reproductive cyclicity and decreased insulin sensitivity during gestation (Vick et al., 2006).
Because pregnancy is already associated with decreased insulin sensitivity (George et al., 2011),
further decreases are of greater concern. Similarly, foals from obese mares were consistently
more insulin resistant and demonstrated significantly higher inflammation (as indicated by serum
amyloid A concentrations) than foals from normal-weight mares (Robles et al., 2018).
Additionally, foals from obese mares had a significantly higher incidence of developmental
orthopedic disease. Obese animals are also known to be more predisposed to heat stress (Webb et
al., 1990), exercise intolerance (Kearns et al., 2002), and pedunculated lipomas (benign fatty
tumors that often result in colic) (Garcia-Seco et al., 2005).
Overall, obesity is rampant among the domestic horse population, significantly increasing
the risk of many serious disease conditions and health complications. Because obesity initially
develops from a positive energy balance, which leads to weight gain, it is important to
understand the factors that regulate such energy balance, including factors of energy intake and
energy expenditure. Similarly, targeting obesity involves creating a negative energy balance,
either by decreasing energy intake (dietary restriction) or increasing energy expenditure (forced
exercise). Therefore, it is also important to review these strategies and the impacts they have on
energy balance and other components of obesity.
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1.5. Voluntary Energy Intake
1.5 a. Hormonal Regulation
The primary hormones involved in appetite and intake regulation are leptin and ghrelin.
Leptin is a protein hormone produced by adipose tissue that acts as a long-term suppressant of
intake, regulating body weight and energy balance (Klok et al., 2007). While this relationship
between leptin concentrations and intake has been fairly well-documented in humans (Keim et
al., 1998; Schols et al., 1999; Yannakoulia et al., 2003), there is limited data available in horses.
Leptin concentrations are correlated with body fat content (Kearns et al., 2006), but withholding
feed short-term resulted in significantly lower serum leptin concentrations, despite no significant
change in BW (Piccione et al., 2004), confirming an interaction between feeding behavior and
leptin concentrations in horses. Similarly, underfeeding ponies was associated with decreased
plasma leptin concentrations, while overfeeding was associated with an increase in plasma leptin
concentrations (Van Weyenberg et al., 2008b).
Meal size can also play a role, as horses fed two large meals a day showed significantly
higher serum leptin concentrations than horses fed the same amount of feed in more (3 or 4),
smaller meals (Steelman et al., 2006). Additionally, work in obese ponies has suggested that the
appetite-suppressing ability of leptin is dependent on relative leptin sensitivity, as the degree of
reduction in appetite after overeating was inversely related to baseline leptin concentrations (Van
Weyenberg et al., 2013). Overall, leptin concentrations in horses are associated with energy
balance, increasing in response to positive energy balance (overfeeding) or large meals, in theory
increasing the inhibitory effect of leptin on intake, and vice versa. However, this relationship has
not been directly investigated in horses (i.e., via leptin infusion), and may be affected by relative
leptin sensitivity.
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In contrast to leptin, ghrelin is considered to be a fast-acting hormone (secreted by the
stomach) that acts to stimulate intake (Klok et al., 2007), with intravenous ghrelin infusion
inducing increased intake and hunger in humans (Wren et al., 2001). Correspondingly, plasma
ghrelin concentrations have been shown to increase before a grain meal in horses (Hemmann et
al., 2013), and decrease after oral or intravenous carbohydrate administration (Gordon and
McKeever, 2006), suggesting a relationship between ghrelin and intake that is similar to that
observed in humans. Yet, intravenous ghrelin infusion in horses did not increase number of
feeding episodes or overall feed intake compared to saline infusion (Gordon et al., 2014).
However, when the horses were grouped by growth hormone response to ghrelin infusion, horses
with a high growth hormone response to ghrelin ate twice as much feed in the 60 min after
ghrelin infusion compared to saline infusion. Thus, as with leptin, intake response to increased
ghrelin concentrations may differ between individual horses.

1.5 b. Nutrient Signals
In addition to hormonal regulation, certain nutritional factors can also have an impact on
intake. Intragastric administration of glucose to ponies resulted in delayed feeding, with the
extent of the delay dependent on the dose of glucose administered (Ralston and Baile, 1982a).
Glucose administered intravenously did not result in delayed onset of feeding but increased the
time between the first and second meals (Ralston and Baile, 1982b). Similarly, intragastric
administration of corn oil extended the interval between the first and second meals, and
decreased intake 3 to 18 h after treatment relative to mineral oil administration (Ralston and
Baile, 1983). Volatile fatty acids may also impact satiety, as intracecal infusion of acetate or
propionate also extended the interval between the first and second meals (Ralston et al., 1983).
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However, intracecal infusion of a lower dose of propionate resulted in increased intake relative
to controls. Therefore, the presence of nutrients or some digestive end-products in the
gastrointestinal tract may promote satiety, but the effects seem to be dose-dependent.

1.5 c. Digestibility and Passage Rate
In ruminants, voluntary intake of feeds with high cell wall content (such as forages) is
highly correlated with digestibility (Van Soest, 1965). General forage quality, with increasing
quality indicated by increasing crude protein (CP) and decreasing neutral detergent fiber (NDF),
is also a strong predictor of intake in ruminants. In horses, however, forage quality is not a useful
predictor of intake at the group level (Dulphy et al., 1997; Edouard et al., 2008). On the
individual scale, most horses increase intake with decreasing forage digestibility, increasing
NDF, and decreasing CP, and vice versa, unlike ruminants (Edouard et al., 2008). This behavior
suggests compensation for decreasing forage quality. Such compensatory intake for low forage
quality has been observed elsewhere, and ponies seem to have a greater ability to compensate
than horses (Cuddeford, 2004). However, some horses decrease intake in response to lower
forage quality (Edouard et al., 2008). Similarly, in another study, horses demonstrated greater
intake of earlier maturity hay (more digestible) than later maturity hay, for the same species of
forage (Staniar et al., 2010). Additionally, the response to NDF in horses may vary with forage
species, as NDF had an effect on individual intake of fresh and hay grass forages but had no
effect on intake of alfalfa (Edouard et al., 2008).
In addition to the conflicting responses, the lack of a strong correlation between NDF and
intake in horses may be the result of the lack of a physical regulatory mechanism like the
reticulo-omasal orifice in ruminants (Cuddeford, 2004). This mechanism creates particle size
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restrictions that limit passage rate, but the horse has no such mechanism. However, passage rate
may still play a role in intake, as there is evidence that intake of straws and silages may be
affected by meal retention times (Cuddeford, 2004). In donkeys and ponies consuming ad
libitum straw or hay diets, the lowest voluntary dry matter intake values were associated with the
highest mean retention times (Pearson and Merritt, 1991).

1.5 d. Palatability and Forage Type
Horses also have significantly differently levels of voluntary DMI with varying forage
type. Specifically, horses show greater intakes of legume hays than grass forages (Dulphy et al.,
1997a; Edouard et al., 2008; Rodiek and Jones, 2012). Additionally, horses show greater intake
of grass hays than straws (Dulphy et al., 1997a). While some sources found that horses also have
greater intake of fresh grass forages than grass hays (Edouard et al., 2008), other sources found
similar intakes of fresh forages and grass hays (Dulphy et al., 1997a). It has been widely
suggested that this variation in intake is the result of differences in palatability (Dulphy et al.,
1997a; Cuddeford, 2004; Edouard et al., 2008; Rodiek and Jones, 2012). This theory is supported
by the fact that significant differences in intake/preference for different hay types were shown in
horses even when levels of DE, CP, acid detergent fiber (ADF), and NDF were all similar
(Rodiek and Jones, 2012). Thus, there is evidence that intake in horses is driven more by taste
preferences/palatability than nutritional content.

1.5 e. Individual Variability
Significant differences exist in intake patterns in horses when analyzed in groups vs. as
individuals (Edouard et al., 2008). On the individual scale, many horses increase intake with
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decreasing forage digestibility (Edouard et al., 2008). However, a few horses in the same study
decreased intake, showing that individual variability plays an important role in intake in horses.
These differences in individual response may explain the lack of significant correlation between
intake and digestibility, as a combination of horses who increased and decreased intake would
essentially result in an overall neutral response. The source of this variation is unclear, however,
as individual differences in intake of fresh grass forages, grass hays, and alfalfa hays in horses
could not be explained by age, body mass, or reproductive state, and a separate cause was unable
to be identified (Edouard et al., 2008). It is also unknown whether differences in intake
regulation exist between horses and ponies, between sexes, or between breed types (Cuddeford,
2004). One suggestion has been that differences in individual intake may be explained by
breeding for qualities other than production, such as athletic performance, unlike other farm
animals (Edouard et al., 2008). However, even in pigs, a species heavily selected for feed
efficiency, there is still substantial variation in voluntary intake (Zijlstra et al., 1999).

1.5 f. Relationship to Energy Requirements
In a study with various forage qualities, intake varied significantly, but all horses
consumed enough forage to meet maintenance energy requirements (Edouard et al., 2008).
However, horses will not always consume enough voluntary DMI to meet energy requirements
(Staniar et al., 2010; Rodiek and Jones, 2012). In other cases, horses will consume more than
enough DMI to meet energy requirements. In a study with obese ponies where ad libitum intake
was allowed to stabilize, the intake fulfilled 250% of energy requirements, and DMI averaged
3.0% of BW (Van Weyenberg et al., 2013). In a study with donkeys and ponies, both species
consumed a voluntary intake in excess of maintenance energy requirements on a hay diet, but
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neither species was able to consume an intake adequate for maintenance energy requirements on
a straw diet (Pearson and Merritt, 1991). These results suggest that forage type plays a role in
ability to consume sufficient DM to meet energy requirements. However, any such diet effects
may not be consistent across species or breeds. A study comparing Icelandic horses (heavy
breed, “easy keepers”) and Standardbred horses (light breed, “hard keepers”) found that the
Icelandic horses were able to maintain positive energy balance on two different haylages, while
the Standardbreds lost weight on both haylages, despite having significantly greater DE intake
than the Icelandic horses for the first haylage (Ragnarsson and Jansson, 2011). Overall,
therefore, there does not seem to be a strong correlation between voluntary intake and energy
requirements, and as with intake overall, there is a strong level of variability.

1.6. Voluntary Energy Expenditure
1.6 a. Basal Metabolism
Maintenance energy requirements relative to BW vary widely between individual horses,
reflecting differences in energy expenditure. One potential source of differences in EE is
differences in basal metabolism. Wild horses (Przewalski’s horse) utilize energy-reducing
mechanisms, including reduced metabolism, for survival in times of low energy supply and low
ambient temperature (Arnold et al., 2006). Survival in their environment naturally selects for
these behaviors, but these behaviors have also been replicated in domestic (Shetland) ponies
(Brinkmann et al., 2014). Some horses or ponies seem better able to compensate for such
challenges to energy balance than others, but little to no work has been done comparing
metabolic rates of individual horses, or what factors might cause these differences.
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In a study of Andalusians, mixed-breed ponies, and Standardbreds on the same weight
loss program, the Andalusian horses and ponies were more resistant to weight loss than the
Standardbred horses, retaining more body condition and body fat (Potter et al., 2013). Similarly,
in a study comparing Icelandic horses (heavy breed, “easy keepers”) and Standardbred horses
(light breed, “hard keepers”), the Icelandic horses gained weight on two different haylages, while
the Standardbreds lost weight on both haylages, despite having significantly greater DE intake
than the Icelandic horses for the first haylage, and no difference in digestibility (Ragnarsson and
Jansson, 2011). The researchers suggested that the Standardbreds had a higher metabolic rate
than the Icelandic horses, supported by the fact that they tended to have higher plasma cortisol
levels when corrected for total plasma protein. Additionally, the Standardbreds had an average
BCS of 4.5/9, while the Icelandic horses had an average BCS of 7.4/9 (obese). Such differences
in BCS may also contribute to differences in metabolism, though the effect of increased BCS
remains unclear. Work in ponies showed that non-obese animals had significantly higher energy
requirements per kg BW than obese individuals (Dugdale et al., 2011a). Conversely, work in
horses found that horses in fleshy condition (BCS 7.5) had higher energy requirements per kg
BW than horses in moderate condition (BCS 5.2) (Webb et al., 1990).
In another study, initially obese ponies indicated a decreased basal metabolism after
weight loss by dietary restriction, as reflected by decreased levels of triiodothyronine (T3), while
thyroxine (T4) concentrations were unchanged (Van Weyenberg et al., 2008a). However, it is
important to note that the dietary restriction was severe (only 35% of maintenance energy
requirements at the end of the trial), which is more likely to be the cause of the significant
decline in T3 levels, rather than the weight loss in and of itself. Another study showed substantial
variation in T3:T4 between different breeds of mares of varying body sizes (ranging from
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miniatures to draft horses), but this variation was not connected to any obvious physiological
differences, including body size (Malinowski et al., 1996). Thus, while differences in variables
indicative of metabolism have been observed between breeds and individual horses, differences
between horses in metabolic rate have not been directly identified, nor have they been explained
by a physiological cause or causes.

1.6 b. Voluntary Activity
Energy requirements can also be influenced by voluntary activity. Work in humans has
shown that obese and lean individuals have similar resting metabolic rates, but have significant
differences in “posture allocation,” where lean individuals spend significantly more time
standing and engaged in active behaviors, while obese individuals spend significantly more time
sitting and engaged in sedentary behaviors (Johannsen et al., 2008). While some sources have
suggested that similar differences may exist in horses, with “hard keepers” assumed to have
higher voluntary activity, a study in riding school horses with significantly different maintenance
DE intakes did not show significant differences in energy expenditure through voluntary activity
while stabled (Brown et al., 2016). However, the authors suggested that the accelerometers used
to characterize voluntary activity may not have been sensitive enough to accurately detect
differences between the groups. Additionally, analysis at the group level does not always account
for individual variability. In another study comparing the effects of turnout on behavior while
stabled, the individual animal had a significant influence on behavioral parameters and heart rate
variability (Werhahn et al., 2012).
Similarly, a study in continuously grazing horses showed that there was significant
between-horse variability in heart rate and distance traveled, indicating differences in activity
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level (Gill, 2016). However, there was also significant within-horse variability in distance
traveled, suggesting that distance traveled may not be a repeatable indicator of activity.
Furthermore, changes in heart rate can be related to activity, basal metabolism, or other factors of
energy expenditure such as temperature regulation, and these cannot be distinguished with heart
rate monitoring alone. The author noted that the horse with the highest mean heart rate was the
most obese (BCS 9/9). This finding suggested that the differences in heart rate may have been
reflective of heat stress, as the study was conducted during the summer in North Carolina, and
obese horses are known to struggle with effectively dissipating heat (Webb et al., 1990). No
indications were given as to whether distance traveled was associated with differences in BCS.
Overall, as with basal metabolism, while differences in voluntary activity have been suggested
between obese and lean horses, such differences have not been directly observed, and the few
attempts to do so have been confounded by other factors.

1.7. Dietary Restriction
1.7 a. Weight Loss
The most common way to create a negative energy balance, and thus induce weight loss,
is by reducing energy intake, typically through dietary restriction. In one early study, restricting
fat (BCS ≥ 6/9) ponies to a diet of grass hay resulted in significant reductions in BCS in the
initial 4 weeks, but BCS remained relatively stable for the remaining 10 weeks (Buff et al.,
2002). When more significant dietary restriction was used, researchers were able to achieve
weight loss at a rate of approximately 1% per week over 18 weeks in initially obese ponies (Van
Weyenberg et al., 2008a). However, the restriction required to achieve such weight loss was
severe. While researchers initially restricted ponies to 70% of maintenance energy requirements,
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the ponies were further restricted to 50% of requirements at week 6, and even further restricted
to 35% of requirements from week 14 to the end of the study.
In another study, overweight or obese horses fed a weight-control feed (0.5% BW per
day) and a moderate quality grass hay (1.0% BW per day) (overall ration approximately 88% of
DE requirements) showed significant reductions in BW, BCS, and RFT over a period of 12
weeks (Gordon et al., 2009). In client-owned horses, diet protocols designed to result in 80-90%
of maintenance energy intake resulted in significant reductions in BW and BCS over 8 months
(Gill et al., 2016). Similarly, when obese horses and ponies were fed a grass hay ration at 1.25%
BW (82.5% of maintenance energy requirements) for 12 weeks, animals showed significant
reductions in BW, BCS, and total body fat mass (Bamford et al., 2018). However, when
overweight to obese pony mares were fed a chaff-based diet at 1% BW (approximately 65% of
maintenance energy requirements) for 12 weeks, mares lost significant BW, but did not show
any significant changes in BCS (Dugdale et al., 2010). Additionally, it was recorded that the
most obese pony showed the lowest rate of weight loss. Similarly, some breeds may be more
resistant to weight loss than others (Potter et al., 2013). Thus, dietary restriction is typically an
effective solution for weight loss in horses, but some horses may require greater restriction than
others to achieve corresponding reductions in BCS.

1.7 b. Improvements in Insulin/Glucose Metabolism
Underfeeding ponies (75% of maintenance requirements) that were previously overfed
(140% of maintenance requirements) resulted in an increased area under the curve (AUC) for
glucose and insulin response to an oral glucose tolerance test, as well as decreased glucose
tolerance (AUC glucose / AUC insulin) (Van Weyenberg et al., 2008b). Because that study was
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short-term, no changes in BW were observed, potentially explaining the lack of improvement in
insulin and glucose response compared to some other dietary restriction studies. When obese
ponies were restricted to 70%, then 50%, and finally 35% of maintenance energy requirements
over a period of 18 weeks with corresponding weight loss, AUC glucose and AUC insulin were
significantly decreased, and insulin sensitivity was improved (Van Weyenberg et al., 2008a).
Overweight or obese horses fed a weight-control feed with a moderate quality grass hay with
accompanying weight loss showed significant reductions in acute insulin response to glucose
(AIRg), but did not show any improvements in insulin sensitivity or resting insulin
concentrations (Gordon et al., 2009). Conversely, client horses restricted to 80-90% of
maintenance energy requirements for 8 months showed significant reductions in resting insulin
concentrations (Gill et al., 2016). However, obese horses and ponies on a restricted grass hay
ration (approximately 82.5% of maintenance energy requirements) for 12 weeks did not show
any improvements in AIRg or insulin sensitivity, even in the presence of significant reductions in
resting insulin concentrations (Bamford et al., 2018). Overall, dietary restriction appears to only
be effective at improving insulin and glucose dynamics with severe or long-term restriction.
Additionally, reductions in basal insulin concentrations with dietary restriction do not always
coincide with improvements in dynamic measures, so testing response to a carbohydrate
challenge is recommended to track improvements in insulin and glucose metabolism.

1.7 c. Improvements in Leptin Concentrations
Short-term (2 weeks) underfeeding (75% of maintenance requirements) in healthy ponies
(BCS 4-5/9) resulted in significantly decreased plasma leptin concentrations, despite no change
in BW (Van Weyenberg et al., 2008b). Longer term dietary restriction accompanied by
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significant reductions in BW has also been shown to result in significantly decreased plasma
leptin concentrations in initially overweight or obese ponies (Van Weyenberg et al., 2008a;
Bamford et al., 2018) and horses (Gordon et al., 2009; Bamford et al., 2018). However, more
modest reductions in BCS did not result in any changes to plasma leptin concentrations in
initially fat (BCS ≥ 6/9) ponies (Buff et al., 2002). Similarly, while restricting intake to 75% of
ad libitum values resulted in initial decreases in plasma leptin concentrations in obese pony
mares, there were subsequent fluctuations, with concentrations returning to values similar to
initial values, despite continued weight loss (Buff et al., 2006). The lack of sustained reduction in
leptin concentrations may have occurred because that study used a constant level of restriction,
while the studies showing sustained reductions (Van Weyenberg et al., 2008a; Gordon et al.,
2009; Bamford et al., 2018) used progressive restriction and/or restriction that was updated with
changes in BW. Therefore, dietary restriction can result in reduced plasma leptin concentrations,
but may require progressive restriction to achieve sustained reductions.

1.7 d. Hyperlipemia
While dietary restriction can be a beneficial tool for weight loss and improving insulin
and leptin dysregulation under the right circumstances, it can also have negative consequences if
restriction is too rapid or severe. When severe feed restriction leads to rapid or excessive break
down of body fat stores, hyperlipemia, a life-threatening condition involving excess fats in the
blood, can develop. Hyperlipemia generally refers to excess lipids in the blood in general, but it
is measured specifically using blood triglycerides. For this reason, hyperlipemia in equids is also
often referred to as hypertriglyceridemia. A common clinical indicator is the presence of opaque
serum or plasma, but elevated triglyceride concentrations can occur even in the absence of
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opaque serum/plasma (Dunkel and McKenzie, 2003). For this reason, the more precise definition
of hyperlipemia/hypertriglyceridemia is blood triglyceride concentrations greater than 500
mg/dL or 5.6 mmol/L (Rush-Moore et al., 1994; Dunkel and McKenzie, 2003).
The condition has been most commonly reported in donkeys, miniature horses, and
ponies (Rush-Moore et al., 1994; Mogg and Palmer, 1995; Durham, 2006; Burden et al., 2011).
However, cases of hyperlipemia have been reported in horses as well (Dunkel and McKenzie,
2003; Waitt and Cebra, 2009). For all equids, hyperlipemia most often develops secondary to
another disease condition, with colic, colitis, and septicemia being the most common primary
disease conditions reported (Rush-Moore et al., 1994; Mogg and Palmer, 1995; Dunkel and
McKenzie, 2003; Waitt and Cebra, 2009; Burden et al., 2011). However, even in the absence of
another disease condition, hyperlipemia can develop when a negative energy balance (such as
that created with dietary restriction) is combined with other triggering factors, such as stress or
insulin resistance (McKenzie, 2011). Insulin normally acts to suppress lipolysis (breakdown of
adipose tissue that releases fats to the bloodstream), but with IR, insulin is not as effective at
achieving its normal biological functions. Thus, animals with IR have reduced anti-lipolytic
action, further predisposing them to elevated levels of lipids in the bloodstream. As such, obese
animals may be at more risk for developing hyperlipemia than animals at healthy weight, as
obese animals have decreased insulin sensitivity (Hoffman et al., 2003).
Dietary restriction protocols that are overly severe should be avoided in obese animals. In
a study of initially obese ponies, no change in blood triglycerides was observed at a restriction
providing 70% of maintenance energy requirements, but a significant increase in blood
triglycerides was observed with restriction at 50% of requirements, and blood triglyceride
concentrations increased fourfold when animals were restricted to 35% of requirements (Van
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Weyenberg et al., 2008a). No clinical issues were reported, but the extreme increase in blood
triglyceride concentrations may be problematic. For this reason, it is recommended that dietary
restriction offer no less than 70% of maintenance energy requirements, with risk of hyperlipemia
decreasing as restriction becomes less severe. Studies using restriction within this range have
achieved successful weight loss without any reported issues (Buff et al., 2006; Gordon et al.,
2009; Gill et al., 2016; Bamford et al., 2018).

1.8. Forced Exercise
1.8 a. Weight Loss
The other way to create a negative energy balance is to increase energy expenditure,
typically through forced exercise. Early work in ponies showed weight loss with 4 weeks of
submaximal treadmill exercise performed for 10 minutes a day, five days a week (Freestone et
al., 1992). However, the rested control group also showed weight loss, potentially as a result of
both groups transitioning from ad libitum feed during the adaptation period to a regulated
amount of feed during the study. In horses, both low-intensity and moderate-intensity exercise
training resulted in significant losses in body weight and body fat in overweight/obese horses
over 4 weeks (Carter et al., 2010). Additionally, a combination of diet and exercise has been
shown to result in greater weight loss and rump fat reduction in horses than diet alone (Gordon et
al., 2009). Short-term light exercise (30 min of trotting in a round pen per day for 7 days) did not
result in any change in body weight or body condition in obese or lean mares (Powell et al.,
2002), but in another study, more intense exercise conducted over the same time period (45 min
of treadmill exercise at 55% of pretraining maximal aerobic capacity per day for 7 days) resulted
in weight loss (Stewart-Hunt et al., 2006). Additionally, even in the absence of weight loss,

40
exercised horses (30 d of polo training) showed significant reductions in rump fat thickness
(correlated with total body fat) (Westervelt et al., 1976). Thus, exercise is an effective tool for fat
loss in horses, and when conducted for a sufficient intensity and/or duration, is also an effective
tool for weight loss.

1.8 b. Improvements in Insulin/Glucose Metabolism
Physical conditioning over seven weeks reduced the effects of a high non-structural
carbohydrate diet on insulin insensitivity in mature Standardbreds, even in the absence of a
reduction in BW (Pratt et al., 2006). Similarly, a study of obese horses and ponies on a dietary
restriction program showed that the addition of low-intensity exercise 5 days a week resulted in
significant improvement in insulin sensitivity over 12 weeks (Bamford et al., 2018), and exercise
training alone resulted in improvement in insulin sensitivity in old and young Standardbred
mares over 15 weeks (Liburt et al., 2012). However, even short-term exercise has been shown to
improve insulin sensitivity in horses. After 7 d of light exercise (trotting for 30 min/d in a round
pen), insulin sensitivity was significantly improved in both lean and obese mares, even in the
absence of a change in BW, BCS, or body fat percentage (Powell et al., 2002). In another study
where horses were subjected to 7 d of endurance exercise, whole-body insulin sensitivity was
also improved, as measured by glucose disposal during a euglycemic-hyperinsulinemic clamp
(Stewart-Hunt et al., 2006).
A study of overweight or obese horses with insulin resistance showed no improvements
in insulin sensitivity with 4 weeks of low-intensity exercise or 4-weeks of higher-intensity
exercise when horses were tested 48 h after the last exercise session, despite significant
reductions in BW and fat mass (Carter et al., 2010). The authors suggested that moderate-
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intensity exercise without dietary restriction is insufficient to improve insulin sensitivity in
overweight or obese horses who are already insulin resistant. However, improvements in insulin
sensitivity were observed in obese mares with short-term light exercise alone, even in the
absence of weight loss (Powell et al., 2002). Similarly, in a study of old and young Standardbred
mares, 4 out of 12 animals were confirmed insulin resistant at the beginning of the study, but
after 15 weeks of moderate exercise (without concurrent dietary restriction), this insulin
resistance was resolved (Liburt et al., 2012). Overall, exercise is typically an effective solution
for improving insulin and glucose dynamics, even over a short period of time.
However, while it has been demonstrated that the benefits of exercise on insulin and
glucose metabolism can occur rather quickly (within 7 d in the aforementioned studies), there is
some debate as to how long these benefits can be maintained if exercise is stopped. In the study
by Powell et al. (2002), the benefits of exercise (improvements in insulin sensitivity) were
negated after 9 d of inactivity. In the study by Stewart-Hunt et al. (2006), however, the benefits
of exercise (improvements in insulin sensitivity, muscle GLUT-4 content, and glycogen synthase
activity) were still evident after 5 d of inactivity. Some possible reasons for the difference in
response after a period of inactivity are the differences in the length of inactivity (9 d vs. 5 d), as
well as the differences in intensity of the exercise, with the exercise performed in the study by
Stewart-Hunt et al. (2006) being a higher intensity. Additionally, horses lost weight in the study
by Stewart-Hunt et al. (2006), while no change in BW or body fat occurred in the study by
Powell et al. (2002). Therefore, exercise is an effective solution for improvements in insulin and
glucose metabolism, but exercise intensity and the presence of weight loss may play a role in the
retention of such improvements. For greatest effectiveness, therefore, exercise should be
continued on a regular basis.
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1.8 c. Improvements in Leptin Concentrations
Plasma leptin concentrations were significantly lower in young, fit Standardbreds than
mature, unfit Standardbreds, suggesting a potential role of exercise in maintaining lower leptin
concentrations (Gordon et al., 2007b). Similarly, horses that were exercised at the walk and trot 3
d/week for 12 weeks (in combination with dietary restriction) showed significant reductions in
plasma leptin concentrations (Gordon et al., 2009). Overweight or obese horses with insulin
resistance showed no change in plasma leptin concentrations after 4 weeks of low-intensity
exercise and 4 weeks of higher-intensity exercise (Carter et al., 2010). However, that study was
somewhat unique in that it also did not show improvements in parameters of insulin and glucose
metabolism. When the work on exercise and leptin in horses was viewed comprehensively,
researchers concluded that exercise typically decreases overall plasma leptin concentrations in
horses new to exercise and stabilizes leptin concentrations long-term in horses that remain in
regular exercise (Kędzierski, 2016). Thus, exercise may be a beneficial tool in mitigating the
obesity-related dysregulation of both insulin and leptin.

1.8 d. Other Benefits
Exercise has also been documented to have other benefits. Most obviously, exercise
typically results in improvements in general cardiovascular fitness and/or exercise capacity.
Horses exercised 3 d/week in an automatic exerciser at the walk and trot for 12 weeks (in
combination with dietary restriction) showed significant improvements in VO2max and run time to
fatigue during a graded exercise test, as well as significantly lower plasma lactate concentrations
(Gordon et al., 2009). Similar results were seen in both old and young Standardbred mares after
8 weeks of exercise training alone (Liburt et al., 2012). However, improvements in fitness with
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exercise have also been shown in much shorter periods of time. Seven consecutive days of
exercise training in Standardbred horses resulted in a 9% increase in maximal aerobic capacity,
as well as significant increases in the running speed corresponding to a plasma lactate
concentration of 4 mmol/L (Stewart-Hunt et al., 2006). Furthermore, these increases were
maintained following 5 days of inactivity. Thus, even short-term exercise can result in improved
fitness.
Exercise can also alter behavior. Exercised yearlings were observed to have more
“contented” grazing behavior (Duren et al., 1989). In comparison, non-exercised yearlings were
observed to be more restless and easily distracted, suggesting that exercise may have a calming
or stress-relieving effect. Similarly, exercise treatment reduced wood-chewing in stabled
yearlings (Krzak et al., 1991). In comparison, one experiment found that Standardbred mares
spent significantly less time resting on exercise days compared to non-exercise days (Caanitz et
al., 1991). However, a second experiment within the same study found that exercised mares
spent significantly more time lying than non-exercised mares. Therefore, exercise may have a
calming effect in some horses, particularly younger animals.

1.8 e. Comparison with Dietary Restriction
It is difficult to compare the benefits of dietary restriction and exercise in horses, as no
studies of such direct comparisons have been conducted. However, relative benefits can be
inferred based on the data available. Summarizing the findings of previous sections, both dietary
restriction and forced exercise can be effective for weight loss in horses, as well as reducing
leptin concentrations. However, while exercise studies demonstrated improvements in insulin
and glucose dynamics in both the short- and long-term, at relatively low and moderate
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intensities, diet studies only showed improvements with long-term or relatively severe
restriction. Similarly, in a study of obese horses and ponies on a dietary restriction protocol, the
addition of low-intensity exercise for 25 min/d, 5 days a week resulted in significant
improvements in insulin sensitivity, while dietary restriction alone did not result in any
improvement, despite similar reductions in BCS, CNS, total body fat percentage, and basal
insulin and leptin concentrations (Bamford et al., 2018). Additionally, only the exercise group
showed a significant reduction in serum amyloid A, a marker of systemic inflammation. When a
study in obesity-prone rats compared exercise and dietary restriction resulting in equivalent
caloric restriction, and therefore, weight loss, the exercised rats showed significant
improvements in insulin sensitivity, but the matched diet group showed no change (Welly et al.,
2016). Overall, therefore, exercise may be more effective for improving insulin sensitivity than
dietary restriction.
Both exercise and dietary restriction studies have shown fat loss in horses. However,
when exercise and dietary restriction are compared on equivalent caloric terms in humans,
exercise results in significantly greater reductions in body fat than dietary restriction (Sopko et
al., 1985; Ross et al., 2000). In horses, however, the addition of low-intensity exercise to a diet
protocol did not result in increased losses of BCS or body fat (Bamford et al., 2018). In another
study, the addition of low- to moderate-intensity exercise to a diet protocol resulted in a
numerically greater reduction in RFT, but this difference was not significant, and was inherently
confounded by the increased caloric reduction compared to diet alone (Gordon et al., 2009).
Overall, there is no evidence that exercise is more effective at reducing body fat than dietary
restriction in horses, but a true direct comparison cannot be made with the current data.
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Because exercise can also result in negative energy balance, if exercise were to result in
extreme breakdown of body fat stores, hyperlipemia could become a concern. However, horses
exercised for 8 weeks showed no differences in blood triglyceride concentrations compared to
idle controls, despite significant losses of BW and body fat (Carter 2010). Thus, like dietary
restriction, hyperlipemia with exercise is likely avoided as long as subsequent negative energy
balance is not too severe. As with horses, blood triglyceride concentrations increased in humans
with diet-induced weight loss (Sopko et al., 1985). However, when subjects were exercised
without corresponding weight loss (fed to replace calories), no change in blood triglycerides was
observed, and when subjects were exercised with corresponding weight loss, significant
reductions in blood triglycerides were observed (Sopko et al., 1985). Additionally, because
exercise appears to be more effective than dietary restriction at improving insulin sensitivity, it is
likely that this would further reduce the risk of hyperlipemia. Therefore, exercise does not appear
to be a substantial risk for hyperlipemia in horses, and when associated with weight loss and/or
improvements in insulin sensitivity, likely reduces the risk of hyperlipemia.
Additionally, dietary restriction does not achieve the improvements in cardiovascular
fitness seen with exercise. As with horses, improvements in VO2max are observed in humans with
exercise, with and without weight loss (Sopko et al., 1985; Ross et al., 2000). However, no
improvements in VO2 max were observed in dietary restriction groups matched for weight loss.
Dietary restriction has also been shown to depress basal metabolism in ponies (Van Weyenberg
et al., 2008a). Such depressed metabolism could negate the benefits of dietary restriction over
time, potentially promoting regain. In comparison, it is obvious that exercise increases energy
expenditure above the basal metabolic rate while horses are exercising.

46
It may be anticipated that with the creation of a negative energy balance, exercise may
result in negative behaviors. However, the opposite is true. As described in previous sections,
exercise actually appears to have a calming effect in horses, particularly in young horses. In
contrast, the authors of a dietary restriction study noted that one of the ponies spent noticeably
more time box-walking when restricted (Dugdale et al., 2010). Additionally, while exercise
treatment reduced wood-chewing in stabled yearlings (Krzak et al., 1991), horses on a restricted
grazing protocol were noted to partake in substantial wood-chewing and consumption of wood
fencing (Gill, 2016).
Overall, exercise appears to have benefits in excess of those seen with dietary restriction,
and also appears to avoid some of the risks associated with dietary restriction. However, it is
noted that not all horses are physically capable of exercise. Thus, while it is recommended that
exercise be incorporated into weight loss programs, exercise can only be included where
reasonable and healthy for the horse’s current state.

1.9. Relationship Between Exercise and Intake
1.9 a. Hormonal Effects
Exercise has been shown to affect the concentrations of hormones with roles in appetite
and energy balance. In Standardbred mares, ghrelin concentrations increased during exercise, but
returned to levels similar to or lower than those of non-exercised controls within 60 min of
exercise cessation (Gordon et al., 2006). When offered an afternoon meal approximately 3 h after
exercise, exercised mares showed significantly lower plasma ghrelin concentrations before and
after the meal compared to controls (Gordon et al., 2007a). However, the exercised group
showed significantly higher plasma ghrelin levels at 12 h post-exercise, potentially indicating a
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delayed signal to increase energy intake after exercise. Additionally, young, fit Standardbred
racehorses display significantly greater plasma ghrelin concentrations than mature, unfit
Standardbreds overall (Gordon et al., 2007b).
In a study examining several different types of exercise, plasma leptin was increased
immediately after exercise and 30 min post exercise in light draft stallions performing harness
exercise (exercise of relatively low intensity but long duration), but showed no change in horses
performing dressage, jumping, or racing (Kedzierski, 2014). Additionally, the increase in plasma
leptin concentration was related to increased plasma cortisol, with significant correlations
between the exercise-to-rest ratio of leptin concentrations and the exercise-to-rest ratio of cortisol
concentrations. Conversely, Standardbred mares performing a graduated exercise test
demonstrated significantly lower plasma leptin concentrations than controls 24 h after exercise
(Gordon et al., 2007a). Similarly, young, fit Standardbred racehorses display significantly lower
plasma leptin concentrations than mature, unfit Standardbreds overall (Gordon et al., 2007b).
However, this difference may have been the result of differences in BCS and body fat content,
rather than the effect of exercise itself. Because of the varying responses observed, the overall
effect of exercise on leptin concentrations in horses is somewhat debated. However, a recent
comprehensive review determined that exercise typically decreases overall plasma leptin
concentrations in horses just beginning an exercise program and stabilizes leptin concentrations
in horses that remain in an exercise program long-term. (Kędzierski, 2016).

1.9 b. Digestibility and Passage Rate
The effects of exercise on digestibility are unclear. Exercise in Thoroughbred geldings
resulted in a small (57.8% vs. 58.9%), but significant, decrease in apparent DM digestibility
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compared to the non-exercised group, largely as the result of decreased ADF digestibility (Pagan
et al., 1998). Conversely, exercise in yearling horses resulted in increased apparent digestibility
compared to controls (Orton et al., 1985). Exercise in donkeys did not result in any significant
changes in digestibility, despite numeric increases in all digestibility coefficients (DM, OM,
ADF, NDF, energy, and CP) (Pearson and Merritt, 1991).
Exercise may also impact electrolyte digestibility, as exercised geldings showed
significantly increased sodium digestibility, but significantly decreased potassium digestibility
(Pagan et al., 1998). These changes in digestibility could impact electrolyte and fluid balance.
Exercised Thoroughbred geldings and Standardbred mares have both been shown to significantly
increase water intake compared to non-exercised controls (Caanitz et al., 1991; Pagan et al.,
1998). In the geldings, exercise also resulted in reduced mean retention time (MRT) by 3.3 h,
potentially as a result of this increased water intake (Pagan et al., 1998). Exercise in yearlings
resulted in decreased particulate MRT, but increased fluid MRT (Orton et al., 1985). In donkeys,
however, exercise had no significant effects on MRT or excretion of solid- or liquid-phase
markers (Pearson and Merritt, 1991). Overall, exercise can impact digestibility, MRT, and
potentially electrolyte balance and fluid intake in horses, but the individual effects vary widely.

1.9 c. Overall Effects of Exercise on Intake
Few studies have directly investigated the overall effect of exercise on intake in horses,
and the results have been conflicting. One study found that exercise increased intake in yearling
horses (Orton et al., 1985), but another study in yearlings showed no effect (Duren et al., 1989).
Similarly, forced exercise in donkeys had no effect on intake (Pearson and Merritt, 1991).
However, the authors suggested that the amount of time spent away from food for exercise (4 h)
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and the physical form of the diet (highly fibrous hay or straw with low digestibility) may have
limited the donkeys’ ability to increase intake. In mature Standardbred mares, high-intensity
exercise resulted in decreased intake (Gordon et al., 2006). In humans, some exercise programs
result in no changes in intake (Staten, 1991; Ebrahimi et al., 2013), while others result in
increased energy intake in women, but not men (Teleglow et al., 2009). In women alone, highintensity exercise appears to increase intake, while low-intensity exercise does not (Pomerleau et
al., 2004). Thus, the overall effect of exercise on intake in horses is largely unknown, and like
humans, may vary according to factors such as age, exercise intensity, time away from feed, diet,
or sex.

1.10. Summary and Research Objectives
Equine obesity is common among the domestic horse population and is associated with
numerous health consequences. Most notably, obesity and associated endocrine dysregulation
create a significant predisposition for Equine Metabolic Syndrome and laminitis. Several risk
factors for obesity have been identified, including certain age and breed/type characteristics.
While differences in energy intake and/or expenditure between obese and non-obese horses are
also anticipated, no studies have been conducted to compare these factors in horses. It is known
that the weight gain that creates obesity is caused by an imbalance of such intake and
expenditure, resulting in a positive energy balance. Treatments for weight loss thus focus on
creating a negative energy balance, either through decreased energy intake (dietary restriction) or
increased energy expenditure (exercise). However, because the disease risks associated with
obesity seem to be primarily associated with the accompanying endocrine dysregulation rather
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than the excess weight in and of itself, weight loss plans must also address the endocrine
components of obesity.
Pasture restriction is commonly recommended as a component of dietary restriction for
obese horses. While some work has compared resting hormone concentrations in response to
restricted grazing, to the author’s knowledge, no studies have looked at hormone concentrations
while horses are actually undergoing their grazing treatments (fed values). Additionally, while
dietary restriction is the more common approach to weight loss in horses, exercise may have
additional benefits. The benefits of dietary restriction and/or exercise in obese horses have been
partially demonstrated in various studies, but no work has been done to directly compare dietary
restriction and forced exercise in horses. Furthermore, the effect of exercise on voluntary feed
intake in horses remains unclear. If an exercise program intended for weight loss were to result
in increased feed intake, it could potentially negate the effectiveness of the program. While some
work has been conducted on the effects of exercise and intake in growing horses or horses
undergoing high-intensity exercise, no work has been conducted to determine the effect of a lowintensity exercise program, such as that used for an obese horse, on voluntary feed intake in
mature horses.
This research aimed to expand on the current understanding of obesity in horses, through
better understanding the characteristics of obesity, as well as methods to treat it. Specifically, this
research aimed to investigate the insulin and leptin concentrations of horses on a restricted
grazing protocol compared to horses on a continuous grazing protocol while horses were actively
undergoing their treatments (Experiment I). Additionally, an objective of this research was to
investigate potential differences in voluntary energy intake and/or expenditure at maintenance in
horses who maintain a naturally obese or lean (desirable) body condition on free-choice forage
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(Experiment II). Another objective was to directly compare the effects of a dietary restriction or
exercise protocol that were both designed to result in similar levels of energy restriction in obese
horses (Experiment III). Finally, this research aimed to determine whether the low-intensity
exercise typically used for obese horses increases voluntary feed intake in mature horses on ad
libitum forage, as well as whether horses on this type of program would show the beneficial
effects of an exercise program expected with a regulated amount of intake (Experiment IV).
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Tables and Figures
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Figure 1.1 Energy partitioning.
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Table 1.1 Henneke Body Condition Scoring System (Henneke et al. 1983).
Score

Descriptor

1

Poor

2

Very Thin

3

Thin

4

Moderately
Thin

5

Moderate

6

Moderate to
Fleshy

7

Fleshy

8

Fat

9

Extremely
Fat

Characteristics
Animal extremely emaciated. Spinous processes, ribs, tailhead, and
hooks and pins projecting prominently. Bone structure of withers,
shoulders, and neck easily noticeable. No fatty tissues can be felt.
Animal emaciated. Slight fat covering over base of spinous processes;
transverse processes of lumbar vertebrae feel rounder. Spinous
processes, ribs, tailhead, and hooks and pins prominent. Withers,
shoulders, and neck structures faintly discernable.
Fat built up about halfway on spinous processes; tranverse processes
cannot be felt. Slight fat cover over ribs. Spinous processes and ribs
easily discernable. Tailhead prominent, but individual vertebrae cannot
be visually identified. Hook bones appear rounded, but easily
discernable. Withers, shoulders, and neck accentuated.
Negative crease alone back. Faint outline of ribs discernable. Tailhead
prominence depends on conformation; fat can be felt around it. Hook
bones not discernable. Withers, shoulders, and neck not obviously thin.
Back level. Ribs cannot be visually distinguished but can be easily felt.
Fat around tailhead beginning to feel spongy. Withers appear rounded
over spinous processes. Shoulders and neck blend smoothly into body.
Slight crease down back. Fat over ribs feels spongy. Fat around
tailhead feels soft. Fat beginning to be deposited along the sides of the
withers, behind the shoulders, and along the sides of the neck.
Crease down back. Individual ribs can be felt, but noticeable filling
between ribs with fat. Fat around tailhead is soft. Fat deposited along
withers, behind shoulders, and along the neck.
Prominent crease down back. Difficult to feel ribs. Fat around tailhead
very soft. Area along withers filled with fat. Area behind shoulder
filled in flush. Noticeable thickening of neck. Fat deposited along inner
buttocks.
Extremely obvious crease down back. Patchy fat appearing over ribs.
Bulging fat around tailhead, along withers, behind shoulders, and along
neck. Fat along inner buttocks may rub together. Flank filled in flush.
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Figure 1.2 Cresty Neck Scoring (Carter et al., 2009a)
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CHAPTER 2: EXPERIMENT I
A preliminary study on the effects of time- and space-restricted grazing with weight loss on
serum insulin and leptin concentrations in horses

2.1. Abstract
Equine obesity is associated with insulin and leptin dysregulation, which increases laminitis risk,
particularly for horses on pasture. In a previous study, a time- and space-restricted grazing
protocol was designed to reduce body weight (BW) by reducing intake. This study aimed to
measure the effects of the restricted grazing protocol vs. continuous grazing on insulin and leptin
concentrations. Ten mature, stock-type geldings (577.4 ± 58.0 kg, 10 ± 4 yr) were assigned to a
continuous (CON) or restricted (RES) grazing protocol. CON horses were allowed to graze for
24 h/d with unrestricted pasture access. RES horses grazed for 8 h/d on a grazing cell designed to
provide ~80% of maintenance digestible energy requirements and were stalled without feed for
the remaining 16 h/d. Serum was collected on d10 and 31, before and after changes in BW
independent of gut fill, and analyzed for insulin and leptin concentrations in the morning (AM)
before RES horses were turned out, in the middle of the RES grazing period (MD), and at the
end of the RES grazing period (PM). Serum insulin and leptin concentrations were not normally
distributed, and were log transformed. Statistical analysis was conducted using repeated
measures. P < 0.05 was considered significant. RES horses lost significant BW from d10 to d31
(2.7 ± 0.7% of d10 BW), while CON showed no change. There were no treatment or treatment
by day effects on (log) insulin or (log) leptin. Additionally, there were no differences in (log)
insulin or (log) leptin between RES and CON at any time point. Overall, even though time- and
space-restricted grazing resulted in significant weight loss, it did not result in any significant
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changes in (log) insulin or (log) leptin concentrations compared to continuously grazing horses,
suggesting that alternative weight loss strategies may be necessary for horses at risk of pastureassociated laminitis.

2.2. Introduction
Obesity at its most basic definition is an excess of adipose tissue, and it is typically
defined using body condition (Henneke et al., 1983). However, obesity is not just an issue of
extra weight, but is also typically associated with dysregulation of insulin (Hoffman et al., 2003)
and leptin (Buff et al., 2002). Both hyperinsulinemia and hyperleptinemia are associated with a
higher risk of pasture-associated laminitis (Carter et al., 2009b). Therefore, an effective weight
loss plan for horses should not only focus on body weight, but also on improving insulin and
leptin concentrations, especially for horses that are housed on pasture. One recent study of horses
in the United States (southwest Virginia) found that 54% of horses had continuous access to
pasture, and nearly 20% of horses were obese (Thatcher et al., 2012).
One potential solution is to restrict grazing access using a grazing muzzle, reduced area
available to graze, reduced time available to graze, or some combination of these factors. While
grazing muzzles are effective at reducing intake at pasture (Longland et al., 2012), they can be
more labor-intensive for owners to use, and horses may resist being caught for muzzle
application. Restricting the time and/or space allowed for grazing is typically less difficult and
involves fewer issues of horse compliance. Restricting the time allowed for grazing can decrease
pasture intake overall, but it can also increase the rate of intake for a given period of time, which
may counteract the restrictive effects (Glunk et al., 2013). Therefore, it may be necessary to
restrict the space, and as a result, the herbage, available for grazing as well.
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Gill (2016) conducted an experiment to determine if a combined time- and spacerestricted grazing scheme would effectively reduce intake (as measured by BW). While that
study investigated body weight and serum insulin concentrations after horses were stalled
without feed overnight, no data was collected on blood leptin concentrations, or on the effects of
the two protocols (continuous grazing vs. time- and space-restricted grazing) on insulin
concentrations throughout the day. Because hyperleptinemia is also associated with disease risk,
it is important to determine leptin concentrations as well as insulin concentrations. Additionally,
it is important to determine the dynamic hormone responses when the animals are actively
undergoing their respective treatments, as these are more indicative of the direct effects of
treatment. Therefore, this study aimed to investigate the effects of the two grazing methods on
insulin and leptin concentrations at selected time points throughout the day, with the hypothesis
that restricted grazing would result in reductions of both hormones.

2.3. Materials and Methods
All procedures were approved by the North Carolina State University Institutional
Animal Care and Use Committee.

2.3 a. Animals and Study Design
Ten, mature stock-type geldings (577.4 ± 58.0 kg, 10 ± 4 yr) were randomly assigned to
either continuous (CON) or time- and space-restricted (RES) grazing for 35 d, as previously
described (Gill, 2016). In brief, RES horses were allowed to graze for 8 h each day (8:00 to
16:00) in a grazing cell adjacent to the pasture where CON horses were allowed to graze 24 h/d.
When RES horses were not grazing, they were brought into individual dry-lot pens, where feed
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was withheld overnight (16 h). The grazing cells that the RES horses grazed were designed to
meet approximately 80% of maintenance digestible energy (DE) requirements (NRC, 2007),
while the CON pasture had sufficient herbage to meet or exceed maintenance DE requirements.
RES horses moved to a new grazing cell every 7 d (d 0, 7, 14, 21, 28). Pasture samples were sent
to the North Carolina Department of Agriculture for chemical analysis (Table 1). Pastures
consisted predominantly of non-toxic endophyte-infected tall fescue (60%) and crabgrass (25%)
(Gill, 2016).

2.3 b. Data Collection
Blood samples were collected via jugular venipuncture into tubes containing no
anticoagulant on d10 and 31 (midway through the second and last weeks) at 7:30 (AM), 12:30
(midday, MD), and 16:30 (PM). For AM samples, RES horses were in pens after having no
access to feed overnight. For MD samples, RES horses were approximately halfway through
their grazing period. For PM samples, RES horses had returned to pens after their grazing period.
CON horses were at pasture for all time points. After collection, blood was allowed to clot and
centrifuged for 10 min at 1,125 xg and 4 °C for separation of serum, which was aliquoted and
frozen at -20 °C until further analysis. Serum insulin and leptin concentrations were analyzed
using commercially available radioimmunoassay kits (ImmuChem Insulin 125I RIA Kit, MP
Biomedicals, LLC, Orangeburg, NY, USA; Multi-Species Leptin RIA, EMD Millipore, St.
Charles, MO, USA). The insulin kit was validated by the presence of dilutional parallelism
between kit standards and endogenous insulin in equine serum. The leptin kit was previously
validated for use in horses (Fitzgerald and McManus, 2000).
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Body weight (BW) was measured on a livestock scale (Gallagher 210 Livestock Scale,
Gallagher USA, Riverside, MO, USA) weekly (d0, 7, 14, 21, 28, 35). Because blood sampling
was conducted midway through the weekly grazing period, and therefore intermediate to the BW
sampling values, the BW values for d10 and 31 were calculated as the average of d7 and 14
values, and the average of d28 and 35 values, respectively.

2.3 c. Statistical Analysis
All statistical analysis was completed using repeated measures in the mixed procedure of
SAS Version 9.3 (SAS Institute Inc., Cary, NC, USA). For blood variables, fixed effects
included treatment, day (d10 and 31), time (AM, MD, and PM), and corresponding interactions.
For BW, fixed effects included treatment, day, and treatment by day interaction. For all analyses,
horse within treatment was the experimental unit, and covariance structure was selected based on
the lowest AIC values from a covariance test. Least squares means comparisons were performed
for significant fixed effects with the Tukey-Kramer adjustment for multiple comparisons. The
insulin and leptin data were not normally distributed, so they were log-transformed for analysis.
For ease of interpretation, data are presented as values prior to transformation. Correlation
analysis on (log) insulin and (log) leptin concentrations was also performed. Results were
considered significant at P < 0.05.

2.4. Results
Results are presented as mean ± standard deviation (SD).
Body weight data is summarized in Table 2. There were significant day (P = 0.0009) and
treatment by day (P = 0.0002) effects on BW, with the RES group showing a significant

75
reduction (P = 0.0002) in BW from d10 to d31 (2.7 ± 0.7% of d10 BW), while the CON group
showed no change (P = 0.79). Insulin and leptin data are presented in Figs. 2.1 and 2.2,
respectively. There was a significant (P = 0.004) day effect on (log) insulin, with d10 having
overall higher values than d31. There were also significant (P < 0.05) time and treatment by time
effects on (log) insulin, with the MD time point being higher than the AM time point on d10, for
the RES group only. Overall, there were no (P > 0.05) treatment or treatment by day effects on
(log) insulin. Similarly, there were no (P > 0.05) treatment or treatment by day effects on (log)
leptin, as well as no (P > 0.05) time or treatment by time effects. As with (log) insulin, (log)
leptin demonstrated a significant (P < 0.0001) day effect, with d10 having lower values than d31.
Overall (log) insulin and (log) leptin concentrations were significantly correlated (r = 0.57; P <
0.0001).

2.5. Discussion
In this study, the RES horses were rotated to a new grazing cell every 7 d. Because the
grazing cells were designed to offer a restricted amount of DE (~80% of requirements), the
horses grazed the cells fairly heavily. Sampling at the beginning of the week would have
coincided with the greatest pasture herbage mass, and therefore nutrient content, while sampling
at the end of the week would have coincided with the lowest pasture nutrient content. By taking
blood samples in the middle of the grazing period, the samples coincided with what would be
expected to be the average pasture content overall. Additionally, the first blood sample was taken
in the middle of week 2 (d10), rather than the middle of week 1 (d3). Initial weight loss is
typically associated with changes in gut fill, particularly when moving from an ad libitum diet to
a restricted diet (Dugdale et al., 2010). Because horses in this study were restricted quite
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severely, with only 1/3 of the day (8 h) available for grazing, the loss of gut fill would be
expected to be substantial. Weight loss on week 1 was markedly higher than weight loss
throughout the other weeks (average loss of 16.8 kg from d0 to d7 vs. average loss of 4.6
kg/week in other weeks) (Gill, 2016), confirming this theory. Sampling in week 2 avoided the
confounding effects of changes in gut fill and allowed the horses time to adapt to the study
protocol before taking samples. Therefore, samples on d10 and 31 can be considered to be before
and after physiologically significant weight loss (reduction in body mass independent of changes
in gut fill).
Despite the physiologically significant weight loss, there were no significant treatment or
treatment by day effects on (log) insulin with grazing restricted to 80% of DE requirements for 8
h/d. Some severe dietary restriction studies in horses have shown reductions in blood insulin
concentrations (Van Weyenberg et al., 2008a; Dugdale et al., 2010) (ponies offered 35-70% and
65% of DE requirements, respectively), but other diet studies have also shown no change
(Gordon et al., 2009) (horses offered approximately 88% of DE requirements). Therefore, more
severe restriction may be necessary to reduce serum insulin concentrations in horses.
Additionally, pasture can accumulate a substantial amount of non-structural carbohydrates
(NSC) (Longland and Byrd, 2006), and cool-season grasses, such as the tall fescue that
predominantly composed the pastures in this study, tend to have higher concentrations of NSC
than warm-season grasses (NRC, 2007). Furthermore, insulin concentrations are correlated with
pasture carbohydrate content (Frank et al., 2010a). Therefore, while restricted grazing resulted in
weight loss, it is likely that horses were still exposed to a large amount of hydrolyzable
carbohydrates, thus maintaining insulin concentrations to a greater extent than may have been
seen with alternative feed sources.
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The content of hydrolyzable carbohydrates also explains the day effect seen in (log) Ins
concentrations, as the non-fibrous carbohydrate (NFC) content of the pastures was substantially
higher on d10 than d31 (29.0% vs. 20.2%, respectively) (Gill, 2016). This result is consistent
with previous findings that fed insulin concentrations in ponies on pasture increased with an
increase in pasture starch content (one of the components of NFC) (Treiber et al., 2006). This
difference also explains the difference seen between AM and MD in RES on d10, but not d31.
The AM time point in RES occurred after horses were stalled overnight without access to feed,
while the MD time point occurred in the middle of the grazing session. These results are
consistent with findings that insulin concentrations are higher in grazing horses than stalled
horses in times of high NSC, but not in times of moderate NSC (McIntosh, 2006; Frank et al.,
2010a). Additionally, (log) insulin and (log) leptin concentrations were significantly correlated,
which is consistent with previous findings (Pratt-Phillips et al., 2010). Therefore, it is not
surprising that as with (log) insulin, (log) leptin showed lower concentrations on d31 than d10.
The lack of a treatment or treatment by day effect on (log) leptin is in contrast to previous
studies, in which horses have shown significant reductions in leptin concentrations with weight
loss through dietary restriction (Van Weyenberg et al., 2008a; Gordon et al., 2009). One possible
explanation for this discrepancy is the fact that the previous studies were conducted over a much
longer period of time (18 weeks and 12 weeks, respectively) than this study (3 weeks between
sampling days). Leptin is generally considered to be a long-term regulator of energy balance
(Klok et al., 2007). Therefore, the experimental period may not have been long enough to detect
changes in leptin. Another explanation, however, is that both of the prior studies used
exclusively overweight or obese animals, while this study used horses with a variety of body
condition scores (ranging from moderately thin to obese (Henneke et al., 1983)). Because horses
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with greater body condition are known to have higher leptin concentrations (Buff et al., 2002), it
is likely more easy to achieve a reduction in leptin concentrations in exclusively overweight or
obese animals.
The lack of difference in (log) insulin was not expected because of the differences in diet
protocols, particularly after horses were fasted overnight. However, other findings in horses have
indicated that fasting does not affect resting serum insulin concentrations (Bertin et al., 2016).
The lack of difference in (log) leptin was also unexpected, as both meal size/feeding frequency
(Steelman et al., 2006) and feeding-housing regimens (Storer et al., 2007) have been shown to
significantly affect blood leptin concentrations. However, it has also been shown that restricted
pasture access increases dry matter intake rate (Glunk et al., 2013). While the presence of weight
loss in RES, but not CON, suggests some difference in overall intake, it is likely that RES had an
increased intake rate while at pasture, reducing the difference between the groups.
Blood samples were taken at three time points throughout the day chosen to represent the
extremes within the RES group: at the end of the 16-h period without feed, in the middle of the
grazing period, and after completion of the grazing period. While the AM and PM time points
are inherently confounded with treatment differences, as CON remained on pasture for all of the
time points, it was the aim of this study to show the effects of the time- and space-restricted
protocol at each of the major time points, compared to horses remaining on pasture. It was
expected that the groups would show substantial differences, particularly at the AM time point,
but this was not the case, with no significant differences between the groups in (log) insulin or
(log) leptin at any time point. Furthermore, there were no significant differences in treatment
responses from d10 to d31.
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Overall, time- and space-restricted grazing was effective for physiological weight loss,
but was not successful in improving (log) insulin or (log) leptin concentrations compared to
continuously grazing horses, even after 16 h without feed.
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Tables and Figures
Table 2.1 Average chemical composition1 (100% DM Basis) of pasture.
Item Analyzed

Content in RES Cells

Content in CON Pasture

DM (%)

26.7

28.9

DE (Mcal/kg) 2

2.49

2.45

CP (%)

18.3

18.0

NDF (%)

45.7

50.1

ADF (%)

25.6

28.0

NFC (%)

25.4

21.6

RES, restricted grazing; CON, continuous grazing; DM, dry matter; DE, digestible energy; CP,
crude protein; NDF, neutral detergent fiber; ADF, acid detergent fiber; NFC, non-fiber
carbohydrates
1

(Gill, 2016)

2

DE calculated according to Pagan (1998)
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Table 2.2 Summary of body weight data.
Treatment

d10 BW (kg)

d31 BW (kg)

RES

566.5 ± 69.5

551.3 ± 66.7*

CON

583.7 ± 54.3

585.5 ± 54.0

RES, restricted grazing; CON, continuous grazing; BW, body weight
* Indicates significant difference from d10 value.
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Figure 2.1 Serum insulin concentration at three time points throughout the day (AM, MD, and
PM) before and after physiologically significant weight loss achieved through time- and spacerestricted grazing (RES), compared to control horses allowed to graze continuously (CON).
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Figure 2.2 Serum leptin concentration at three time points throughout the day (AM, MD, and PM)
before and after physiologically significant weight loss achieved through time- and spacerestricted grazing (RES), compared to control horses allowed to graze continuously (CON).
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Voluntary energy intake and expenditure in obese and lean horses consuming ad libitum
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This work is licensed under the Creative Commons Attribution Non-Commercial No-Derivatives
4.0 International (CC BY-NC-ND 4.0) License. To view a copy of the license, visit
https://creativecommons.org/licenses/by-nc-nd/4.0/.

3.1. Abstract
Some horses are more prone to obesity than others. This study aimed to compare energy intake
and expenditure between obese and lean horses. Ten mature, stock-type geldings (11.8 ± 4.0 yr
old; 577 ± 52 kg) maintained on the same pasture were classified as obese (n = 6, BCS ≥ 7) or
lean (n = 4, BCS = 4-5), and adapted to free-choice grass hay over 25 d. Dry matter intake (DMI)
was measured for 11 d, with body weight (BW) and blood samples (analyzed for serum leptin)
collected on d 0, 2, 4, 7, 9, and 11. Behavior was observed for 24 h. Apparent dry matter (DM)
and gross energy (GE) digestibility (DMD, GED) were measured using 48-h total fecal
collection. Digestible energy intake (DEI) was calculated. Activity (distance traveled, average
heart rate (HR), maximum HR) was quantified using HR monitors with GPS tracking. Average
HR was used to estimate energy expenditure (EE). Serum leptin, DMI, and BW were analyzed as
repeated measures. Other variables were analyzed using unpaired t-tests. P < 0.05 was
considered significant. Serum leptin, intake, digestibility, and activity were not affected by
group. DMI was correlated with average HR (r = 0.70; P = 0.03). Obese horses spent more time
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active (interacting with other horses, moving around) (P = 0.003), and less time eating (P =
0.03). Overall, the results of this study identified some differences in behavior, but did not
identify any differences in energy intake or expenditure between obese and lean horses.

3.2. Introduction
Equine obesity affects approximately 19-20% of horses in the U.S. [1,2], and is
associated with both insulin resistance [3] and laminitis [4]. While genetic predisposition
(“thrifty phenotype”) contributes to the development of obesity [5], feeding practices also
contribute [2]. However, even horses maintained on the same diet (e.g., living on the same
pasture), exhibit substantial variation in energy balance, as indicated by body condition score
(BCS) [6]. This variation might be explained by intrinsic differences in energy intake,
expenditure, and/or regulatory hormones, such as leptin. Leptin typically acts as a long-term
suppressant of energy intake [7], and relative leptin concentrations have been shown to influence
voluntary intake in obese ponies [8].
While prior studies have characterized morphometric measurements and blood
metabolites in obese and non-obese horses [4], little information is available regarding
characteristics of energy intake and expenditure between obese and lean horses in which
environmental factors and husbandry practices are the same. The objective of this study was to
identify differences in dry matter (DM) intake, DM digestibility, digestible energy (DE) intake,
serum leptin concentrations, behavior observations, distance traveled, average and maximum
heart rate, and estimated energy expenditure between similarly managed obese and lean horses.
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3.3. Materials and Methods
3.3 a. Animals and Diet
All procedures were approved by the Institutional Animal Care and Use Committee at
North Carolina State University (Protocol 16-131: Differences in dry matter intake between
horses).
Ten mature, stock-type geldings (11.8 ± 4.0 yr old; 577 ± 52 kg) were assigned to one of
two groups based on body condition score (BCS) on a 1-9 scale [9]: obese (BCS ≥ 7; n = 6) or
lean (BCS = 4 to 5; n = 4). In this instance, “lean” indicates a lack of excess body fat, i.e.,
desirable BCS. Prior to the experiment's start, horses were managed similarly as a herd within
the same pasture for approximately 9 months.
The experiment consisted of a two-phase adaptation period followed by an 11-d data
collection period. The first phase of the adaptation period consisted of an 18-d period where all
horses were housed as a single group in a large dry lot and group-fed grass hay (Timothy mix)
free-choice in the form of large square bales, followed by the second phase over a 7-d period
where all horses were moved to individual, partially covered 3.7-m × 12.2-m pens (where they
remained for the duration of the study) and offered the same grass hay free-choice.
Representative core samples were taken from the hay during the data collection period and sent
for commercial analysis (Equi-Analytical, Ithaca, NY). Results of the analysis are presented in
Table 3.1. In addition to the hay, horses had unlimited access to water and a trace mineral salt
block.
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3.3 b. Intake, Digestibility, and Blood Hormone Measurements
Refusals were collected and weighed each day at 7:00 AM and 7:00 PM. New hay
(weighed) was provided at a rate that ensured horses had continual access to hay. Hay was fed in
hay nets over a large tub that was secured to the wall with a rubber mat underneath to facilitate
refusal collection. Refusals contaminated with manure and/or urine were not collected. Weather
data (average temperature, average humidity, and precipitation) was collected from the airport
weather station (< 10 km from facility) as provided by a commercial website
(WeatherUnderground, Ann Arbor, MI) to determine weather effects.
Horses underwent 48-h total fecal collection using fecal collection harnesses (Equisan
Marketing Pty Ltd, South Melbourne, Australia). Because of limitations in the number of
available fecal collection harnesses and heart rate monitors, horses were randomly assigned to
groups for fecal harness and heart rate monitor collection periods, as summarized in Table 3.2.
The harnesses were emptied every 6 h, with total sample weights and representative subsamples
(stored at -20 °C) taken from pooled 6-h samples every 12 h. For dry matter (DM) and gross
energy (GE) analyses, subsamples for each horse were composited based on percentage of total
fecal weight. The composited subsamples and a representative hay subsample were dried at 60
°C until no weight change occurred (approximately 48 h), and weights before and after drying
were used to calculate DM content. Net dry matter intake (DMI) as a percent of body weight
(BW) was calculated for each horse as (kg DM offered – kg DM refused) / kg BW * 100. A 3-d
average DMI was calculated and corrected to 48-h values as follows [(kg DMI from 48 h prior to
harness placement + kg DMI of first 24 h of harness collection)/72 h] * 48 h, and used to
calculate apparent DM digestibility (DMD, %) as [(kg average DMI – kg fecal DM)/kg average
DMI] * 100. The use of the 3-d average DMI was designed to allow for variations in passage rate
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that could not be measured in the scope of this study. This value was then corrected to a 48-h
value to allow for direct comparison with the 48-h fecal DM values. Dried subsamples were
ground and subjected to bomb calorimetry (Parr Calorimeter 6200, Moline, IL) to determine GE,
apparent GE digestibility (GED, %), and digestible energy intake (DEI, kcal/kg).
Body weights were measured using a livestock scale (Gallagher 210 Livestock Scale,
Gallagher USA, Riverside, MO) on d 0, 2, 4, 7, 9, and 11 of the study. Blood samples were taken
via jugular venipuncture on the same days that BW was measured, prior to feeding that
morning’s hay. The samples were collected into tubes containing no anticoagulant, allowed to
clot, and centrifuged at 4 °C at 1,125 x g for 10 min. Serum was harvested, aliquoted, and frozen
at -20 °C. Serum samples were analyzed for leptin concentration using a commercially available
radioimmunoassay kit (Multi-Species Leptin RIA, EMD Millipore, St. Charles, MO) previously
validated for use in horses [10]. The inter- and intra-assay coefficients of variation were 7.3%
and 9.2%, respectively. The limit of sensitivity of this assay is 0.80 ng/mL. Body condition score
(for classification) was assessed on d 0 and d 11.

3.3 c. Behavioral (Activity) Measurements
Horses were observed for a 24-h time budget from 6 AM d 1 to 6 AM d 2 (Table 2). The
observations were timed after the full adaptation to the feeding routine, but before the period of
fecal and heart rate (HR) data collection to minimize disruptions to the horses’ natural behavior.
The barn lights were left on continuously for 48 h prior to the observation period to allow the
horses to adapt to the lighting. Observers were seated at the wall opposite the horses, with a clear
view of the pens. Every 5 min, observers recorded the horses’ behavior as one of the following:
eating, drinking, consuming mineral block, active, or resting. The active category included
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movement or interaction with a neighboring horse. The resting category included lying down or
standing quietly. The observations were totaled for each horse to calculate the percentage of time
spent in each category.
Each horse wore a HR monitor with GPS tracking (Polar V800 Watch with H7 Band,
Polar Electro, Kempele, Finland) for four, 8-h sessions (2 daytime sessions and 2 overnight
sessions) over a 48-h period to monitor resting heart rate activity. Data was analyzed for average
and maximum HR (bpm). The average HR over a 24-h period was used to estimate energy
expenditure (kcal/kg BW) using the equation for oxygen consumption (mL O2/kg BW/min)
described in the NRC (2007) (0.0019 × HR2.0653) and a conversion of 4.86 kcal/L O2 [11]. The
data was also analyzed for distance traveled, as measured from the GPS monitoring, and
corrected to an average 24-h value (km).

3.3 d. Statistical Analysis
All statistical analysis was performed in SAS version 9.3 (SAS Institute Inc., Cary, NC).
For all analyses, horse within group was the experimental unit. For variables sampled at multiple
time points (DMI, BW, and leptin), the mixed procedure was used for repeated measures
analysis [12]. A covariance test was performed for each model, and the covariance structure that
resulted in the lowest Akaike information criterion (AIC) was selected. The fixed effects in each
model were group, time, and a group by time interaction. Pairwise least squares means
comparisons were performed for significant fixed effects, with the Tukey-Kramer adjustment for
multiple comparisons. Variables having one summary point for comparison (DMD, GED, DEI,
distance traveled, time budget percentages, and HR data) were analyzed for potential fecal
harness/HR monitor period effects and group differences using ANOVA. There were no
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significant period effects, so unpaired t-tests were used to determine group differences.
Correlation analysis was performed on the response variables, using average values for the
variables with repeated measurements. P < 0.05 was considered statistically significant, and 0.05
≤ P < 0.10 was considered a tendency.

3.4. Results
3.4 a. Intake, Digestibility, and Maintenance of Body Weight
Overall intake and digestibility results are summarized in Table 3.3. All results are
presented as sample mean ± SEM unless otherwise stated. There were no significant differences
between the obese and lean groups in DMI overall (P = 0.33) or over time (P = 0.97), but there
was a significant day effect (P < .001) on DMI in both groups (Fig. 3.1). Significant negative
correlations were identified between DMI and humidity (r = -0.22; P = 0.02) and precipitation (r
= -0.23; P = 0.01). Average humidity and DMI (all horses) over time are shown in Fig. 3.2.
There were no impacts of fecal harness period (P > 0.1) on DMD, GED, or DEI. There were no
differences between obese and lean horses in terms of apparent DMD (P = 0.20), apparent GED
(P = 0.19), or DEI (P = 0.21).
Overall mean BW was higher (P = 0.02) in obese horses than lean horses (607.3 ± 15.9
kg vs. 532.6 ± 11.3 kg, respectively), but there was no difference in how the groups responded
over time (P = 0.27) (Fig. 3.3). There was a small, but statistically significant time effect on BW
(P = 0.03) due to an approximately 4-kg difference between d 9 and d 11. Horses maintained
BCS, and therefore classification, throughout the study.
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3.4 b. Blood Hormones
One sample was below the detectability limit of the leptin assay, so serum leptin results
are reported as least squares means and SEM to correct for the absence of the sample. There was
no effect of group (P = 0.23) or group by time interaction (P = 0.99) on serum leptin
concentrations, nor was there a correlation between average serum leptin and BCS (P = 0.15).
However, there was a tendency for a time effect (P = 0.06), as shown in Fig. 3.4. The average
serum leptin concentrations (LS means ± SEM) for the obese and lean horses were 5.40 ± 0.84
ng/mL and 3.66 ± 1.03 ng/mL, respectively. There was also no correlation (P = 0.81) between
average serum leptin concentration and average DMI.

3.4 c. Activity Parameters
The time budgets of both groups are summarized in Table 3.4. Obese horses spent
significantly less time eating (P = 0.03) than lean horses, and significantly more time being
active (P = 0.003). Time spent eating was significantly correlated (r = 0.64; P = 0.04) with DMI,
and time spent active was significantly correlated (r = 0.77; P = 0.009) with BCS. There were no
differences (P > 0.1) in the amount of time spent drinking, consuming mineral block, or resting
between groups. However, time spent resting was negatively correlated with time spent eating (r
= -0.97; P < .0001), and tended to be negatively correlated with DMI (r = -0.60; P = 0.06).
The remaining activity variables are summarized in Table 3.5. There were no impacts of
HR monitor period (P > 0.1) on distance traveled, average HR, maximum HR, or estimated
energy expenditure. There was no difference (P = 0.15) in the average 24-h distance traveled
between lean and obese horses. Yet, there was a tendency for distance traveled to be negatively
correlated (r = -0.57; P = 0.08) with serum leptin concentration. There were also no differences
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between groups in average HR (P = 0.52), maximum HR (P = 0.33), or estimated energy
expenditure (P = 0.48). However, DMI was significantly correlated with average HR (r = 0.70; P
= 0.03), and correspondingly, estimated energy expenditure (kcal/kg BW) (r = 0.69; P = 0.03), as
shown in Fig. 3.5.

3.5. Discussion
This study aimed to investigate differences in energy intake, expenditure, and serum
leptin concentrations in horses that are maintained under the same husbandry, but maintain either
an obese or lean body condition. The horses live as a single herd on pasture year-round, except
when they are used in short research trials. Because being able to measure intake accurately was
central to the study, the horses were maintained on free-choice hay rather than pasture. However,
the horses were given a substantial amount of time (25 d) for adaptation to stabilize intake.
Additionally, the time effect observed on BW, while significant statistically, is inconsequential
physiologically, indicating that the horses were consuming an energy intake that allowed
maintenance of BW. Overall, the groups showed no significant differences in energy intake or
expenditure, but showed some differences in time budgets.
The lack of difference in voluntary DMI between obese and lean horses is consistent with
findings that Andalusians (“easy keepers”) and Standardbreds (“average/hard keepers”) showed
no differences in intake corrected for BW [13], but is in contrast to findings in smaller groups of
native ponies, in which obese ponies showed lower intake than non-obese ponies [14]. In human
studies, obese and non-obese subjects also demonstrate similar intakes of foods of varying
energy density [15] and fat content [16].
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The time effect on DMI was likely a weather effect, given the significant correlations
between DMI and precipitation and humidity. The average DMI values observed in this study
(2.1 ± 0.1% BW in obese horses, 2.4 ± 0.2% BW in lean horses) are higher than those observed
in studies of mature mares consuming oat, wheat, teff, and alfalfa hays (1.03-1.71 %BW) [17] or
various maturities of teff hay (1.5-1.8% BW) [18]. However, mature geldings fed a variety of
grass hays (1.92-2.68% BW) [19] or Coastal Bermudagrass hay (2.0% BW) [20] had DMI values
similar to this study.
The lack of differences in DMD or GED is also consistent with previous findings. Obese
and non-obese native ponies showed no differences in apparent digestibility of GE, DM, organic
matter, CP, NDF, or ash [14], and Andalusians and Standardbreds showed no breed differences
in apparent GE, crude fat, CP, NDF, or starch digestibility [13]. In another study, while Icelandic
horses appeared to be more able to maintain a positive energy balance than Standardbreds, they
showed no differences in digestibility for CP, NDF, or energy [21]. Studies in pigs [22] and mice
[23] have also shown a lack of difference in digestibility between obese and lean subjects.
Overall, the digestibility of the hay was somewhat low (DMD 45.4 ± 1.3% for obese
horses, and 43.8 ± 1.3% for lean horses; GED 42.3 ± 1.3% for obese horses, and 40.7 ± 1.4% for
lean horses). Mares consuming teff hay of various maturities had average apparent DMD values
of 51.5-60.6% [18]. However, geldings consuming a variety of grass hays had values closer to
those reported here, with average apparent DMD and GED values of 38.5-47.7% and of 38.446.8%, respectively [19]. While the hay used in this study was fairly fibrous (46.3 % ADF,
62.6% NDF), attributing to the lower digestibility, it is clear that the horses were able to maintain
body weight on this forage.
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The average DE value of the hay was 1.79 ± 0.04 Mcal/kg (all horses), which is well
within the typical range for grass hays reported by the NRC (2007) (1.40-2.13 Mcal/kg) [11].
However, this is lower than the DE value estimate provided with the chemical analysis (2.05
Mcal/kg). This underestimation likely occurred because refusals contaminated with urine and/or
feces could not be collected, resulting in an underestimated DE value. The use of a 3-d DMI
average for digestibility calculations was designed to account for variations in passage rate, but
the actual passage rate was unknown, as the use of digestibility markers was not practical.
Horses were given a substantial amount of time to adapt to the hay, and DMI on fecal collection
days was not significantly different from DMI on any other day. Therefore, while digestibility
data was collected over a relatively short window, the digestibility values should have been fairly
representative of the overall conditions. However, the goal of the digestibility measurements in
this study was not to precisely determine digestibility, but to compare digestibility between the
groups on equivalent terms.
The lack of difference in DEI between the groups was surprising, as the two groups
maintain very different body conditions, and therefore, very different body compositions. Fatfree mass is the primary determinant of resting energy expenditure in humans [24], so it was
expected that the lean group would require more energy, on average, per kg of body mass. While
previous work in native ponies found higher maintenance energy requirements for non-obese
individuals [14], other work in horses found that horses in fleshy body condition (BCS 7.5)
required more DEI per kg of BW for maintenance than horses in moderate body condition (BCS
5.2) [25]. However, those studies were conducted in native ponies and exercising horses,
respectively, while this study was conducted in idle horses. Findings in mice [26] and humans
[15,16] have also shown no difference in energy intake between obese and lean subjects. These
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results suggest that the differences in energy metabolism in idle obese and lean horses lie beyond
the point of digestible energy.
The DEI values observed in this study (39.1 ± 2.9 kcal/kg BW for obese horses, and 42.8
± 2.8 kcal/kg BW for lean horses) are higher than the value listed for elevated maintenance (36.3
kcal/kg BW) in the NRC (2007) [11]. One potential reason for the increased DEI could be the
change in weather that occurred right before data collection, from hot, summer weather to a
colder and more rainy time period (average temperature and total rainfall of 26.2 ± 0.5 °C and
0.15 cm of rain in the two weeks prior to data collection vs. 23.6 ± 0.4 °C and 7.54 cm of rain
during data collection, respectively). The sudden change in weather may have increased the
energy requirements of the horses, as full adaptation to a change in climate has been shown to
take 21 d in horses [11], and the data collection period only lasted 11 d. Additionally, wastage of
contaminated refusals likely skewed the DEI value to be slightly higher than it actually was.
Several studies in horses have shown positive correlations between BCS and blood leptin
concentrations [1,4,27], with significantly higher blood leptin concentrations in obese horses
than non-obese horses [4,28]. In this study, the obese group appeared to have higher serum leptin
concentrations than the lean group at all time points, but the difference was not statistically
significant. The lack of statistical significance could be the result of the small sample size and
large amount of variability within the groups (overall coefficients of variation of 43% and 45%
for the obese and lean groups, respectively). However, other data have also demonstrated no
correlation between differences in BCS and blood leptin concentrations [27,29-30], and that
horses of similar BCS have considerable variability in blood leptin concentrations [31].
The work by Frank et al. [4], Pratt-Phillips et al. [1], and Pleasant et al. [28] was
conducted on privately-owned horses. As such, these horses came from a wide variety of

98
lifestyles. A recent comprehensive review concluded that exercise training can decrease plasma
leptin concentrations in horses new to exercise, and stabilize concentrations in horses in training
for a year or more [32]. Additionally, blood leptin concentrations in horses are affected by meal
size/feeding frequency [33] and by feeding-housing regimens [34]. Thus, it is possible that the
observed differences in leptin concentrations in client horses were the result of a combination of
lifestyle (exercise, feeding regimen) and BCS, rather than BCS alone. If that is the case, it would
be expected that horses with a difference in BCS, but essentially identical lifestyle, would not
show as much of a difference in blood leptin concentrations, as was the case in this study.
The difference observed in time spent being active could be the result of temperament
differences between the groups, as the primary activity occurring when horses were recorded as
“active” was interaction between neighboring horses. If more horses in the obese group had a
dominant temperament towards other horses, this could result in the differences in activity. This
theory is supported by the fact that the lean horses in this study tend to fall lower in the social
hierarchy when the herd is out at pasture (personal observation). This phenomenon has also been
observed in a large study of outdoor group-living domestic horses, in which dominance rank
(determined by displacement behaviors) was 11.82 times higher in obese horses than non-obese
horses [35].
The lower amount of time spent eating in obese horses was not expected but is consistent
with research in humans. Eating frequency (EF) has been shown to be negatively correlated with
BW in men [36]. Additionally, energy intake did not increase with EF, suggesting that men with
a higher EF reduced the average energy consumed per feeding [36]. This theory could apply to
this study as well, in which lean horses spent more time eating, but had similar DEI to obese
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horses. Other studies in humans have identified correlations between increased meal frequency
and decreased risk of being overweight/obese [37,38].
The negative correlation between time spent resting and time spent eating, as well as the
tendency for a negative correlation between time spent resting and DMI likely occurred because
eating and resting were the two largest categories for time allocation. If a horse was not in one of
those categories, it was most likely that he was in the other, connecting resting and eating/intake.
Of greater significance, perhaps, is the significant correlation between DMI and time spent
eating. While this result is logically straightforward, it could be a useful tool for estimating
relative levels of intake in scenarios where individual intake cannot be easily measured.
There was no difference observed between groups in the average distance traveled over
24 h. A difference was expected based on observations in humans and cats that lean individuals
have greater levels of voluntary activity than overweight/obese individuals [39-40]. It is possible
that distance traveled is not an accurate reflection of voluntary activity in horses. It is also
possible that the horses did not have a large enough pen area to demonstrate a true difference in
distance traveled. Horses within restricted grazing cells on pasture showed no difference in
daytime distance traveled than horses with unrestricted pasture access [41]. However, the horses
in that study showed a much greater distance traveled (> 1 km/d) than the horses in this study
(0.49 ± 0.06 km/d and 0.48 ± 0.20 km/d in obese and lean horses, respectively). While the
dimensions of the dry lot pens allowed for substantial voluntary movement and are much larger
than typical box stalls, they are still much smaller than a pasture, resulting in a lower value for
distance traveled. It is also possible that the GPS monitoring was not able to accurately measure
distance traveled in such a small area. However, the GPS output maps were consistent with the
areas in which the horses were confined. Even within the confines of the individual dry lot pens,
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greater distance traveled tended to be correlated with lower serum leptin concentrations for an
individual horse. This is consistent with findings that mice bred for high voluntary locomotor
activity have significantly lower serum leptin concentrations [42] and that voluntary wheel
running results in significantly lower serum leptin concentrations in rats [43].
There were no differences observed in average HR, maximum HR, or estimated EE.
These results are consistent with findings in humans that obese and lean individuals do not differ
in terms of basal energy expenditure [39]. However, there was a significant correlation between
DMI and average HR, and subsequently, between DMI and estimated EE. This result suggests a
potential connection between voluntary intake and resting metabolism/energy expenditure in
horses. Other sources have suggested that voluntary DMI is related to energy requirements in
horses [20, 44]. However, some free-choice studies have found that horses did not consume
enough DM to maintain BW [17,18] or consumed excess DM, resulting in BW gain [8,45]. This
study is somewhat unique in that it used a herd of horses that lives in a free-choice environment
year-round. Additionally, the horses were given a substantial amount of adaptation to the study
diet. These two circumstances may have created a greater level of stabilization in intake than is
typically seen in research environments. Thus, the potential connection between dry matter
intake and resting metabolism/energy expenditure may only be evident with long-term
stabilization.
Overall, there were very few differences identified between obese and lean horses. One
potential reason that there were not as many differences observed as anticipated is because the
horses were maintaining BCS, not actively becoming obese or lean. Additionally, the sample size
was somewhat small, at only 4 and 6 lean and obese horses, respectively, which could have
limited the ability to detect statistical differences. However, even within the small sample size of
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each group, there were not any statistical outliers. Additionally, when a lack of statistical
difference between groups was found for a variable, it was the result of considerable overlap
between the groups, rather than one markedly unique value with a strong “pull” on the data.
While there were likely genetic differences between the individual horses, both groups contained
a mix of Quarter Horses and other stock-type horses. Because the horses were similar breed
types, it is unlikely that breed differences played a substantial confounding role. Additionally,
the variables measured in this study were designed to capture the phenotypic expression of innate
differences in factors of energy balance, rather than the genetic factors potentially causing those
differences. Additionally, by using one herd maintained on the same pasture, the study had the
unique opportunity to avoid many of the confounding environmental factors that would come
into play if using horses from different herds.

3.6. Conclusions
This study compared energy intake and expenditure in horses who maintain a naturally
obese (BCS ≥ 7) or lean (BCS = 4-5) condition when maintained under similar husbandry. No
significant differences were detected in DMI, DMD, GED, DEI, serum leptin concentrations,
average HR, maximum HR, or estimated EE between the groups. Obese horses spent
significantly less time eating than lean horses, and significantly more time being active, which
was likely a reflection of dominance status. Additionally, there were significant correlations
between voluntary DMI and average HR, as well as estimated EE, suggesting a potential
relationship between intake and basal EE. Overall, the results suggest that obesity on free-choice
forage is not maintained by differences in intake (as compared to horses who remain a desirable
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BCS), but is more likely maintained by other differences in metabolism that were not detected in
this study.
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Tables and Figures
Table 3.1 Chemical analysis of mixed grass hay fed ad libitum during study.
Item Analyzed

Content in Haya

DM (%)

91.3

DE (Mcal/kg)

2.05

CP (%)

10.5

ADF (%)

46.3

NDF (%)

62.6

NSCb (%)

10.5

DM, dry matter; DE, digestible energy; CP, crude protein; ADF, acid detergent fiber; NDF,
neutral detergent fiber; NSC, non-structural carbohydrates
a

A single representative sample was composited from core samples of the shipment used

throughout the 11-d collection period. All nutrient values are presented on a 100% dry matter
basis.
b

NSC calculated as water-soluble carbohydrates + starch.
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Table 3.2 Organization of data collection for fecal collection harnesses and heart rate monitors.
Study
Day/
Groupa

0

1

2

3

4

5

6

7

8

HR
Monitors

1
2

3

Observation
Period

Fecal
Harnesses
Fecal
Harnesses

9

10

Fecal
Harnesses
HR
Monitors

HR
Monitors

HR, heart rate
a

Group 1: n = 4 (obese n = 3, lean n = 1) Group 2: n = 4 (obese n = 1, lean n = 3); Group 3: n = 2

(obese n = 2, lean n = 0). The study originally contained a 5th lean horse (Group 3), but because
that horse consistently urinated on his hay, no accurate intake or digestibility data could be
calculated, and he was removed from the study.
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Table 3.3 Voluntary intake and digestibility of ad libitum grass hay by obese and lean horses.
Obese

Lean

P-value

DMI (%BW)

2.1 (0.1)

2.4 (0.2)

0.33

DMD (%)

45.4 (1.3)

43.8 (1.3)

0.20

GED (%)

42.3 (1.3)

40.7 (1.4)

0.19

DEI (kcal/kg BW)

39.1 (2.9)

42.8 (2.8)

0.21

DMI, dry matter intake; BW, body weight; DMD, apparent dry matter digestibility; GED,
apparent gross energy digestibility; DEI, digestible energy intake
Data are presented as mean (standard error).
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2.8
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Dry Matter Intake, %BW

2.6
2.4

ab

a

b
ab
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a
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1.8
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Figure 3.1 Voluntary dry matter intake (% of body weight) over time in obese and lean horses
consuming ad libitum forage.

Data are presented as mean ± SEM. Superscript letters indicate time effects, in which days that
do not share a common letter were significantly different (P < 0.05).
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Figure 3.2 Contrast of average dry matter intake (solid line, left axis) and average humidity
(dotted line, right axis) during the data collection period.
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Figure 3.3 Body weight over time in obese and lean horses consuming ad libitum forage.

Data are presented as mean ± SEM. Superscript letters indicate time effects, in which days that
do not share a common letter tended to differ (0.05 < P < 0.10).
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Figure 3.4 Serum leptin concentration (ng/mL) over time in obese and lean horses consuming ad
libitum forage.

Data are presented as least squares mean ± SEM. (Least squares means and SEM were used for
the leptin data set to reduce the artificial effect created by the absence of one sample that fell
below the detectability limit of the assay.) Superscript letters indicate time effects, in which days
that do not share a common letter tended to differ (0.05 < P < 0.10).
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Table 3.4 Time budget (24-h) for obese and lean horses housed in individual 3.7-m × 12.2-m dry
lot pens.
Obese

Lean

P-value

Eating (%)

49.3 (2.7)

57.8 (2.9)

0.03

Drinking (%)

1.0 (0.2)

1.4 (0.4)

0.19

Mineral Block (%)

1.0 (0.4)

0.6 (0.3)

0.20

Active (%)

7.7 (0.4)

5.4 (0.5)

0.003

Resting (%)

40.8 (3.1)

34.8 (3.0)

0.11

Time Category

Data are presented as mean (standard error).
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Table 3.5 Voluntary distance traveled, average and maximum heart rate, and estimated energy
expenditure over a 24-h period in obese and lean horses housed in individual 3.7-m × 12.2-m dry
lot pens.
Activity Variable

Obese

Lean

P value

Distance Traveled (km)

0.49 (0.06)

0.48 (0.20)

0.15

Average HR (bpm)

36.8 (1.0)

38.3 (2.6)

0.52

152.1 (19.0)

184.3 (24.6)

0.33

22.8 (1.3)

25.2 (3.5)

0.48

Maximum HR (bpm)
EE (kcal/kg BW)

HR, heart rate; EE, estimated energy expenditure
Data are presented as mean (standard error).
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Figure 3.5 Correlation between voluntary dry matter intake and energy expenditure estimated
from average heart rate in obese and lean horses consuming ad libitum forage.
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CHAPTER 4: EXPERIMENT III
Effects of diet vs. exercise on morphometric measurements, blood hormone concentrations,
and oral sugar test response in obese horses
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This work is licensed under the Creative Commons Attribution Non-Commercial No-Derivatives
4.0 International (CC BY-NC-ND 4.0) License. To view a copy of the license, visit
https://creativecommons.org/licenses/by-nc-nd/4.0/.

4.1. Abstract
Weight loss plans in horses typically use dietary restriction, but exercise may have additional
benefits. This study aimed to compare the effects of a diet or exercise protocol resulting in
comparable caloric restriction in obese horses. Ten obese horses were paired according to sex,
age, and breed or breed type. One horse from each pair was randomly assigned to either diet
(DIET)—intake restricted to approximately 85% of digestible energy requirements, or exercise
(EX)—exercised to expend approximately 15% of digestible energy requirements, resulting in
85% of requirements available, for 4 weeks. Body weight (BW), heart girth (HG), girth to height
ratio (G:H), neck circumference (NC), neck circumference to height ratio (NC:H), belly girth
(BG), body condition score (BCS), cresty neck score (CNS), serum insulin, plasma leptin, and
plasma ghrelin concentrations were measured weekly. An oral sugar test (OST) was conducted
on d0 and 28 to measure insulin to glucose ratio (Ins:glc) and 60-min insulin sensitivity index
(ISI60). Results were analyzed using repeated measures. A P ≤ .05 was considered significant,
and .05 < P ≤ .10 was considered a tendency. Both groups showed similar decreases over time in
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BW, HG, G:H, BG, BCS, and CNS, but the EX group showed significantly greater losses in NC
(and NC:H). The EX group showed significant improvements in (log) Ins:glc, as well as a
tendency for improvements in (log) ISI60 and plasma leptin concentrations, while the DIET group
showed no change. Horses showed no changes in (log) plasma ghrelin with weight loss.

4.2. Introduction
A substantial proportion of the equine population is overweight or obese, with recent
estimates as high as 54% [1]. Obesity in horses is associated with decreased insulin sensitivity
[2], which is known to be a major risk factor for laminitis [3], as well as increased leptin
concentrations [4], which are associated with fat mass [5]. Even among horses with similar body
condition, however, elevated leptin concentrations have been further associated with decreased
insulin sensitivity [6], and may be associated with decreased sensitivity to leptin’s appetiteregulating effects [7]. In humans, obesity is also associated with disruptions to ghrelin
concentrations, a hormone that acts to stimulate hunger and intake [8]. Other work suggests that
a similar disruption may exist with increasing BCS in horses [9]. Effective treatment plans for
obesity must address these hormonal disruptions.
Exercise training has been shown to improve insulin sensitivity in horses [10], and may
improve leptin concentrations [11]. However, most recommendations for weight loss have
focused on dietary restriction. In humans and rats, when diet and exercise were conducted on
equivalent terms, both groups lost the same amount of weight, but exercise showed greater
reductions in fat [12] and improvements in insulin sensitivity [13].
While a few studies have compared the effects of diet vs. a combination of diet and
exercise in horses [11; 14], there is a lack of data to directly compare diet and exercise in horses.
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This study aimed to compare the effects of diet and exercise in obese horses in terms of
equivalent negative energy balance, with the hypothesis that both groups would lose the same
amount of weight, but the exercise group would show greater improvements in indicators of
insulin and glucose metabolism and plasma leptin concentrations.

4.3. Materials and Methods
All procedures were approved by the North Carolina State University Institutional
Animal Care and Use Committee (Protocol 16-241-O: Effect of dietary restriction or lowintensity exercise on weight loss in overconditioned horses).

4.3 a. Animals and Study Design
Ten idle, obese horses (BCS ≥ 7 on a 1 to 9 scale) [15] were paired according to sex, age,
and breed or breed type (Table 1). Client-owned horses were selected based on ability to pair
with another horse, BCS ≥ 7, and verification from the client’s veterinarian that the horse was
not suffering from any serious condition. One horse had seasonal allergies and was given an oral
antihistamine twice a day. University-owned horses were included when a suitable client-owned
horse was not available. Horses were housed in individual, partially covered, 3.7-m × 12.2-m dry
lot pens with automatic waterers.
Horses were transitioned to the study diet over 9 d, which consisted of TimothyOrchardgrass hay, a vitamin-mineral supplement fed with approximately 0.26 kg of unmolassed
beet pulp, and access to a trace mineral salt block. The hay was delivered in 3 shipments, each of
which had representative core samples taken and sent off for commercial analysis (EquiAnalytical, Ithaca, NY, USA). The average values from the analyses (± SE) are shown in Table
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2. Hay was fed in 3 meals (7 AM, 12 PM, and 7 PM) in hay nets hung over large tubs to
facilitate collection of refusals (weighed before each meal). Beet pulp and vitamin-mineral
supplement were fed at the morning meal.
After transitioning to the study diet, horses underwent a 2-wk adaptation, in which they
were offered 100% of maintenance digestible energy (DE) requirements. One horse from each
pair was randomly assigned to either forced exercise (EX) or dietary restriction (DIET) for 4
weeks. For the EX treatment, horses were offered 100% of maintenance DE requirements, and
exercised using an automatic exerciser (EuroXciser, Tustin, CA) to expend approximately 15%
of weekly DE requirements. For the DIET treatment, horses were offered approximately 85% of
weekly DE requirements, with the actual restriction based on the energy expenditure of their
paired EX horse. In other words, when an EX horse expended 17% of weekly energy
requirements, DE offered to the paired DIET horse was reduced to 83% of requirements, rather
than 85%, in order to keep horses within pairs matched directly. Weekly energy expenditure by
EX horses varied from 14-17% of energy requirements for a total DE availability of 83-86% of
requirements, with the DIET horses offered the same level of restriction.

4.3 b. Calculation of DE Values
The minimum value for maintenance DE (30.3 kcal/kg bwt) [16] was used to determine
requirements, as the horses were all obese and described as “easy keepers,” with DE restriction
calculated based on the total DE offered and expended for the week as a whole. All adjustments
to offered DE were made by altering the amount of hay. The beet pulp DE [16] was also
included in DE calculations. One horse consistently refused her beet pulp, so she was given the
vitamin-mineral supplement by itself, and her DE values were adjusted accordingly.

122
Each EX horse wore a heart rate (HR) monitor (Polar V800 Watch with H7 Band, Polar
Electro, Kempele, Finland) during exercise. After each session, the monitors were synced with
the corresponding software (Polar Flow, Polar Electro, Kempele, Finland), and average walk and
trot HR were calculated. The HR values were used to calculate oxygen consumption as described
in the NRC [16] and converted to net energy (NE) expenditure as 4.80 kcal/L O2. Maintenance
energy expenditure (EE, kcal/min) was calculated from maintenance oxygen consumption (3.4
mL O2/kg bwt/min) for each horse [17]. Exercising EE (kcal/min) was then divided by
maintenance EE, and the total time spent exercising for the week was used to calculate overall
EE for the week, with a goal of 1.15 ´ maintenance. Protocols were adjusted after each session
for each EX horse to ensure that all of the horses had similar levels of relative exertion.
To facilitate comparison with the DIET group, the conversion efficiency (arbitrarily
called x) of DE to NE was assumed to be constant, where NE = xDE, with x being an unknown,
constant value between 0 and 1. Since x was treated as a constant, and NE = xDE, then 1.15 NE
= 1.15 xDE also holds true. In other words, if an EX horse had an overall EE equivalent to 15%
above maintenance requirements, it was assumed that the DE required to fulfill this work would
also be 15% above maintenance requirements. Thus, DE expenditure was calculated for each EX
horse based on percentage of overall EE above maintenance, and each DIET horse was restricted
to match their paired EX horse directly.

4.3 c. Exercise Protocol
The exercise protocol was designed to be low-impact, since the study involved obese,
previously idle animals. All exercise took place in a free-stall exerciser (EuroXciser, Tustin,
CA). During the first week of treatment, EX horses were gradually transitioned into the protocol,
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which consisted of a 10-min warm-up, alternating trot sets and walk breaks, and a 5-min cooldown. The horses spent the same amount of time in each direction to avoid uneven strain. The
full protocol involved 4 trot sets of varying length, depending on each horse’s EE (updated after
each session). The typical protocol involved approximately 30 min of walking and 20-30 min of
trotting with both gaits broken into sets, 5 d/wk. An example of the protocol for a 550-kg horse
based on the initial average walk and trot HR values observed in this study is provided in Table
3. As described above, however, the actual protocol varied with individual fitness and
subsequent EE. Additionally, while horses were not ridden in this study, the protocol for a ridden
horse to achieve similar energy expenditure has also been provided, as this is more applicable to
most client horses.

4.3 d. Data Collection
Horses were weighed weekly (d 0, 7, 14, 21, 28) using a livestock scale (Gallagher 210
Livestock Scale, Gallagher USA, Riverside, MO, USA), and DE values were adjusted
accordingly. Body weight (BW) was used to calculate change in BW as a percent of d0 BW.
Morphometric measurements were also measured (cm). Heart girth (HG) was measured behind
the elbow, with the measuring tape angled to fall just behind the withers. Neck circumference
(NC) was measured halfway between the poll and the withers, perpendicular to the curvature of
the neck. Belly girth (BG) was taken at the umbilicus, perpendicular to the ground. Heart girth to
height (G:H) and neck circumference to height (NC:H) ratios were calculated using height at
withers. Body condition score (BCS, 1-9 scale) [15] and cresty neck score (CNS, 0-5 scale) [18]
were assessed weekly by two experienced scorers blinded to treatment.
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On sampling days (prior to morning meal), blood samples were collected via jugular
venipuncture into tubes containing no anticoagulant for serum or K2 EDTA for plasma. The
samples were centrifuged at 4 °C at 1,125 xg for 10 min, separated into plasma or serum,
aliquoted, and frozen at -20 °C. Serum was analyzed for insulin concentration using a
commercially available radioimmunoassay (ImmuChem Insulin 125I RIA Kit, MP Biomedicals,
LLC, Orangeburg, NY, USA). The assay was validated for equine insulin by the presence of
dilutional parallelism between the standard solutions and serial dilutions of endogenous insulin
in equine serum. Plasma was analyzed for leptin and active ghrelin concentrations using
commercially available radioimmunoassays (Multi-Species Leptin RIA, EMD Millipore, St.
Charles, MO, USA; Ghrelin (Active) RIA, EMD Millipore, St. Louis, MO, USA) previously
validated for horses [19; 20].
On d0 and 28, an oral sugar test (OST) was conducted [21; 22]. Horses were provided
their evening meal (~2-3 kg hay) 12 h prior to the first sample. Morning feed was withheld until
completion of OST. Horses were weighed, and a baseline blood sample was taken (0 min).
Serum was collected as described, and a whole blood sample was collected into tubes containing
a glycolytic inhibitor (sodium fluoride and potassium oxalate). The whole blood sample was
inverted 3 times and immediately analyzed for glucose concentration in duplicate using an
automatic analyzer (TrueTrack Blood Glucose Monitor, Rite Aid, Camp Hill, PA, USA). Horses
were given an oral dose of light corn syrup (Karo Light Corn Syrup, ACH Food Companies Inc.,
Oakbrook Terrace, IL, USA) at a dose of 0.2 mL/kg BW using 60-cc syringes with catheter tips.
A 60-min blood sample was taken using the same methods as the 0-min sample. Insulin and
glucose concentrations were used to calculate the insulin to glucose ratio (Ins:glc), an indicator
of beta-cell response, at 0 and 60 min and the 60-min insulin sensitivity index (ISI60), an
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indicator of insulin sensitivity calculated from insulin and glucose values 60 min after oral sugar
administration [23]. The higher dose of corn syrup (0.2 mL/kg BW, providing 200 mg/kg BW
digestible sugars) was selected instead of the more traditional dose (0.15 mL/kg BW, providing
150 mg/kg BW digestible sugars) [21] to more closely mimic the modified OST (0.2 mL/kg BW
of another sugar syrup, providing 216 mg/kg BW digestible sugars) from which ISI60 was
derived [22; 23].

4.3 e. Statistical Analysis
Statistical analysis was performed on each response variable using repeated measures
analysis of variance in the mixed procedure in SAS version 9.3 (SAS Institute Inc., Cary, NC,
USA). For each variable, horse within treatment was the experimental unit, and the fixed effects
were treatment, time (time and sample for OST), and corresponding interactions. Covariance
tests were used to select the covariance structure for each variable based on the lowest Akaike
Information Criterion, and pairwise least squares means comparisons were performed for
significant fixed effects, with the Tukey-Kramer adjustment for multiple comparisons. P ≤ .05
was considered significant, and .05 < P ≤ .10 was considered a tendency. Insulin, ghrelin,
Ins:glc, and ISI60 were not normally distributed, so they were log-transformed for analysis. For
ease of interpretation, results are reported as values prior to transformation.

4.4. Results
Results are presented as observed mean ± SE unless otherwise specified.
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4.4 a. Body Measurements
Diet and exercise protocols were balanced on offered DE, as described in section 4.3 b, to
achieve an energy balance of approximately 83-86% of DE requirements. However, horses often
did not consume their full hay ration, with an average refusals weight of approximately 650 g of
hay per day per horse. This resulted in an energy balance of approximately 75% of maintenance
DE requirements, rather than the 83-86% of requirements offered. However, there was no
difference between the groups in terms of calculated energy balance before or after refusals at
any time point (P > .10).
Body measurement results are summarized in Table 4. To simplify the table, only initial
(d0) and final (d28) measurements have been included. There were significant time effects (P <
.0001) for change in BW, all morphometric measurements and ratios, and BCS and CNS, with
significant losses from d0 to d28 for all variables. For change in BW, EX and DIET achieved a
total loss of 5.3 ± 0.8% and 5.8 ± 0.6% BW, respectively, demonstrating no treatment (P = .80)
or treatment by time interaction (P = .73) effects (Fig. 1). There were also no treatment or
treatment by time interaction effects (P > .10) for HG, G:H, BG, BCS, or CNS (Table 4).
However, there were significant treatment by time interaction effects for NC (P = 0.04) (Fig. 2)
and NC:H (P = .05) (Table 4), with EX showing greater reductions in both variables over time
(8.3 ± 1.2% reduction vs. 5.8 ± 0.6% reduction in the DIET group).

4.4 b. Blood Hormones and OST
There were no treatment or treatment by time interaction effects (P > .10) on basal (log)
insulin concentrations, but there was a significant time effect (P = .03) (Fig. 3). There was a
significant correlation between insulin concentration (all horses) and average ambient
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temperature for the 7 d preceding the sample (r = -0.30; P = .03) (Fig. 3). The insulin
concentrations during the OST on d0 and d28 are reported in Table 5. There was an overall
sample (P = .004) effect, with insulin concentrations higher for the 60 min samples than the 0
min samples overall. There were also tendencies for treatment (P = .09) and treatment by time
interaction (P = .07) effects on the insulin concentrations at 60 min, with EX tending (P = .09) to
have lower (log) insulin concentrations at 60 min than DIET on d28, despite no difference
between treatments on d0. There were no treatment or treatment by time interaction effects (P >
.10) on the 0 min insulin concentrations, as discussed for the overall basal insulin values.
There was a significant sample (P = .006) (0 vs. 60 min) effect on (log) Ins:glc, with
values at 60 min being higher than values at 0 min overall (Fig. 4). There was also a treatment by
time interaction (P = 0.03) effect on (log) Ins:glc, with (log) Ins:glc values decreasing from d0 to
d28 in the EX group, but showing no change in the DIET group. There also tended (P = .06) to
be a treatment by time interaction effect on (log) ISI60, with (log) ISI60 values tending to increase
from d0 to d28 in the EX group, while values in the DIET group showed no change (Fig. 4).
There was a large amount of between-horse variability in initial (d0) plasma leptin
concentrations (CV 61%), and d0 values were shown to significantly impact leptin
concentrations over the course of the study (P < .0001), so d0 values were included as a
covariate for leptin analysis (Fig. 5). There was a significant (P = .03) time effect on plasma
leptin concentrations, with values on d14 being significantly lower than d0 overall. There was
also a tendency (P = .07) for a treatment by time interaction effect, in which EX tended to show
a reduction in leptin concentrations over time, while DIET showed no change. This resulted in
the EX group having lower concentrations than the DIET group overall, as reflected by a
significant (P = .05) treatment effect, despite no difference (P > .10) between the groups on d0.
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There were no treatment (P = .96) or treatment by time interaction (P = .91) effects on (log)
plasma ghrelin concentrations, but there was a significant time effect (P = .05) (Fig. 6).

4.5. Discussion
Few studies have investigated exercise for weight loss in horses. One potential reason for
this is the difficulty in accurately calculating EE in terms that can be compared with DE. This
study used HR data to calculate oxygen consumption, which was then converted to EE.
However, calculating EE from oxygen consumption does not account for anaerobic EE.
Additionally, the horses refused some of their hay throughout the study, which resulted in further
energy restriction than the original calculations. However, the contribution of anaerobic EE has
been shown to be negligible at the walk and trot [24], and the calculated energy balance after
refusals was similar between treatments at all time points. This study also utilized the assumption
that the conversion efficiency of DE to NE was constant. While the authors recognize that these
EE calculations have inherent flaws, the truest reflection of energy balance is the horse itself.
The lack of treatment or treatment by time effects on change in BW confirmed that the groups
were in fact in similar energy balance. Additionally, while the refusals resulted in a small level of
dietary restriction for the EX group, the only difference between the treatments was the presence
of exercise, so exercise can reasonably be assumed to be the source of the differences observed
between treatments.
There were no detectable differences in loss of CNS between the treatments, despite
significant differences in loss of NC, suggesting that CNS, while likely more practical for horse
owners, may be less sensitive to changes in neck shape than NC. The differences between the
groups in terms of NC loss suggests a difference in the pattern of fat loss, as NC is significantly
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correlated with subcutaneous neck fat thickness [25]. Neck fat has been associated with higher
expression of proinflammatory cytokines [26] that are proposed to connect obesity and insulin
resistance [27]. Additionally, NC has been negatively associated with glucose tolerance [28], and
NC:H has been associated with insulin, glucose, and leptin concentrations [18]. Therefore, the
greater loss of NC (and NC:H) over time may have contributed to the differences seen in OST
and plasma leptin responses.
The modified insulin to glucose ratio (MIRG) has been shown to be the best proxy of
beta-cell response, as measured by correlation with acute insulin response to glc, but Ins:glc is
similarly correlated [29], and MIRG becomes negative with sufficiently high insulin
concentrations. Thus, it has been suggested that Ins:glc may be a better predictor of beta-cell
response [30]. The reciprocal of the square root of insulin (RISQI) has been suggested as a proxy
for insulin sensitivity [29]. However, RISQI is calculated from basal values, and horses of
various BCS showed no differences in basal insulin concentrations despite significant differences
in insulin sensitivity [2]. Additionally, a major concern with obese horses is the development of
laminitis, typically after a carbohydrate challenge. Therefore, insulin sensitivity in response to a
carbohydrate challenge is of greater concern than fasting indicators. Using (log) ISI60 allowed for
an indication of this dynamic response, as it has been shown to be highly correlated with insulin
sensitivity as measured by the euglycemic-hyperinsulinemic clamp (EHC) [23], which is
considered to be the “gold standard” method for measuring insulin sensitivity. Insulin
concentrations 60 min after oral sugar administration have also been used to measure insulin
sensitivity [21; 31], with concentrations above specific cutoff values indicating insulin
resistance. Because this study used a higher dose of corn syrup than the traditional OST, no such
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cutoff values were applied. Additionally, unlike ISI60, these values do not account for the glucose
concentrations corresponding to the insulin concentrations.
Techniques with more precise quantitative methods for detecting insulin sensitivity
and/or beta-cell response tend to be expensive and labor-intensive, which often makes them
impractical [32]. These techniques also typically involve catheterization, which is undesirable for
client animals. Using a simple OST avoided the need for catheterization and numerous blood
samples. Because (log) ISI60 has been shown to have as high of a correlation to insulin sensitivity
as the composite whole-body insulin sensitivity index [23], only a single sample (after baseline)
was needed. This made ISI60 an ideal indicator for measuring improvements in insulin sensitivity
over time for obese horses, as it can be easily applied in clinical settings with client horses. For
this reason and the reasons discussed previously, ISI60 was used as the primary indicator of
insulin sensitivity in this study.
This study utilized a relatively small sample size, which likely resulted in the tendency
for improvement in (log) insulin concentrations at 60 min and (log) ISI60, rather than statistically
significant improvement. However, the numerical improvements in insulin concentrations at 60
min, ISI60, and Ins:glc demonstrated by the EX group, but not the DIET group, are all of
physiological importance, as obese horses typically demonstrate higher acute insulin response to
glucose and lower insulin sensitivity than non-obese horses [2]. The results of this study are
consistent with findings in obese rats, in which exercise improved insulin resistance, but a
comparable diet did not [13]. Other studies in horses have also shown no improvement in insulin
sensitivity with diet, despite significant weight loss [11], but studies with more severe dietary
restriction have shown improvements [33].
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It has also been well documented that exercise training can improve insulin sensitivity in
horses [10; 34]. However, Carter et al. [35] found that overweight or obese horses with insulin
resistance did not show increases in insulin sensitivity after exercise training. The loss of NC in
this study may have been a factor, as the horses in that study showed no differences in NC over
time compared to sedentary controls. The use of interval exercise (alternating sets) in this study
may have also played a role, as interval exercise has been shown to result in greater reductions in
fat [36] and improvements in insulin signaling [37] than continuous exercise in humans. Carter et
al. [31] suggested that the lack of a difference in insulin sensitivity observed in their study may
have been a lack of residual effects, as horses were tested 48 h after exercise. In this study,
horses were tested < 48 h after exercise. However, it has been shown that exercise-induced
improvements in insulin sensitivity compared to untrained horses are still significant after 5 d of
deconditioning [10]. Additionally, previous work in horses has shown that insulin sensitivity
(indicated by glucose infusion rate during EHC) 24 h after a bout of exercise was not increased
compared to resting values [38].
The lack of change in resting serum insulin is consistent with other findings [10; 11; 35].
The time effect can be explained by the significant negative correlation between insulin and
average ambient temperature, with lower (log) insulin concentrations on d7 and d21, after the
two hottest weeks (average temperature of 22.5 ± 0.7 ℃ in those weeks vs. 16.8 ± 0.9 ℃ in the
other weeks). These results are consistent with findings that heat treatment lowers serum insulin
concentrations of rats [39].
Obesity is associated with increased resting plasma leptin concentrations [28] in horses,
and may be associated with decreased leptin sensitivity [7]. Practically, elevated leptin
concentrations may be a risk factor for laminitis [40], and are correlated with an increased area
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under the curve for insulin and glucose response to a combined glucose-insulin test [28]. Leptin
concentrations have been shown to be reduced in horses after exercise [41], and a diet + exercise
protocol was effective at reducing plasma leptin concentrations over time [11]. As with ISI60, the
relatively small sample size may have been a limiting factor in detecting a statistical difference
in leptin concentrations over time in the EX group, compared to a tendency. However, EX still
resulted in significantly lower leptin concentrations than the DIET group overall, despite no
difference in initial concentrations. In contrast to this study, however, previous work has also
shown reductions in plasma leptin concentrations with a diet protocol alone [11]. However, that
study was conducted over a much longer period (12 weeks vs. 4 weeks in this study), and leptin
is generally considered to be a long-term regulator of energy balance [8]. Therefore, it is possible
that the diet group may have eventually shown changes in plasma leptin concentrations if weight
loss continued for a longer period of time. Overall, however, the tendency for a difference in
plasma leptin response over the study period between EX and DIET, while not statistically
significant, may be of physiological importance, particularly for horses at increased risk of
developing laminitis.
In humans, obese individuals have lower plasma ghrelin concentrations than lean
individuals [42]. Similarly, previous work in horses has shown that active ghrelin is negatively
correlated with BCS [9]. When compared with the values from that study, the horses in this study
showed even lower active ghrelin concentrations, possibly because the horses in this study had
higher BCS (initial BCS of 7.8 ± 0.1 in this study vs. 6.7 ± 0.2 for mature horses in that study).
However, despite significant reductions in BCS, no significant changes in (log) ghrelin were
observed over time or between groups. These results suggest that the observed differences in
ghrelin concentrations are affected by factors other than BCS.
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Previous studies in horses have shown increases in plasma ghrelin concentrations during
exercise, but by 60 min after exercise, concentrations had returned to values similar to controls,
or decreased beyond those of the controls [43]. In another study, exercised horses showed lower
plasma ghrelin concentrations than control horses before and after an afternoon meal
(approximately 3 h after exercise), but showed higher concentrations than controls 12 h after
exercise [41]. However, it appears that neither exercise training nor general weight loss resulted
in any lasting changes in resting ghrelin concentrations in horses, with neither group showing
significant differences from d0 values at any time point. This is in contrast to findings in humans,
in which both diet- and exercise-induced weight loss result in increased plasma ghrelin
concentrations [44; 45]. These results suggest that components of the ghrelin system associated
with exercise or changes in body weight may be regulated differently in horses than humans.

4.6. Conclusions
Overall, despite similar losses in BW, BCS, CNS, HG, BG, and G:H, EX demonstrated
benefits beyond those of DIET, with improvements in parameters indicative of cresty neck fat
and beta-cell response, and a tendency for improvement in parameters indicative of insulin
sensitivity. Additionally, only the EX group showed a tendency for improvement in plasma
leptin concentrations. These findings are extremely relevant for weight loss plans for obese
horses, as current recommendations typically focus on dietary restriction. While DIET showed
similar visual results to EX (body measurements), it failed to demonstrate improvements in some
of the critical factors for insulin resistance and laminitis. Additionally, the EX protocol used in
this study was designed to be relatively low-impact, at only 20-30 min each of walking and
trotting, broken into alternating sets, 5 days a week (Table 3). While horses were not ridden in
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this study, because energy expenditure increases proportionally with added weight [46], the
weight of a rider and tack would reduce the amount of time needed to achieve similar
expenditure. The previously idle, obese horses used in this study were able to complete the
protocol without any injuries or soundness issues (with an appropriate transition period), further
validating this design. Together, these results suggest that weight loss plans for obese horses
should incorporate exercise (if possible with the horse’s current condition) to maximize impact
on insulin resistance and laminitis risk.
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Tables and Figures
Table 4.1 Sex, age, and breed/breed type of study horses.
Pair

Breed or Type

Age

Sex

Treatment

Racking Horse

12

Mare

EX

Racking Horse

13

Mare

DIET

Gaited Cross

7

Mare

EX

Gaited Cross

8

Mare

DIET

Stock-Type

12

Gelding

EX

Stock-Type

15

Gelding

DIET

QH Cross

13

Gelding

EX

QH Cross

13

Gelding

DIET

Arabian

19

Gelding

EX

Arabian

19

Gelding

DIET

1

2

3

4

5
Abbreviations: DIET, diet treatment; EX, exercise treatment; QH, Quarter Horse
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Table 4.2 Chemical analysis of hay (mean ± SE) on 100% dry matter basis.
Item Analyzed

Content in Hay

DM (%)

91.9 ± 0.6

DE (Mcal/kg)

1.98 ± 0.04

CP (%)

11.1 ± 1.0

ADF (%)

40.1 ± 0.9

NDF (%)

67.3 ± 0.5

NSC a (%)

8.9 ± 0.8

Abbreviations: ADF, acid detergent fiber; CP, crude protein; DE, digestible energy; DM, dry
matter; NDF, neutral detergent fiber; NSC, non-structural carbohydrates
a

NSC calculated as water-soluble carbohydrates + starch
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Table 4.3 Example exercise protocol (used 5 days/week) for a 550-kg horse based on initial
average heart rate values for obese horses in this study, with and without a rider and tack.

a

Protocol 1

Protocol 2

Horse Only

Rider and Tack b

1

10 min

10 min

Trot 1

1

6 min

5 min

Walk 2

2

5 min

5 min

Trot 2

2

6 min

5 min

Walk 3

1

5 min

5 min

Trot 3

1

5 min

4 min

Walk 4

2

5 min

5 min

Trot 4

2

5 min

4 min

Cool-Down
(Walk 5)

2

5 min

5 min

Gait Set

Direction a

Warm-Up
(Walk 1)

Direction included for use with automatic exerciser. In this study, starting direction was

alternated with each exercise session.
b

Horses were not ridden in this study, but these calculated values have been included to provide

a more practical context. Weight of rider and tack assumed to be 82 kg. [47; 48]
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Table 4.4 Morphometric measurements, ratios, BCS, and CNS of initially obese horses before
and after 28 d of comparable diet or exercise.
Treatment

d0

d28 a

Treatment by
Time P-value

BW (kg)
EX
512.3 ± 25.2
484.8 ± 22.5
.80
DIET
555.9 ± 30.4
523.2 ± 27.5
BCS
EX
7.7 ± 0.2
6.7 ± 0.4
.54
DIET
7.8 ± 0.2
6.3 ± 0.4
CNS
EX
2.5 ± 0.2
1.9 ± 0.3
.19
DIET
2.9 ± 0.2
2.1 ± 0.2
HG (cm)
EX
185.4 ± 2.8
181.3 ± 2.8
.52
DIET
192.7 ± 3.6
187.3 ± 3.4
G:H
EX
1.24 ± 0.01
1.22 ± 0.01
.25
DIET
1.22 ± 0.01
1.19 ± 0.01
NC (cm)
EX
88.2 ± 2.7
80.8 ± 1.5
.04
DIET
91.9 ± 2.6
86.5 ± 2.3
NC:H (cm)
EX
0.59 ± 0.01
0.54 ± 0.01
.05
DIET
0.58 ± 0.01
0.55 ± 0.01
BG (cm)
EX
193.0 ± 3.2
184.7 ± 3.7
.94
DIET
199.4 ± 5.0
188.3 ± 4.4
Abbreviations: BW, body weight; BCS, body condition score; BG, belly girth; CNS, cresty neck
score; DIET, diet treatment; EX, exercise treatment; G:H, heart girth to height ratio; HG, heart
girth; NC, neck circumference; NC:H, neck circumference to height ratio
a

All d28 values significantly (P ≤ .05) lower than d0 values.
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Change in BW (% of d0 BW)
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-5
-6
-7
0

7

14
Study Day
EX

DIET

Figure 4.1 Weight loss (% of d0 BW) over time.

Data are presented as observed mean ± standard error.
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Figure 4.2 Neck circumference over time.

Different letters within a treatment indicate significant (P ≤ .05) differences between days for
that treatment. Data are presented as observed mean ± standard error.
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Figure 4.3 Serum insulin over time (first panel) and correlation between serum insulin and the
average temperature for the 7 d preceding the sample (second panel).

Letters indicate time effects, where days that do not share a common letter were significantly (P
≤ .05) different. Data are presented as observed mean ± standard error.
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Table 4.5 Serum insulin concentrations during initial and final oral sugar testing.
Treatment
EX
DIET
EX
DIET
x,y

d0

d28

Insulin (µIU/mL) at 0 min
28.4 ± 7.9
17.9 ± 3.8
25.7 ± 2.1
31.1 ± 9.8
Insulin (µIU/mL) at 60 min
48.1 ± 11.9
25.0 ± 4.6x
47.7 ± 7.5
57.5 ± 10.7y

Treatment
P-value

Treatment by
Time P-value

.41

.17

.09

.08

Different letters indicate a tendency (.05 < P ≤ .10) for a difference between treatments for
that measurement (day and sample time).
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Ins:glc Ratio
([µIU/mL]/[mg/dL])

0.7

d28

d0

0.6
0.5
0.4
0.3
0.2
0.1
0
0

60

0

60

Time (min)

60-min Insulin Sensitivity Index

EX

DIET

2.5
2
1.5
1
0.5
0
0

28
Study Day
EX

DIET

Figure 4.4 Ins:glc ratio (time 0 and 60 of an OST) (first panel) and ISI60 (second panel) before
and after treatment.

Data are presented as observed mean ± standard error.
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Figure 4.5 Plasma leptin over time.

Letters indicate time effects, where days that do not share a common letter were significantly (P
≤ .05) different. Data are presented as model-adjusted mean ± standard error, with d0 values
incorporated into the model as a covariate.
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Figure 4.6 Plasma ghrelin over time.

Letters indicate time effects, where days that do not share a common letter tended (.05 < P ≤ .10)
to differ. Data are presented as observed mean ± standard error.
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CHAPTER 5: EXPERIMENT IV
Effects of exercise on voluntary intake, morphometric measurements, and oral sugar test
response in horses on ad libitum forage

5.1. Abstract
In a previous study, exercise resulted in weight loss and improvements in insulin and glucose
metabolism, but horses on free-choice forage may increase feed intake in response to exercise,
potentially negating the benefits. This study aimed to determine if light exercise increases intake
in mature horses, and if horses on ad libitum forage achieve the benefits previously observed.
Eight mature, stock-type geldings (594.3 ± 50.5 kg; 12.0 ± 1.7 yr) were adapted to a diet of ad
libitum grass hay. Baseline dry matter intake (DMI) was measured for 7 d. Horses then remained
idle (CON, n=4) or entered an exercise program (EX, n=4) for 3 weeks. Voluntary DMI was
quantified daily. Body weight (BW), heart girth (HG), girth to height ratio (G:H), neck
circumference (NC), neck circumference to height ratio (NC:H), rump fat thickness (RF),
percent body fat (BF), serum insulin, plasma ghrelin, and plasma leptin were quantified weekly.
An oral sugar test was conducted on d0 and 21, and insulin to glucose ratio (Ins:glc) and 60-min
insulin sensitivity index (ISI60) were calculated. Statistical analysis was performed using
repeated measures. Insulin, ghrelin, Ins:glc, and ISI60 were not normally distributed, so they were
log-transformed for analysis. P ≤ 0.05 was considered significant. The EX group showed no
difference in DMI or (log) ghrelin compared to the CON group. The CON group showed
increases in BW, RF, and BF, while the EX group showed decreases in HG, G:H, NC, NC:H,
(log) insulin, and leptin. EX showed lower (log) Ins:glc than CON after treatment. Overall, light
exercise did not alter DMI in mature horses on ad libitum forage, but resulted in improvements
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in morphometric measurements, (log) Ins:glc, and plasma leptin concentrations, and avoided
gains in body weight and rump fat.

5.2. Introduction
Obesity has become increasingly prevalent among the domestic horse population, and it
is associated with severe hormonal dysregulation and increased disease risk. In particular,
obesity is associated with elevated insulin concentrations (Carter et al. 2009a) and insulin
resistance (Hoffman et al. 2003), both of which have been associated with increased risk for
laminitis (Bailey et al. 2008; Carter et al. 2009b). Pasture-associated laminitis in particular has
been shown to primarily affect animals that are overweight or obese, and such animals are less
likely to survive the condition than animals of a healthy weight (Menzies-Gow et al. 2010). As
such, effective treatments for obesity must act to mitigate these risks by creating weight loss and
improving hormonal disfunction.
In a previous study, forced exercise was shown to be an effective solution for weight loss
and improving insulin and glucose dynamics in obese horses (Moore et al. 2019). However,
many horses are maintained on free-choice forage, such as pasture. While a few studies (Orton et
al. 1985; Duren et al. 1989) have looked at the effects of exercise on feed intake in yearlings,
and one study (Gordon et al. 2006) looked at the effects of high-intensity exercise on intake in
mature horses, it remains unknown whether the typical exercise program for an overweight horse
(low- to moderate-intensity) affects intake in mature horses. Additionally, exercise may
indirectly affect feed intake by altering the concentrations of hormones involved in appetite
regulation, such as ghrelin and leptin. Ghrelin is typically a short-term stimulant of intake, while
leptin is typically a long-term suppressant of intake (Klok et al. 2007). Both ghrelin and leptin
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concentrations are altered with obesity in humans (Klok et al. 2007), and elevated leptin
concentrations in horses, as with insulin, have been associated with increased risk for laminitis
(Carter et al. 2009b).
If horses increase their voluntary feed intake or show disruptions to appetite-regulating
hormones in response to an exercise program, it may negate the weight loss or other beneficial
effects of exercise. The objective of this study was to determine if the low-intensity exercise
program previously used for weight loss would result in increased feed intake and/or altered
concentrations of appetite-regulating hormones in mature horses on ad libitum forage, and if
horses on ad libitum forage would still achieve the same benefits in weight loss/morphometric
measurements and insulin and glucose metabolism seen in the previous study.

5.3. Materials and Methods
All procedures were approved by the Institutional Animal Care and Use Committee at North
Carolina State University (Protocol 17-131-O: Feed intake in resting and exercising horses).

5.3 a. Animals and Study Design
Eight mature, stock-type geldings (594.3 ± 50.5 kg; 12.0 ± 1.7 yr; BCS 5-8/9) were
adapted to a diet of free-choice Orchardgrass hay for 8 d (d-15 to d-8). Prior to the study,
geldings were on pasture and idle for 6 months. After adaptation, baseline dry matter intake
(DMI) was quantified for 7 d (d-7 to d-1). After the baseline period, 4 horses were assigned to
remain idle as controls (CON), while the other 4 horses were assigned to exercise (EX) for 3
weeks (d0 to d21) using an automatic exerciser (EuroXciser, Tustin, CA), with treatment groups
blocked by initial body weight and body condition. The number of animals and length of
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treatment were determined using previous data (Moore et al. 2019), in which 3 weeks of exercise
using the same protocol resulted in significant weight loss.
Hay was offered twice a day (7:00 and 19:00) at a rate such that horses had continuous
access to hay. Hay was fed in a hay net secured inside a large tub to facilitate collection of
refusals (weighed prior to each feeding). All of the hay was harvested from the same farm, in the
same cutting, and sent in one shipment, in efforts to avoid any effects of varying hay
composition on intake. Representative core samples were collected from the entire shipment at
the beginning of the baseline intake period (d -7) and analyzed for chemical composition (North
Carolina Department of Agriculture, Raleigh, NC) (Table 1). Horses were housed in individual,
partially covered 3.7-m × 12.2-m dry lot pens with access to a trace mineral salt block and
automatic waterer throughout the study. The total diet nutrient content (hay + trace mineral salt
block) met all nutrient requirements for maintenance (CON group) and light work (EX group) as
defined by the NRC (2007).

5.3 b. Exercise Protocol
The exercise protocol (EX horses) was designed to expend approximately 15-17% of
weekly DE requirements, using the same design that was utilized for the previous study (Moore
et al. 2019). In brief, exercising horses wore heart rate (HR) monitors (Polar V800 Watch with
H7 Band, Polar Electro, Kempele, Finland) during each session, and HR data was obtained from
the corresponding software (Polar Flow, Polar Electro, Kempele, Finland) and used to calculate
oxygen consumption (NRC 2007), and subsequent net energy expenditure (EE). The protocol
was adjusted for each horse after every session to ensure overall EE for the week was
approximately 15-17% above maintenance net energy (NE) expenditure, with maintenance NE
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expenditure calculated based on 3.4 mL O2/kg BW/min (Coenen 2008). The conversion
efficiency of DE to NE was assumed to be constant, so that 15% above maintenance NE
expenditure also translated to 15% above maintenance DE expenditure (maintenance DE
requirement). The horses in this study represented a range of BCS (5 to 8) and were not
considered to be “easy keepers,” so the average maintenance value for DE (33.3 kcal/kg BW)
was used, in contrast to the previous study (Moore et al. 2019), which consisted entirely of obese
horses (“easy keepers”) and thus utilized the minimum value for maintenance (NRC 2007).
Horses were transitioned into the protocol gradually over the first week. The full protocol
involved a 10-min warm-up, alternating trot sets and walk breaks, and a 5-min cool-down, with
equal time spent in each direction, for a total of approximately 30 min each of walking and
trotting, five days a week. The study was conducted from October to November 2017, with
horses exercising as a single group starting between 13:00 and 13:30 each exercise day.
Temperature and humidity were recorded at the start of each session based on local weather data
(Weather, The Weather Channel, Atlanta, GA, USA).

5.3 c. Data Collection
Body weight (BW) was measured on weekly sampling days (d 0, 7, 14, 21) using a
livestock scale (Gallagher 210 Livestock Scale, Gallagher USA, Riverside, MO, USA). Blood
samples were also taken on these days at 6:45, prior to offering the morning portion of hay. The
samples were collected via jugular venipuncture into tubes with K2 EDTA (for plasma) or no
anticoagulant (for serum). After collection, samples were centrifuged at 1,125 xg for 10 min at
4°C, aliquoted, and frozen at -20°C. Plasma was analyzed for active ghrelin and leptin
concentrations, and serum was analyzed for insulin concentration, using commercially available
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radioimmunoassays (Ghrelin (Active) RIA, EMD Millipore, St. Louis, MO, USA; Multi-Species
Leptin RIA, EMD Millipore, St. Charles, MO, USA; ImmuChem Insulin 125I RIA Kit, MP
Biomedicals, LLC, Orangeburg, NY, USA) previously validated for use in horses (Fitzgerald and
McManus 2000; Gordon and McKeever 2005; Moore et al. 2019).
Heart girth (HG) and neck circumference (NC) were measured in duplicate, with neck
circumference measured halfway between the poll and the withers, perpendicular to the
curvature of the neck. Girth to height (G:H) and neck circumference to height (NC:H) ratios
were calculated using height at withers. Horses were scored for body condition score (BCS, 1-9
scale) (Henneke et al. 1983) and cresty neck score (CNS, 0-5 scale) (Carter et al. 2009a) by two
experienced scorers blinded to treatment. Rump fat (RF) thickness (cm) was assessed in triplicate
via ultrasonography at the center of the pelvic bone, 5 cm lateral from the midline, and used to
estimate percent body fat (BF) as previously described (Westervelt et al. 1976).
On d0 and 21, an oral sugar test (OST) was conducted. Horses had access to grass hay
overnight, but refusals were removed in the morning prior to the OST. A baseline (0 min) blood
sample was collected before administration of oral light corn syrup (Karo Light Corn Syrup,
ACH Food Companies Inc., Oakbrook Terrace, IL) at a dose of 0.2 mL/kg BW. In addition to the
serum sample for insulin, a whole blood sample was collected into tubes containing a glycolytic
inhibitor (sodium fluoride and potassium oxalate), inverted, and immediately analyzed for
glucose concentration in duplicate using an automatic analyzer (TrueTrack Blood Glucose
Monitor, Rite Aid, Camp Hill, PA). These sampling procedures were also used to collect a
sample 60 min after oral sugar dose. Insulin to glucose (Ins:glc) ratio and the 60-min insulin
sensitivity index (ISI60) (Lindåse et al. 2017) were calculated from OST data. One of the 60-min
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serum samples hemolyzed and was not able to be recovered, resulting in only having
measurements for ISI60 and Ins:glc at 60 min for 7 horses on d21.
While the original OST with this corn syrup used a dose of 0.15 mL/kg BW to provide
approximately 150 mg/kg BW of digestible sugars (Schuver et al. 2014), this experiment used a
dose of 0.2 mL/kg (approximately 200 mg/kg BW of digestible sugars) to more closely parallel
the modified OST (0.2 mL/kg BW of another sugar syrup, providing 216 mg/kg BW digestible
sugars) that was used to derive ISI60 (Lindåse et al. 2016, 2017).

5.3 d. Statistical Analysis
Data was analyzed in SAS version 9.3 (SAS Institute Inc., Cary, NC, USA) using
analysis of variance for repeated measures. All variables except for plasma leptin concentrations
were analyzed in the mixed procedure. For all models, horse within treatment was the
experimental unit, and treatment, day (day and time for OST), and relevant interactions were the
fixed effects. Average baseline intake (d-7 to d-1) was used as a covariate for DMI analysis.
Correlation structure for each mixed model was selected based on lowest Akaike Information
Criterion, and pairwise least squares (LS) means comparisons were made for significant fixed
effects in all models, with the Tukey-Kramer adjustment for multiple comparisons. Ghrelin,
insulin, Ins:glc, and ISI60 were not normally distributed, so they were log-transformed for
analysis. For ease of interpretation, results are presented as values prior to transformation.
Plasma leptin concentrations on d0 were within detectable limits for all horses, and an
unpaired t-test was conducted to compare initial concentrations (actual values). However,
starting on d7, several of the plasma leptin samples fell below the detectability limit of the assay
(0.80 ng/mL), so all of the leptin data was arranged as ordinal data (ranked categories) by 2-
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ng/mL units for repeated measures analysis. In other words, a value of 1 (lowest category) was
assigned for a plasma leptin value < 2.00 ng/mL, while a value of 2 was assigned for a plasma
leptin value between 2.00 ng/mL and 3.99 ng/mL, and so on, up to a value of 5 (8.00 ng/mL to
9.99 ng/mL). The plasma leptin data (ordinal categories) was then analyzed using repeated
measures in the generalized linear model procedure with a multinomial distribution appropriate
for ordinal variables. For all analyses, P ≤ 0.05 was considered significant.

5.4. Results
Results are presented as mean ± SE unless otherwise specified.
5.4 a. Exercise Sessions
Temperature and humidity at the start of the exercise sessions averaged 17.9 ± 1.4°C and
56.6 ± 5.0%, respectively. Neither variable was significantly associated with exercising HR (P >
0.05). (Data not shown.)

5.4 b. Dry Matter Intake
The EX and CON groups had voluntary dry matter intakes (DMI) of 2.14 ± 0.08 and 1.97
± 0.09% BW during the baseline period, and 2.21 ± 0.04 and 2.09 ± 0.05% BW during the
treatment period, respectively. Baseline intake had a significant (P = 0.0005) effect on DMI
during the treatment period and was included as a covariate. There was no treatment effect (P =
0.63) on overall DMI, but there were significant day (P < 0.0001) and treatment by day (P =
0.03) effects (Figure 1). The day and treatment by day effects resulted from the fact that d12 was
largely a distinct point within EX, and d20 was largely a distinct point within CON, but not vice
versa.
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5.4 c. Intake-Regulating Hormones
There were no treatment (P = 0.18) or treatment by day (P = 0.14) effects on (log)
ghrelin, but there was a significant day effect (P = 0.008) (Figure 2). There was no difference
between treatments (P = 0.71) in initial (d0) plasma leptin concentrations (actual values), with
mean values of 6.51 ± 0.88 ng/mL and 5.90 ± 1.11 ng/mL for the EX and CON groups,
respectively. After the first week of treatment, several of the samples fell below the detectability
limit of the leptin assay, necessitating the conversion to ordinal categories for longitudinal
analysis, as described in the Methods section. Both groups showed significantly (P ≤ 0.05) lower
plasma leptin categories on d7 than d0. The EX group continued to have significantly (P ≤ 0.05)
lower leptin categories than d0 values on d14 and 21, while the CON group returned to values
similar to d0 (P = 0.65). Because some precision was lost with the conversion to ordinal
categories, plasma leptin data over time is presented for each horse, rather than as summary
variables (Table 2).

5.4 d. Body Measurements
Summary data for body measurements are presented in Table 3. There were significant
day (P = 0.003) and treatment by day (P = 0.02) effects on BW, with the CON group showing a
significant increase in BW on d14 and 21 compared to d0, while the EX group showed no
change. There were significant (P ≤ 0.05) treatment effects on RF and BF, with the CON group
having greater RF and BF overall, despite no difference on d0 (P = 0.43), as well as treatment by
day effects, in which the CON group had significantly (P ≤ 0.05) higher RF and BF on d14
compared to d0. There were no significant treatment, day, or treatment by day effects (P > 0.05)
on BCS or CNS. However, there were significant (P < 0.001) day and treatment by day effects
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on NC, NC:H, HG, and G:H, with the EX group showing reductions in all of the variables
compared to d0, while the CON group showed no change.

5.4 e. Basal Insulin and OST
There were significant (P ≤ 0.05) day and treatment by day effects on (log) insulin, with
d0 values higher than the other time points overall (Figure 3), and d14 values significantly lower
than d0 values in the EX group, but not the CON group. There was also a significant (P ≤ 0.05)
treatment effect, with the EX group having lower values than the CON group overall, despite no
difference (P = 0.99) in initial (d0) concentrations. There were significant (P ≤ 0.05) treatment
and treatment by day effects on Ins:glc, with the EX group having lower Ins:glc than the CON
group overall, as a result of decreases from d0 to 21 (Figure 4). There was also a significant (P =
0.04) treatment by day effect on ISI60, with the EX group appearing to increase from d0 to 21
(Figure 5). However, this apparent increase was not significant.

5.4 f. Summary Correlations
There was no correlation between DMI and plasma grehlin concentrations (P = 0.89) or
plasma leptin categories (P = 0.32). However, ghrelin concentrations were negatively correlated
with leptin categories (r = -0.47; P = 0.006) and insulin concentrations (r = -0.49; P = 0.005).
Leptin categories were positively correlated with insulin concentrations (r = 0.54; P = 0.001).
Ghrelin concentrations were also negatively correlated with BCS (r = -0.50; P = 0.004), while
neither leptin categories (P = 0.57) nor insulin concentrations (P = 0.06) were correlated with
BCS. However, insulin concentrations (r = 0.64; P < .0001) and leptin categories (r = 0.45; P =
0.01) were both significantly correlated with NC, as well as NC:H, CNS, and G:H.
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5.5. Discussion
Few studies have investigated the effects of exercise on voluntary feed intake in horses.
While there was a significant treatment by time effect on DMI, this effect was the result of two
time points (out of 21) that were somewhat distinct to each group. Taken with all of the other
data, there was no relevant difference in intake response between the groups. This is consistent
with findings in yearlings and donkeys that showed no change in voluntary intake with forced
exercise (Duren et al. 1989; Pearson and Merritt, 1991). Conversely, other findings in yearlings
showed an increase in intake with exercise (Orton et al. 1985), while a study in mature mares
indicated a decrease in intake with high-intensity exercise (Gordon et al. 2006). The lack of a
growth requirement (higher energy demand) and use of lower intensity exercise in this study may
have contributed to the lack of difference in intake response. However, these conditions are more
relevant to the circumstances of most horse owners, particularly for horses on a weight loss plan.
While the EX horses did not lose weight, they avoided the weight gain seen in the CON
group. This is consistent with findings that idle ponies gained significantly more weight than
exercised ponies when both groups were offered an ad libitum pelleted diet (Westervelt et al.
1976), and that horses on ad libitum forage gained weight over time without intervention (Gill
2016). The lack of changes in BCS or CNS may have resulted from the relatively short-term
nature of the project. Because the primary objective was measuring responses in feed intake, a
shorter study length was chosen to minimize environmental effects on DMI. Additionally, BCS
and CNS are subjective, and can be less sensitive to changes than more objective measurements.
The reductions in HG, G:H, NC, and NC:H observed in the EX group are consistent with
findings in the previous study (Moore et al. 2019). G:H is significantly correlated with
chemically extractable body fat in ponies (Dugdale et al. 2011), and NC is significantly
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correlated with cresty neck fat (Martin-Gimenez et al. 2016). These results are indicative of fat
loss, despite a lack of weight loss. This is consistent with findings in humans, in which aerobic
exercise training reduced hepatic and visceral fat without weight loss (Johnson et al. 2009). The
EX group also showed an 11.5% reduction in RF, which is likely of physiological significance,
despite the lack of statistical significance. In contrast, the CON group showed a significant
increase in RF from d0 to d14, which is consistent with previous work comparing exercised and
idle ponies on an ad libitum pelleted diet (Westervelt et al. 1976). Furthermore, increasing NC
and NC:H have been associated with glucose intolerance (Frank et al. 2006) and increasing
insulin, glucose, and leptin concentrations (Carter et al. 2009a), respectively. Additionally, cresty
neck fat has demonstrated higher expression of proinflammatory cytokines (Burns et al. 2010)
that may be connected to insulin resistance (Barbarroja et al. 2010). The significant reduction in
NC and NC:H may have therefore played a role in the alterations seen in insulin and glucose
parameters.
In this study, the EX group showed a significant reduction in (log) insulin from d0 to d14.
While the (log) insulin values in the EX group were no longer significantly lower (P = 0.11) than
d0 values on d21, they were still physiologically lower (26.8 ± 7.0 mU/L on d0 vs. 15.4 ± 1.6
mU/L on d21). These findings are in contrast with the previous study, in which neither the EX or
DIET group showed a reduction in basal (log) insulin (Moore et al. 2019). However, that study
offered a regulated amount of feed. Studies in rats have indicated that ad libitum feeding may
increase serum insulin values compared to meal feeding (Reiser and Hallfrisch 1977) and that
exercise can increase insulin clearance and reduce insulinemia (Kurauti 2016). Similarly, ponies
showed higher basal insulin values after ad libitum feeding than on controlled feed intake
(Freestone et al. 1992). Therefore, EX may have reduced the insulinemic effects of ad libitum
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feeding. Interestingly, in another study, reducing access to forage by restricting the time and
space available for grazing did not result in any difference in basal insulin compared to
continuous grazing, despite significant weight loss (Gill 2016).
Because this study was intended to be relevant to the conditions that would be used for a
client horse undergoing exercise for weight loss, an OST was used to evaluate insulin and
glucose dynamics, rather than more complex dynamic testing. While more complex dynamic
testing can provide more precision, such tests also require catheterization and numerous blood
samples—conditions that are expensive, time-consuming, and impractical for most clinical
settings. In contrast, an OST is simple for a horse owner and veterinarian to perform, and with
the parameters used in this study, only requires two blood samples. Therefore, while an OST has
limitations, it is a more realistic choice for monitoring changes in insulin and glucose dynamics
in the field, and for this reason, was selected for use in this study.
Ins:glc and ISI60 are indicative of beta-cell response (Treiber et al. 2005) and insulin
sensitivity (Lindåse et al. 2017), respectively. In the previous study, the EX group showed a
reduction in Ins:glc and a tendency for an increase in ISI60 over time (Moore et al. 2019). In this
study, EX had significantly lower (log) Ins:glc than CON on d21, despite no difference between
treatments on d0, demonstrating a reduction over time, similar to the response in the previous
study. While the EX group also appeared to show an improvement in ISI60 from d0 to 21, this
change was not statistically significant, though potentially of physiological significance. The
lack of statistical significance is likely the result of small sample size and/or the shortened
treatment period (3 weeks vs. 4 weeks in the previous study). Although a power calculation was
performed to determine treatment size (with an additional animal added as a safety factor), the
calculation was based on BW change, and it is likely that changes in insulin and glucose
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dynamics are less sensitive and/or more variable and would therefore require a greater treatment
size to demonstrate significance in ISI60. The loss of one of the 60-min samples on d21 as a
result of hemolysis further reduced the sample size for that time point. Similarly, because
measuring potential changes in DMI was the primary objective of the study, a shortened
treatment period was selected as a compromise between minimizing environmental variation
(and subsequent impacts on intake) and sufficient time to demonstrate a change in BW.
However, as with treatment size, the amount of time sufficient to show BW change may not have
been sufficient to show changes in insulin and glucose metabolism. While previous studies have
shown significant improvements in insulin sensitivity with as little as 7 days of exercise (Powell
et al. 2002; Stewart-Hunt et al. 2006), improvements in insulin and glucose metabolism in this
setting would likely have been more evident with a longer treatment period. Additionally, while
the previous study utilized exclusively obese horses (BCS ≥ 7), this study used horses with a
variety of BCS (range 5-8). Because obese horses typically have lower insulin sensitivity
(Hoffman et al. 2003), it may have been easier to demonstrate improvement in the previous
study.
Exercise training did not significantly alter (log) ghrelin concentrations, which is
consistent with findings from the previous study (Moore et al. 2019). Because grehlin
concentrations were negatively correlated with insulin concentrations, the day effect observed in
(log) ghrelin concentrations can be explained by the observed changes in insulin concentrations,
consistent with findings in humans (Ikezaki et al. 2002). In humans, a negative relationship has
also been identified between fasting plasma ghrelin concentrations and ad libitum intake (Salbe
et al. 2004). Additionally, ghrelin concentrations in horses have been shown to peak before
feeding a concentrate meal (Hemmann et al. 2013). However, no correlation was identified
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between (log) ghrelin concentrations and voluntary DMI. Previous work has also shown a lack of
correlation between alterations in plasma ghrelin concentrations and feed intake (Gordon et al.
2006). Additionally, exogenous ghrelin infusion does not increase feed intake in horses overall
(Gordon et al. 2014), which is in contrast to findings in humans (Druce et al. 2005). These
results suggest that the ghrelin system in horses has several key differences from that of humans.
Leptin concentrations typically increase with increasing BCS (Buff et al. 2002), and
elevated leptin concentrations are associated with increased risk of laminitis, specifically pastureassociated laminitis (Carter et al. 2009b). Additionally, ad libitum feeding increases leptin
concentrations compared to maintenance feeding in ponies (Van Weyenberg et al. 2013). While
reducing leptin concentrations is often a goal for overconditioned horses, it is particularly
important for those with a higher risk of laminitis, such as horses with ad libitum access to
forage, particularly pasture. In this study, the relatively low-intensity exercise protocol proved to
be an effective solution for decreasing leptin concentrations in horses on ad libitum forage.
Additionally, this decrease in leptin concentrations was observed without a corresponding
increase in DMI, suggesting that the horses in the EX group may have also improved their leptin
sensitivity.
Because this study included a range of obese and non-obese horses, BCS likely impacted
some of the variability in all of the hormonal variables, as leptin and insulin are typically
positively associated with BCS in horses (Buff et al. 2002; Carter et al. 2009a), while ghrelin has
been negatively associated with BCS (Gordon et al. 2007). In this study, a negative correlation
was observed between ghrelin concentrations and BCS, but leptin categories and insulin
concentrations were not significantly correlated with BCS. These findings were likely the result
of the changes in insulin concentrations and leptin categories observed in the EX group without a
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corresponding change in BCS. Regardless, however, any effects of BCS on response variables
would have been similar between treatments, as they were balanced for BW and BCS. Thus, it is
unlikely that BCS had a confounding role.

5.6. Conclusion
Overall, forced exercise in mature horses on ad libitum forage did not alter voluntary
DMI or plasma ghrelin concentrations. However, EX showed significant improvements in
variables indicative of cresty neck fat, as well as variables indicative of insulin and glucose
metabolism, specifically resting insulin concentrations and indicators of beta-cell response,
despite no statistically significant changes in indicators of insulin sensitivity. EX also resulted in
a significant reduction in plasma leptin concentrations while maintaining similar DMI,
suggesting that EX improved leptin sensitivity. Additionally, EX avoided the weight gain and
increase in rump fat seen in CON. Therefore, rather than ad libitum intake negating the benefits
of forced exercise, forced exercise appeared to be a useful method for negating some of the
negative consequences seen with ad libitum intake, and is likely beneficial for horses in similar
situations, such as those on free-choice hay or pasture.
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Tables and Figures
Table 5.1 Chemical analysis of hay.
Item Analyzeda

Content in Hayb

DM (%)

91.7

DE (Mcal/kg)

1.91

CP (%)

14.7

NDF (%)

60.1

ADF (%)

41.8

NFC (%)

11.1

a

DM = dry matter; DE = digestible energy; CP = crude protein; NDF = neutral detergent fiber;
ADF = acid detergent fiber; NFC = non-fiber carbohydrates
b

A single representative sample was composited from core samples of the shipment used
throughout the study period. All nutrient values are presented on a 100% dry matter basis.
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Figure 5.1 Voluntary DMI over time.

Different letters within a treatment indicate differences (P ≤ 0.05) between days within that
treatment, where the EX treatment (dashed line) is labeled with the upper, italicized letters, and
the CON treatment (solid line) is labeled with the lower, bolded letters. Values are LS means ±
SE, with average baseline DMI included as a covariate in the model.
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Figure 5.2 Plasma ghrelin concentrations over time.

Letters indicate day effects, in which days that do not share a common letter were significantly
different (P ≤ 0.05).
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Table 5.2 Plasma leptin categories a over time.

a

Horse ID

Treatment

d0

d7

d14

d21

H1

EX

3

1

1

1

H2

EX

4

2

2

2

H3

EX

3

1

1

1

H4

EX

5

3

5

4

H5

CON

3

2

3

3

H6

CON

5

4

4

5

H7

CON

2

1

1

3

H8

CON

4

3

4

5

Value of 1 = concentration < 2.00 ng/mL; 2 = concentration between 2.00 ng/mL and 3.99
ng/mL; 3 = concentration between 4.00 ng/mL and 5.99 ng/mL; 4 = concentration between 6.00
ng/mL and 7.99 ng/mL; 5 = concentration between 8.00 ng/mL and 9.99 ng/mL
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Table 5.3 Summary of body measurements.
Variable
BW (kg)
BCS
CNS
RF (cm)
BF (%)
NC (cm)
NC:H
HG (cm)
G:H

Treatment

d0

d7

d14

d21

EX

592.0 ± 31.7

591.5 ± 31.8

588.1 ± 30.9

593.2 ± 30.6

CON

604.6 ± 24.8

610.0 ± 26.2

612.5 ± 27.3*

616.5 ± 26.6*

EX

6.3 ± 0.8

6.4 ± 0.7

6.1 ± 0.6

6.3 ± 0.6

CON

6.5 ± 0.4

6.3 ± 0.4

6.3 ± 0.5

6.3 ± 0.3

EX

1.6 ± 0.1

1.9 ± 0.4

1.8 ± 0.3

1.6 ± 0.4

CON

2.1 ± 0.2

2.1 ± 0.3

2.0 ± 0.4

1.9 ± 0.4

EX

1.04 ± 0.06

1.03 ± 0.11

0.91 ± 0.04

0.92 ± 0.07

CON

1.28 ± 0.10

1.42 ± 0.17

1.50 ± 0.17*

1.43 ± 0.18

EX

13.5 ± 0.3

13.5 ± 0.5

12.9 ± 0.2

12.9 ± 0.3

CON

14.7 ± 0.5

15.3 ± 0.8

15.7 ± 0.8*

15.3 ± 0.9

EX

87.5 ± 2.3

84.1 ± 1.9*

82.1 ± 2.6*

79.4 ± 2.0*

CON

85.2 ± 2.4

84.9 ± 1.4

83.5 ± 1.8

84.0 ± 2.1

EX

0.56 ± 0.01

0.54 ± 0.01*

0.53 ± 0.02*

0.51 ± 0.01*

CON

0.54 ± 0.02

0.54 ± 0.01

0.53 ± 0.01

0.54 ± 0.01

EX

191.6 ± 5.2

190.0 ± 4.5

186.9 ± 4.6*

188.0 ± 4.8*

CON

191.1 ± 3.6

191.7 ± 3.4

190.4 ± 3.5

192.1 ± 3.4

EX

1.23 ± 0.03

1.22 ± 0.03*

1.20 ± 0.03*

1.21 ± 0.03*

CON

1.22 ± 0.01

1.23 ± 0.01

1.22 ± 0.01

1.23 ± 0.01

* Represents significant (P ≤ 0.05) difference from d0 within a row.
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Figure 5.3 Serum insulin concentrations over time.

Different letters within a treatment indicate differences (P ≤ 0.05) between days within that
treatment, where the CON treatment (solid line) is labeled with the upper, bolded letters, and the
EX treatment (dashed line) is labeled with the lower, italicized letters.
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Figure 5.4 Ins:glc before and after treatment.
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Figure 5.5 ISI60 before and after treatment.
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CHAPTER 6: GENERAL CONCLUSIONS
Obesity has become an epidemic among the domestic horse population. With this
epidemic comes an increased risk of several disease conditions, including laminitis and Equine
Metabolic Syndrome. The hormonal dysregulation resulting from obesity is often a large
component of these diseases, particularly in terms of insulin and leptin dysregulation. Thus, in
order to effectively treat the epidemic facing the domestic horse population, weight loss solutions
must not only achieve reductions in body weight and body condition, but also address these
hormonal systems.
The first step in creating an effective treatment for equine obesity involved investigating
the effectiveness of a current method. While restricting pasture access is often a recommendation
for horses at greatest risk of laminitis development, there was a lack of data on the effects of
restricted pasture access on the hormonal systems most relevant to laminitis risk while the horses
were undergoing restriction. Typical protocols involve withholding feed from all of the horses
(restricted and control) overnight before taking blood samples. While these samples can provide
information about basal levels, they are not a true reflection of the state that the animal lives in.
Thus, it is important to measure the animal’s hormone levels while actively undergoing their
experimental treatment.
The first experiment was a preliminary study conducted to examine the effects of an
existing time- and space-restricted grazing protocol on blood insulin and leptin concentrations.
On days 10 and 31, before and after weight loss independent of changes in gut fill, blood
samples were taken after the restricted horses were stalled overnight, while the restricted horses
were in the middle of their grazing session, and after the restricted horses completed their
grazing session for the day, with samples taken from the continuously grazing control horses at
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the same time points. Despite significant weight loss and drastically different grazing protocols,
restricted grazing did not result in any differences in blood insulin and leptin concentrations
compared to continuous grazing on unrestricted pasture at any time point. These findings
indicated that time- and space-restricted grazing, while effective for weight loss, failed to result
in improvements in insulin or leptin concentrations—two factors that significantly contribute to
the risk of pasture-associated laminitis.
The next step in creating an effective treatment for equine obesity involved investigating
the inherent energetic factors of obesity. When horses are kept in an unrestricted forage situation,
such as pasture, some of the horses usually become obese, but others do not. It is assumed that
these animals have differences in energy intake and/or energy metabolism, with naturally obese
horses being described as “easy keepers,” compared to normal or “hard keepers.” However, no
work had been done to investigate energy intake and expenditure between naturally lean and
obese horses under the same conditions.
In the second experiment, numerous factors of energy intake and expenditure were
compared between horses within the same herd that maintain a naturally obese or naturally lean
(desirable) body condition under the same husbandry. This experiment revealed that obese and
lean horses that were maintaining their body weight, and thus, body condition, on free-choice
hay demonstrated no differences in intake, apparent digestibility, distance traveled, heart rate, or
estimated energy expenditure. However, obese horses spent less time eating and more time in
active behaviors, which was likely a reflection of dominance status. Thus, obesity does not
appear to be maintained by differences in intake. Additionally, the results suggest that
temperament may play a role in obesity, with obese horses demonstrating more behaviors linked
to dominance than lean horses.
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The next step in creating an effective treatment for equine obesity was to compare two
equivalent options. Despite no indications that obese horses consume higher levels of intake than
lean horses, the vast majority of recommendations for weight loss in horses have focused on
dietary restriction. Dietary restriction is often simpler to achieve than exercise. However,
findings in humans and rodents have suggested that exercise has additional benefits beyond those
of diet. Yet, no work had been done to directly compare diet and exercise in horses.
In the third experiment, obese horses were paired according to sex, age, and breed, and
one horse from each pair was assigned to either diet or exercise, with both protocols designed to
result in a comparable level of energy restriction. Both groups lost the same amount of weight, as
expected based on the matched energy balance. Additionally, both groups showed similar,
significant losses of body condition, cresty neck score, heart girth circumference, belly girth
circumference, and girth-to-height ratio. However, the exercised group showed significantly
greater losses of neck circumference and was the only group to show improvements in
parameters of insulin and glucose metabolism. Additionally, the exercised group tended to
improve plasma leptin concentrations over time, while the diet group showed no change.
These results indicated that while dietary restriction may result in similar visual results to
exercise (reductions in body weight and most morphometric measurements), the results “beneath
the surface” were drastically different. Despite such similar and significant weight loss, only the
exercise group demonstrated improvements in hormonal factors critical in the development of
both laminitis and Equine Metabolic Syndrome. Thus, weight loss solutions for obese horses
should incorporate exercise (when possible with the horse’s current condition) to maximize
benefits on hormonal dysregulation and associated disease risk.
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While it appeared that an effective treatment for equine obesity had been identified, the
final step in creating an effective treatment for equine obesity was to verify that the treatment
would work when implemented in other situations. The exercised horses in the third experiment
were given a regulated amount of feed. However, many horses are fed free-choice forage, such
as horses living on pasture. Little work had been done to measure the effect of forced exercise on
voluntary intake in horses, and no work had been done to quantify this effect in mature horses
undergoing the lower-intensity exercise that would be used for an obese horse.
Therefore, the final experiment was conducted to determine the effect of forced exercise
on voluntary intake in mature horses with ad libitum access to forage. This experiment used the
same exercise protocol that was used in the third experiment in order to also investigate whether
horses on ad libitum forage would still achieve the same benefits observed previously. No
physiologically significant differences were observed in voluntary intake between the exercised
horses and horses who remained idle, suggesting that exercise at a low intensity does not
increase intake in mature horses. While the exercised horses did not achieve weight loss while on
ad libitum forage, they avoided the weight gain observed in the control horses. Even in the
absence of weight loss, the exercised horses achieved significant reductions in neck
circumference and heart girth circumference, as well as improvements in resting insulin
concentrations and the insulin-to-glucose ratio, a proxy for beta-cell response. Additionally, the
exercised group showed significant reductions in plasma leptin concentrations without a
corresponding increase in voluntary intake, suggesting that the exercised horses may have
improved their leptin sensitivity. Overall, therefore, forced exercise provided substantial benefits
for horses on ad libitum forage, even in the absence of weight loss.
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Compiling the information obtained from all of the experiments, obesity does not appear
to be maintained by differences in intake, and restricting intake through restricted grazing or a
typical dietary restriction protocol does not appear to be effective in improving the hormonal
dysregulation involved in obesity-associated disease conditions in the timeline measured.
Exercise, when combined with a regulated amount of feed intake, was an effective solution for
weight loss and hormonal improvements in obese horses and should be incorporated into weight
loss plans when possible. Exercise is also recommended for horses on pasture or other ad libitum
forage. While horses in such situations may not be able to achieve weight loss with exercise, they
will likely still demonstrate hormonal improvements.
While these findings are promising, it is acknowledged that exercise is only effective
when it is implemented. Therefore, further work is needed to investigate owner compliance and
ability to incorporate an exercise program. While the final exercise experiment used exclusively
university-owned animals, the previous experiment predominantly used client animals. All of the
previously idle, obese client horses in the third experiment were able to complete the exercise
protocol without soundness issues (when given a proper transition period). However, the
protocol is likely too intense for some horses (and riders). Thus, additional work is also needed
to determine the minimum intensity and duration of exercise required to see hormonal
improvements. Overall, however, there are strong indications that exercise is an effective
treatment for equine obesity.
In summary, it is recommended that exercise be incorporated as a central component of a
weight loss program when possible with the horse’s current physical condition. If a horse is
unable to exercise at all as a result of compromised lamellar integrity or other physical
limitations, dietary restriction alone is implicated. To avoid risk of hyperlipemia, it is
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recommended that horses be restricted to no less than 70% of maintenance energy requirements.
However, restriction between 80 and 90% of energy requirements has also been shown to be
effective for weight loss, so restriction at approximately 85% of requirements may be a better
solution for animals who are severely obese, as it is likely to be less stressful than restriction to
70% of requirements, but should still result in weight loss. Restricted grazing did not prove to be
effective for improving hormone concentrations compared to horses that had continuous access
to pasture in this work, but horses did show variations in insulin response with pasture
carbohydrate content, as has been well-documented elsewhere. Thus, for horses who are heavily
obese and already demonstrating signs of IR and/or laminitis, substituting pasture entirely for a
low-starch hay may be implicated.
If it is possible to incorporate exercise, exercise should only be included at a level that is
suitable for the animal’s current fitness, with referral to a veterinarian recommended. In this
work, 30 minutes of walking and 25-35 minutes of trotting, broken into alternating sets, five days
a week was effective at improving hormonal dysregulation, with or without weight loss. When
combined with a regulated amount of feed, this protocol also resulted in significant weight loss.
While this protocol is a goal to optimize the likelihood of obtaining the same benefits observed
here, it is likely that lesser amounts of exercise would also be beneficial. As mentioned
previously, it is unknown the minimum intensity and duration of exercise needed to achieve
benefits in hormonal dysregulation. However, previous literature has shown benefits with light
exercise (primarily walking and trotting work) in as little as 20-30 min a day, five days a week.
Thus, this amount of exercise is recommended as a goal for horses (and riders) with a lower
fitness status.
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While exercise alone can be effective at achieving weight loss (as demonstrated in this
research), adding a small level of dietary restriction would further expedite weight loss. Thus,
restricting horses to around 85% of maintenance energy requirements in combination with
exercise may be implicated for horses with more weight to lose. For horses maintained on freechoice forage without the possibility of regulating or restricting intake, it is acknowledged that
exercise alone may be insufficient to achieve weight loss, but it is still recommended as a means
for hormonal improvement and avoidance of further weight gain, as demonstrated in the final
experiment.
Finally, managerial factors should be considered for the management of the obese horse.
Turnout is encouraged to promote voluntary activity. If pasture is not practical for the horse or
the facility, turnout in a dry lot is encouraged over stall confinement. Offering the horse a
moderate quality grass hay that is slightly more mature (but still free of weeds, mold, etc.) will
allow the horse to consume more hay with fewer calories. Additionally, slow-feed hay nets can
spread consumption throughout the day, reducing unwanted behaviors. Other techniques such as
placing water tubs at opposite areas of an enclosure from feed and/or distributing feed
throughout an enclosure space may help promote movement and activity. Regardless of the
techniques used, owners are encouraged to consult with a veterinarian to monitor the endocrine
status of their horse. Consultation with an equine nutritionist is also encouraged in order to
formulate an optimum dietary strategy for the individual horse. When these methods are utilized,
significant improvements in the health and welfare of these horses can be achieved.
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APPENDIX
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Figure A.1 Example of a DIET horse before (top) and after (bottom) weight loss (Experiment
III).
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Figure A.2 EX horse paired to DIET horse (Fig. A.1) before (top) and after (bottom) weight loss
(Experiment III).

190

Figure A.3 Example of an EX horse before (top) and after (bottom) exercise treatment
(Experiment IV).

