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INTRODUCTION

The horse was domesticated around 2500 BC and has been used for work,
pleasure, and companionship since that time. However, the percentage of time
devoted to these endeavors has changed greatly. The number of horses in the
US peaked at more than 26 million in 1918. Thereafter, the increasing use of
the intermal combustion engine caused a steady decline in the number of horses.
By 1960, the US Department of Agriculture (USDA) estimated that there were
only about 3 million horses in the US. In the 1960s, however, the number of
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horses dramatically increased because of a renewed interest in the horse for
recreational activities. The USDA no longer conducts a census of horses, but
the horse population was estimated at 10.5 million in the mid-1980s. Although
the number of horses has decreased recently owing to a general economic
decline, the horse industry still remains a vital part of US culture.

The decreasing importance of the horse in agriculture starting in 1918 led
to a decline in equine research at universities and agricultural experiment
stations. By the late 1950s, almost no equine nutritional research was con-
ducted, and few land grant colleges owned horses or taught horse production
courses. The resurgence of the horse in the 1960s led to increased equine
research, teaching, and extension activities. Today, many universities and
colleges, both public and private, have equine programs. Of course, the amount
of money and scientists devoted to equine nutrition is still much less than that
devoted to other farm animals.

Much remains to be leamed about the horse. In fact, the most common
phrase in equine research is “further research is needed,” a phrase that appears
frequently in this review as well. Nevertheless, much progress has been made
in the discipline of equine nutrition. Many studies have been conducted, and
a comprehensive review would exceed the allotted length. Thus this review
focuses on several areas of progress and identifies areas where research is
needed.

DIGESTIVE TRACT

Anatomy

The horse is a nonruminant herbivore with significant fermentation in the hind
gut (cecum and colon). According to a study conducted by Colin in 1871, the
stomach accounts for only 8% of the capacity of the total digestive tract
compared with 30% for the small intestine, 16% for the cecum, and 46% for
the colon (144). More recent data should be collected, but the horse obviously
has a relatively small stomach for such a large animal. The stomach capacity
of the mature horse (average wt. S00 kg) is only about twice that of the mature
pig (average wt. 165 kg) (144). The horse’s small stomach and its inability to
vomit explain why colic, gastric distension, and/or gastric rupture occur in
horses that overeat.

A horse’s small intestine is ~ 20 m long and accounts for ~ 75% of the total
length of the gut. The remaining gut length is comprised of the cecum (4%)
and the colon (21%) (144). These values were also adapted from Colin’s studies
in 1871. Measurement of intestinal tracts in 103 fetal and adult horses revealed
that the absolute length of the gut of a mature horse was slightly shorter than
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Colin’s estimates, but the proportions were similar, i.e. the small intestine
accounted for 73.6%, the cecum for 3.5%, and the colon for 22.9% of total
gut length. The gut proportions varied with age, but not as much as might be
expected. The small intestine comprised 76, 91, and 80% of total gut length
in horses aged 150-329, 330-346, and 347-505 days, respectively, compared
with 73.6% for horses older than 505 days of age (138).

The small intestine of the horse is not unusual compared with other domestic
animals. However, its hindgut has several distinguishing characteristics. It is
much larger than that of cattle, sheep, or swine and contributes more to the
relative capacity of the equine tract. The colon has sacculations with narrow
and broad compartments demarcated by discrete bands of smooth muscle and
connective tissue called teniae (19). The teniae are formed by longitudinal
muscle and provide intestinal support but yield to intestinal distension caused
by fermentation. The sacculations probably reduce the rate of digesta passage
and thus enhance microbial fermentation and digestion because the digesta is
exposed to the bacteria for a longer period of time. This arrangement likely
evolved during the years when horses spent most of their time grazing. There-
fore, the microbial population of the hindgut received a slow and steady supply
of fermentable material. Today’s horse is often confined to a stable for most
of the day and fed large meals low in fiber. Clarke et al recently reviewed the
physiologic responses by horses fed a concentrated meal (20). They concluded
that twice daily feeding of a high-energy diet promotes unnatural digestive
functions in horses that predispose them to spontaneous gastrointestinal dis-
turbances. Gastric fill and pH may be influenced by feed type. Ponies fed
mixed feed had a 37% incidence of gastric ulcers compared with zero occur-
rence in ponies fed hay (21). Any gut dysfunction in horses is alarming because
it can precede colic. Colic, a general term for abdominal pain, is the main
cause of equine mortality.

Significant advances have been made in the prevention and treatment of
colic. Approximately 30 years ago, intestinal surgery of the horse had a low
rate of success, and often even simple colics were fatal. Currently, surgery of
the equine intestinal tract, although difficult, is less risky and has a much higher
success rate (5, 55). Improved surgical techniques have also helped clarify
nutritional function of segments of the intestinal tract. Cannulas can now be
implanted in many parts of the intestine (41, 136) and have thus enabled studies
on many sites of absorption and fermentation of gut microflora. The cecum
has been removed without great nutritional consequence (126). In horses in
which 95% of the large colon was removed surgically, plant cell wall digest-
ibility decreased relative to presurgical values and values for sham-operated
horses, but body weight in surgically altered horses was maintained because
organic matter digestibility remained effective (8, 10). One year after large-
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colon resection, all horses exhibited elevated alkaline phosphatase activity in
the cecum and remaining colon, which implied a compensatory response for
the reduction in phosphorus utilization by horses with colon resections (9).

Microbial Activity

The principal microbial inhabitants of the equine hindgut are bacteria, proto-
zoa, and fungi (71). The majority of bacteria are gram-negative rods (51-64%)
or gram-negative cocci (8-33%). Approximately half of this population is
anaerobic. Studies on how diet affects microbial activity in the equine hindgut
are limited. Some inferences can be made from studies with ruminants because
the types and responses by microflora in the equine hindgut are similar to those
in the rumen (2). However, extrapolations about microbial activity must be
drawn cautiously because of the dissimilarity in the relative location of the
rumen and the hindgut in the respective intestinal tracts. The rumen is located
anterior to the small intestine, which is the primary site of absorption of many
nutrients. Thus, bacterial end products can be digested in the small intestine
of the ruminant. The hindgut of horses is posterior to the small intestine, and
many nutrients produced by the equine microflora are not effectively absorbed.

As in the rumen, fermentation in the hindgut produces carbon dioxide,
methane, and most importantly, the volatile fatty acids (VFA) acetate, propi-
onate, and butyrate. Methane production in the rumen has recently attracted
interest because (a) ~ 8% and as much as 10% of the animal’s total energy
intake can be lost as methane (62, 74); and (b) methane from ruminants is
wrongly perceived by some to be a major contributor to global warming (24).
Thus considerable effort has been made to measure methane production by
ruminants and to develop methods to lower methane production. Recently, it
was calculated that methane loss by ruminants accounts for only a very low
percentage of total global methane, even less than that contributed by termites
(62), and the total amount of methane from horses is only a small fraction of
that produced by ruminants (24). Methane production by horses has been
shown to peak 6-8 h after feeding and is greater for horses fed concentrates
or with a high feed intake, but methane loss from horses is still less than 3%
of the total energy intake (111, 149, 153). Methane from horses has little impact
on global warming.

VFA are readily absorbed from the hindgut and can contribute up to 30%
of the energy utilized by the horse (7). Acetate:propionate:butyrate ratios
normally range from 70:20:10 to 75:15:10 (7), but diet manipulation can alter
these ratios. Higher acetate and lower propionate values were obtained for
horses fed grass (85). Increasing starch or grain intake reduces the relative
amount of acetate and increases the amount of propionate (58), presumably
by changing the bacterial population (100). The ratio of acetate to propionate
is important because although propionate can be a significant source of glucose,
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acetate is not. Approximately 7% of total glucose production in the horse arises
from propionate produced in the cecum (41). Simmons & Ford (136) concluded
that the propionate produced in the large colon accounts for 57-68% of the
glucose from propionate by ponies fed roughage.

Would manipulation of the gut microflora to produce more propionate (and
therefore more glucose) benefit working horses that may be limited by glucose
availability, or is it simpler to supply glucose directly for absorption from the
small intestine? Are such manipulations likely to lead to digestive distur-
bances? Rapid changes in diet can be harmful when the amount of soluble
carbohydrate reaching the hindgut is abruptly increased, resulting in a decrease
in gut pH and a shift in bacterial population, which in turns causes diarrhea,
colic, and/or laminitis. Feeding a diet containing 90% concentrate resulted in
a marked elevation in lipopolysaccharides (a component of gram-negative
bacteria), which points to endotoxin production (72). Hence the age-old axiom
that dietary changes for horses must be made gradually is valid. However, few
studies have characterized the longitudinal changes in microbial population in
response to diet manipulation. The thumb rule that changes should be made
over a four or five day period is based only on empirical evidence.

Microbial activity of the hindgut has been reported to be enhanced by
probiotics. Yeast culture in the dietincreased digestibility of dry matter, neutral
detergent fiber, hemicellulose, acid detergent fiber, cellulose, and nitrogen;
enhanced urea recycling (48, 73); and increased the efficiency of phosphorus
utilization (109). Nevertheless, yeast addition did not aid in the digestion of
diets containing 50% grass and 50% grains or rice hulls (53, 150).

Site of Absorption

Nutritional lsmowledge of the horse would progress even further if the sites of
absorption and the factors that modify absorption kinetics at these sites were
elucidated. Soluble carbohydrates are primarily digested and absorbed in the
smallintestine (59). However, high intakes of starch allow some starch to bypass
the small intestine and accumulate in the hindgut. High concentrations of sol-
uble carbohydrates acutely deposited in the hindgut cause alteration of the
microbial population, resulting in colic and laminitis (143). Smaller amounts of
soluble carbohydrate reaching the hindgut may not cause the above-mentioned
clinical disorders but can nonetheless result in reduced efficiency of energy
utilization because glucose is utilized more efficiently than are VFA.

Fiber is digested in the hindgut by the gut microflora. One of the major factors
that influences fiber digestion is the rate of passage. Longer retention of ingesta
by large-bodiedruminants and hindgut fermenters increases digestive efficiency
compared with small animals and permits them to survive onlower-quality feeds
(66). The horse digests fiber less efficiently than the cow, presumably because it
has afasterrate of passage of digesta (78). However, this faster rate of passage in
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the horse may be an advantage that outweighs the poorer digestive efficiency
when feed resources are not limited (32, 66). That is, total energy intake by the
horse is greater because the horse can eat more than the ruminant owing to the
faster rate of passage. Conversely, if feed is limited, the ruminant has the
advantage. However, this theory may only hold when grasses and not hays are
ingested. Comparative studies with cattle and horses fed various hays revealed
that despite similar voluntary dry matter intakes, horses consumed 17-37% less
digestible energy than did cattle because of a lower digestive efficiency (27).
Donkeys, on the other hand, digested poor quality forages almost as effectively
as ruminants. This finding appears to refute the generalization that all equids
utilize poor-quality forages less well than ruminants (68).

The site of protein digestion and absorption should be considered when
evaluating amino acid nutrition of the horse. Dietary protein digested and
absorbed from the small intestine contributes to the amino acid pool. Dietary
protein that escapes digestion in the small intestine to reach the hindgut is
degraded to ammonia. Ammonia can be absorbed and excreted as urea, a
process that adds nothing to the nutritional usefulness of the nitrogen, or it can
be incorporated into bacterial protein. The value of hindgut-produced microbial
protein for the horse has been debated for years. Recently, support for the
position that microbial protein contributes little to the amino acid supply of
horses increased (93). Thus scientists in France have proposed that the protein
values assigned to feedstuffs account for the amount of absorbable amino acids.
The value is called Matitres Azotées Digestible Cheval (MADC) and considers
site of digestion, i.e. small vs large intestine. The theory is sound, but reported
values for prececal protein digestion vary from as low as 2% to as high as
55% of the total amount digested (46, 59). Why such a wide range of values
was obtained despite the variety of methods and feedstuffs used is difficult to
understand. More information is needed about the factors influencing the sites
of protein digestion before MADC can be universally applied.

If the horse practiced coprophagy as do rodents and lagomorphs (140), the
bacterial protein would be utilized. The foal eats some feces, particularly from
its dam, but coprophagy does not appear to be extensive in the horse (23).
Adult horses eat more feces when they are fed protein-deficient or high-con-
centrate diets (131, 151). Horses fed whole corn plant pellets containing only
6.2% protein practiced coprophagy, which nonetheless ceased after soybean
meal was added to the diet (131).

ENERGY

Energy requirements are primarily influenced by body size, the function of the
animal, and environmental temperature. The digestible energy (DE) concen-
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tration of the diet is usually regulated by adjusting the forage:concentrate ratio.
Forage may contain 1.8-2.3 Mcal of DE/kg of dry matter (104). Energy
concentrations in grains vary from 3.2 Mcal of DE/kg in oats to 3.8 in corn
(104). Fats and oils may contain 8-9 Mcal of DE/kg. The function of the horse
determines the energy density that is needed. Mature horses at maintenance
do not require a high energy density and therefore usually do not need grain,
Mares in late gestation may be expected to consume 1-1.5% of their body
weight in forage and 0.5-1% in concentrate. Mares in early lactation may
consume 1-2% of body weight in forage and 1-2% in concentrate. Horses at
intense work may consume 0.75-1.5% body weight in forage and 1-2% in
concentrate. Weanlings may consume 0.5-1% of body weight in forage and
2-3.5% in concentrate (104).

Body Size

The National Research Council (NRC) defined maintenance as the energy
required for zero body weight change plus normal activity (104). In past
editions, the NRC subcommittee on horse nutrition used metabolic body size
to estimate maintenance energy requirements. For the 1989 edition, the 0.75
exponent was not used because the results obtained with horses and ponies
(111) correlated with studies in other species (146), which demonstrated no
benefit in using an exponent when comparing animals from the same species
unless large differences (severalfold) in body size were present. The equation
for calculating the DE needed for maintenance energy was (Mcal/day) = 1.4
+ 0.03W, where W = weight of the horse in kg. Reasonable agreement was
obtained between calculated estimates for maintenance energy and actual data
obtained with ponies and light horses weighing up to 600 kg. However, the
equation seemed to overestimate the energy requirements for horses heavier
than 600 kg. In the above study (111), all horses were confined to metabolism
stalls during the measurement of oxygen consumption. The activity factor was
estimated for horses weighing less than 600 kg. The discrepancy between the
calculation for the larger horses and the observed requirements presumably
arose because the large horses had a much lower voluntary activity than the
light horses. To accommodate the lower activity of heavy horses, the equation
DE X (Mcal/day) = 1.82 + 0.0383W - 0.000015W? was developed, where W
= weight in kg. Unfortunately, few data are available on the energy needs of
horses heavier than 600 kg, and the hypothesis that heavier horses are less
active has never been adequately tested. Moreover, a breed-size interaction
may occur in voluntary activity. Horses of some of the large breeds appear to
be more animated than others. Therefore, the energy requirements for horses
weighing more than 600 kg need further study.
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Function of the Horse

The functions of horses are classified as maintenance, growth, pregnancy,
lactation, breeding (stallion), and work. Energy requirements for maintenance
are discussed above. Energy requirements for growth are important because
the rate of growth (and hence of energy intake) may influence the incidence
of skeletal problems involved in developmental orthopedic disease (DOD).
DOD is a name given to a complex of disorders, including osteochondrosis,
flexural deformities, and epiphysitis. Many other factors, such as genetics and
mineral nutrition, may also be involved in the development of DOD. Genetic
manipulation may ultimately be needed to decrease the incidence of DOD.
Although the mode of inheritance has not been determined, heritability for
osteochondrosis is moderately high (up to 35%) (52, 63, 115, 129). It has been
suggested that DOD is related to a genetic capacity for rapid growth. Certainly
the incidence of DOD appears to be greater in foals growing rapidly (30, 125).
However, foals fed a diet with a high energy density, achieved by adding
vegetable oil, had a higher incidence of dyschondroplasia unrelated to a more
rapid growth rate than did those fed a normal energy intake (127). Conversely,
adiet of 10% fat was shown to be a suitable substitute for grain without causing
adverse effects on the skeleton in growing horses (31). Moreover, high energy
intakes do not consistently produce leg abnormalities or dyschondroplasia in
foals. One might expect a diet for a weanling horse to be approximately one
third forage and two thirds concentrates and to contain 3 Mcal of DE/kg, 31%
neutral detergent fiber, 16% protein, and 3.5% ether extract (dry matter basis)
(104). Adding 8% vegetable oil to the concentrate could increase the DE
concentration of the total diet to 3.3 Mcal/kg and the ether extract to 9%. Thus
a “high-fat” diet for horses would still be much lower in DE and in fat content
than a typical diet for humans. Yearlings consuming 60% more energy than
recommended for normal growth had no abnormalities in bone development
(108). In fact, Ott & Asquith observed a reduction in bone mineral deposition
in foals fed at normal 1983 NRC energy levels. No simple answers explain
the energetics of growth in horses or the energy values that represent normal
or excessive intakes.

NRC (104) energy requirements for gestation are primarily based on studies
of fetal growth rate and fetal body composition (95, 116). DE requirements
were increased by 11, 13, and 20% above maintenance during the ninth, tenth,
and eleventh month of gestation, respectively, in accordance with the pattern
of energy deposition in the fetus. Such calculations are valid, assuming that
the mare does not have any body fat reserves. Thus most textbooks state that
energy does not need to be increased until the last third of gestation. Mares
kept on pasture gained weight during the second third of gestation and pla-
teaued during the last third (82). Condition score and estimated body fat also
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increased during the second trimester, but body fat percentage decreased during
the last trimester, which suggests that body reserves were mobilized to support
fetal foal growth during the last third of gestation. Over three years, mares in
good body condition kept in a university herd had healthy foals despite minimal
(2%) increases in body weight during the last two months of gestation (79,
84). Accumulation of body fat reserves during early gestation of the undomes-
ticated horse ensures adequate energy for rapid fetal growth and presents
advantages for survival in free-roaming horses. The studies listed above sug-
gest that domestic mares may still respond in this manner. During early and
midgestation, mares should not be restricted to maintenance energy intakes.
Rather, they should be given the opportunity to accumulate body reserves as
early as the sixth month of gestation.

The 1989 NRC (104) energy requirements for the lactating mare are based
on studies of milk yield, milk composition, and the assumption that 792 kcal
of DE are needed to produce a kilogram of milk. Subsequent studies, partic-
ularly those conducted in France, have clarified some of the requirements
needed for pregnant and lactating mares (39). These studies used the French
energy system (Unité Fourragtre Cheval, UFC) (89, 90, 148).

Direct comparisons of the NRC and the Institut National de 1a Recherche
Agronomique (INRA) systems cannot be made easily or without several as-
sumptions. Ironically, however, calculations based on either system when
expressed in terms of feed rather than DE or UFC units yield similar values.

For example, using the INRA system, a pregnant, 500 kg mare should be
fed 12-15, 10-15, and 8-12.5 kg of feed daily during the first, second, and
third months of lactation, respectively (88). NRC classifies the lactation
period as early (foaling to three months) and late (three months to weaning).
The NRC estimates that a 500 kg mare in early lactation requires 28 Mcal
of DE day™ or ~ 10-15 kg feed day™'. Although different energy units are
used, the final calculations in amount of feed are similar. Other papers from
France have reviewed milk composition and yield by mares (35). The effect
of stage of lactation on milk yield indicates that energy requirements are
more accurately defined on a monthly basis (36) than as early or late lactation
as suggested by NRC (104). Voluntary feed intake and milk yield and
composition were measured in mares fed diets containing 95% hay and 5%
concenwates or 50% hay and 50% concentrates during the first two months
of lactation (37). The mares consumed more of the high-forage diet (~ 7%)
than the high-concentrate diet, but voluntary feed intake for both diets
plateaued after reaching a peak intake at two weeks postlactation at intakes
representing ~ 2.5-3.2% of body weight. Similarly, milk yield increased from
one to eight weeks postpartum, regardless of dietary manipulation. Although
fat, crude protein, lactose, and mineral concentrations differed between
treatment groups, only the absolute output of fat, lactose, and magnesium
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secretion were modified by dietary treatment. In a previous study, feed
intakes of 3.4 and 3.3% live body weight were obtained in primiparous and
multiparous mares, respectively, fed a mixed diet of grain and hay (38). Foals
born to primiparous mares grew more slowly in the first month of life, a
result that was correlated to milk energy output.

Establishing energy requirements for stallions was a new venture for the
NRC in 1989 since previous editions did not address energy needs for breeding
males. The recommendation for stallions was increased ~ 25% above mainte-
nance needs for nonbreeding males. The French recommendation was to in-
crease energy above maintenance by 12, 25, and 57% for light, medium, and
intense service, respectively (88). A survey of energy intake by 33 stallions
on a central Kentucky thoroughbred breeding farm was conducted that divided
the stallions into four groups according to the number of services per season:
< 80, 80-100, 101-120 and > 120 services (135). Stallions with the fewest
services were fed 25.4 Mcal of DE daily, whereas stallions with more than
120 services were fed 27.7 Mcal DE daily. Body weights were not provided,
but assuming weights of 600 kg, energy intakes were slightly above the 24.3
Mcal DE suggested by NRC. Thus the data from France and Kentucky confirm
that NRC estimates approach the energy needs of stallions, although the precise
energy requirements must be refined.

Many factors, including condition and training of the horse, ability of rider
or driver, and environmental temperature, can influence the efficiency of
energy utilization. Difficulties arise in describing work activity by horses. Few
owners can detail the number of minutes their horses spend at various gaits,
such as trotting, galloping, or walking. Therefore, the NRC (104) decided to
provide general guidelines. Light work such as pleasure riding and bridle path
hacking, moderate work such as ranch work and jumping, and intense work
such as racing and polo were estimated to elevate energy needs above main-
tenance by 25, 50, and 100%, respectively. Obviously such a system has flaws.
A horse doing ranch work for 1 h daily may need fewer calories than a horse
performing light work 6 h daily. Nevertheless, several surveys indicate that
the 1989 NRC (104) requirements for energy are much more accurate than the
1983 (103) estimates (44, 45, 47, 128, 141, 155). As mentioned above, main-
tenance energy requirements for horses weighing 600 kg or less were similar
per unit of body weight (i.e. W!). Recently, energy requirements of ponies and
horses working at submaximal speeds were also shown to be linearly related
to body weight (40). This finding suggests that the energy guidelines given
above will also apply to ponies.

Although much remains to be learned about energy requirements of horses,
the determination of precise energy requirements for various activities may
not be the best use of resources during this period of financial restraint in
research. More useful data and more effective use of resources might be
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achieved by studying the effects of dietary manipulation on energy utilization.
That is, studies on factors that influence energy metabolism are needed more
than studies on energy requirements per se.

Dietary recommendations for human athletes have focused on selection of
specific energy sources (carbohydrate, fat, and proteins) for use in various
activities. Feed guidelines for equine athletes are limited. Like the human
athlete, the horse preferentially uses glucose for anaerobic activity (e.g. flat
racing) compared with fat metabolism for aerobic activity (e.g. endurance
racing). General guidelines for performance have been proposed: Dietary sol-
uble carbohydrate is needed to maintain glycogen (110); fiber is needed to
maintain normal gut and digestive function; and excessive protein intake
increases water demand and reduces efficiency of energy utilization because
energy is used to excrete the nitrogen (95).

Few studies have specifically examined feed composition and its effect on
energy utilization in athletic activity. Recently, however, the use of high-fat
diets for athletic horses has become popular. The value of fat in horse diets
has been debated since 1975, when Slade et al reported that dietary fat en-
hanced endurance (137). Indeed, fat may improve muscular activity by sparing
glucose. Horses fed fat had increased mobilization of free fatty acids (54, 60).
Dietary fat may also reduce thermal stress in horses working in a hot environ-
ment (131, 133) and may spare or enhance glycogen storage (70, 105, 106,
149). Other metabolic effects have been noted as well. The composition of
dietary fat significantly affects serum fatty acid composition in ponies (92).
Inedible tallow diets elevated serum oleic acid concentrations, whereas blended
oil diets reduced serum oleic acid content (92). Triglyceride infused into horses
had an average half-life of 269 min—10 times longer than in other animals
(102). Moser et al noted great variability among individual horses in the
utilization of triglyceride and suggested that breed may have an effect on
triglyceride clearance. As opposed to results of other studies, however, dietary
fat did not alter plasma glucose or free fatty acid concentrations in intensely
worked horses (102). Similarly, horses fed diets with 10% added soybean meal
showed no difference in blood glucose (112). Lawrence (81) concluded that,
“To date the information supporting a positive effect of supplemental fat on
fuel metabolism is inconclusive,” and Pagan et al (112) wrote, “The results of
dietary manipulations on equine performance have not been conclusive.” The
statements of these authors indicate that most studies evaluating dietary fat
have been of short duration and that until long-term effects are quantitated,
the results of fat wials should be applied cautiously. Even in studies in which
performance was enhanced, authors have advocated caution. Harkins et al (56)
reported that the addition of fat improved times in horses racing 1600 m, but
they nevertheless concluded, “More research is needed before an ergogenic
benefit from fat can be claimed.” Other possible benefits from fat have been
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suggested. Increased energy density and greater energy intake and decreased
gut fill have also been proposed as factors that might improve performance.

Environmental Temperature

Extremes of ambient temperature aggravate energy metabolism in the horse.
The thermoneutral zone (TNZ) is the temperature range in which metabolic
heat production (Hp) does not need to be increased to maintain thermostability.
The lower critical temperature (LCT) is the lower limit of the thermoneutral
zone and is the temperature below which an increase in metabolic heat pro-
duction is needed to conserve body temperature. The upper critical temperature
(UCT) is the upper end of the TNZ and is the temperature at which evaporative
heat loss must be increased to reduce body temperature. The values for LCT
and UCT depend on the ambient temperature to which the horse is currently
accustomed; the horse’s body condition, body size, breed, and function; the
horse’s energy intake; and (perhaps) the composition of the diet. Adaptation
to cold weather occurs gradually over 10-11 days (134). Thus the LCT is a
management guideline for determining when energy intakes must be elevated.

Adult horses fed at maintenance had a LCT of -15° C (91). Metabolic rate
increased linearly in response to cold temperatures below —20° C, and it was
predicted that at an effective temperature lower than —15° C, an adult 500-kg
horse would require 367 kcal metabolizable energy (ME) (407 kcal DE) per
degree decrease in ambient temperature. An adult horse of this size requires
16.4 Mcal DE for maintenance. Therefore, cold temperatures increase DE
requirements by 2.44% per degree decrease below LCT. Weanling colts ex-
posed to average barn temperatures below —-5° C gained weight at a rate 23%
slower than that of foals kept at 10° C and fed exactly the same diet (26).
Using a linear model based on energy intake, gain, and ambient temperature,
a LCT of 0° C was obtained, and the maintenance component of the equation
used to determine energy requirements for growth was calculated to increase
1.3% per degree decrease below 0° C. In cold-housed foals, fiber digestibility
increased, but phosphorus digestibility decreased. This reduction could be
related to changes in hindgut motility. Recent studies confirmed that the LCT
for growing draft horses was at least 0° C and may be even lower (29). Nutrient
digestibility was unaffected by ambient temperature. In contrast, French studies
reported a 9% increase in maintenance energy requirement in summer (19.4°
C) compared with winter (7.5° C) (89). Interestingly, variation among horses
was almost as great (8%) as differences between seasons, and no differences
were observed between 4-year-old and 11-year-old horses (89). However,
horses of these ages are metabolically mature animals, Thus, additional data
are required to determine the effects of cold on maintenance energy for young
growing horses less than one year of age.

In hot weather, the energetic equation is affected by the need to dissipate
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body heat. This dissipation is particularly important in the exercising horse,
whose metabolic rate can increase 40-60 times that at maintenance. In hot
weather, the heat increment of feeds is likely more important than in cold
weather. Heat production associated with digestion of feed must be dissipated.
Therefore, diets that can effectively increase metabolizable energy without
increasing heat production are useful during hot weather conditions. High-fat
diets fed to horses provided an elevated metabolizable energy without increas-
ing heat production (92). Similarly, horses exercised in hot weather conditions
required less digestible energy when fed 10% fat diets than when fed a control
hay/grain diet. This outcome was attributed to lower heat of fermentation and
lower energy need for thermoregulation (117).

PROTEIN

The horse receives little amino acid nutrition from protein contributed by
hindgut microflora. Thus the amino acids must be supplied by the diet. Studies
defining the amino acid requirements of mature horses are scarce. Solutions
of amino acids have been given to racehorses in attempts to improve their
speed. A mixture of amino acids (leucine, isoleucine, valine, glutamine, and
carnitine) administered 30 min pre-exercise lowered plasma lactate response
and improved oxidative capacity (49). Further studies are needed to fully
evaluate the use of amino acids. Carnitine is not a true amino acid but rather
alow molecular weight quatenary amine involved in the transfer of long-chain
fatty acids. Muscle camitine concentrations increase with horse age and train-
ing (42). Investigators concluded that supplemental camnitine is unlikely to
improve performances of horses because muscle stores cannot be increased by
feeding camnitine (139). Camosine (B-alanyl-L-histidine) is an important cel-
lular buffer in horses with a muscle content approximately four- to sevenfold
greater than in humans or dogs (57). However, increasing dietary histidine did
not increase muscle carnosine content in horses (99).

Most amino acid studies in horses use growing foals. Lysine is considered
the first limiting amino acid for young horses. The daily lysine requirement is
2.1 and 1.9 g Mcal DE"! for weanlings and yearlings, respectively (104). In
conventional diets, this translates to 0.6 and 0.5% lysine in diets for weanlings
and yearlings, respectively, and corresponds to 32-36 g lysine day~! for grow-
ing horses expected to attain a mature weight of 500 kg (104). Finnish studies
(123) concluded that weanlings require ~ 31 g lysine day-!, a figure that
correlates closely with NRC (104) values. Insufficient data are available to
determine adequacy levels of other amino acids. However, threonine require-
ment was recently investigated in two experiments using a total of 39 yearling
horses fed a basal ration of com, oats, and soybean meal with coastal Bermuda-
grass hay (51). Either 0.2% lysine or 0.2% lysine and 0.1% threonine were
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added to the grain. The addition of lysine alone increased protein synthesis
and promoted muscle gain, but the addition of threonine and lysine caused an
even greater increase. Therefore, it was concluded that threonine was the
second limiting amino acid. Unfortunately, the amino acid composition of the
basal diet used was not provided. Arginine has been suggested as a limiting
amino acid in commercial milk replacers because blood arginine decreased
when the replacers were fed (18). However, blood amino acid concentrations
in foals must be interpreted critically, given the apparently profound age effect
on plasma amino acid content in horses (154). Foals born to mares supple-
mented with 10 g of camitine for two weeks prepartum had higher plasma
carnitine levels, but their growth rate remained unaffected (6).

The dearth of specific studies on amino acid metabolism in horses has made
it necessary to base requirements on protein content (104). Are the NRC (104)
values for protein needs reasonable? Growing draft horse colts fed diets con-
taining 12% protein grew less well (88 kg) from 6-8 months of age than those
fed 16% protein supplied as either soybean meal or canola meal (99 or 96 kg,
respectively) (28). The average daily lysine intake was 25 g for colts fed the
basal diet and 43 g for colts fed protein-supplemented diets. No other amino
acids were controlled in the study. Therefore, although these data do not help
establish lysine requirements, they support the NRC (104) contention that more
than 12% dietary protein is needed for foals aged six months. The exact amount
of dietary protein required depends on the dietary energy content. NRC (104)
proposed that 50 g of crude protein is needed per Mcal DE. In the above study,
the basal diet supplied 47 g protein Mcal DE™}, whereas the added protein
diets provided 55-58 g protein Mcal DE~1. However, ratios of 39—42 g protein
Mcal DE-! supported maximal growth when energy intakes were high (60%
above normal) (108).

Protein intake by performance horses has important metabolic implications.
Dietary protein is not an efficientenergy source for exercise (97). Nevertheless,
feeding high-protein diets (18%) to horses did not influence liver or muscle
glycogen stores (98). Meyer (95) concluded that protein intakes greater than
2 g digestible protein kg BW-! daily should be avoided because (a) water
intake increases to promote urinary nitrogen excretion; (b) plasma urea levels
increase, resulting in greater urea entry into the alimentary tract, which may
increase incidence of enterotoxemia; (c) energy cost increases due to nitrogen
excretion; and (d) bamm ammonia concentrations increase secondary to elevated
urinary nitrogen excretion, which can contribute to and intensify respiratory
disorders. However, no adverse effects of high protein intakes other than
increased water intakes were observed in endurance horses (61, 118).

Exercise can increase protein needs because nitrogen is lost in sweat and
(perhaps) through muscle hypertrophy. To ensure adequate protein intakes for
exercise, NRC (104) recommended that the crude protein:energy ratio remain
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constant in diets of equine athletes and suggested a value of 40 g crude protein
Mcal DE"!. Because exercise requires increased feed intake to provide the
needed energy, protein intakes are also elevated. A 500 kg horse doing intense
work may ingest 1312 g or more of crude protein daily (2.6 g/lkg BW-!).
Assuming that the dietary protein is 80% digestible, the intake of digestible
protein would exceed 2 g/lkg BW-!, a value that Meyer (1987) suggests should
be avoided.

Surveys indicate that horses at racetracks are often fed more than 2 g
digestible protein kg BW-! (44, 45, 47, 141), as are endurance horses (118).
Would the performance of these horses benefit from a reduced protein intake?
Is the value of 40 g crude protein Mcal DE™! proposed by NRC (104) too
high? The trend in diets for human athletes has been to decrease protein and
increase carbohydrates. A better understanding of energy metabolism in horses
and the influence of the ratio of carbohydrate:protein:fat could play a key role
in improving the nutrition of the performance horse.

MINERALS

Investigations in trace minerals, particularly copper, zinc, and selenium, have
been spurred by reports that copper and zinc supplementation could decrease
the incidence of DOD (75, 77). Diets containing 20—-30 ppm copper and 70-80
ppm zinc were recommended for weanlings, and 20-25 ppm copper and 60-70
ppm zinc were suggested for yearlings (43). NRC (104) found the data sup-
porting increased copper and zinc requirements inconclusive and proposed that
diets containing 10 copper ppm and 40 ppm zinc were adequate. The quantity
of trace minerals required to decrease the incidence of DOD remains a point
of controversy.

Copper deficiency can cause skeletal abnormalities. Severe lesions devel-
oped in foals fed diets containing low levels of copper (1.5 ppm) aggravated
by high dietary zinc (15, 17). Defective collagen cross-linking and altered
matrix remodeling were reported in bones of foals fed 7 ppm copper (65). The
value of copper has been clearly established, but debates continue over the
level required to prevent DOD.

Many studies in which copper has been fed at marginal intakes have revealed
no clinical or histological bone abnormalities in growing horses. No lesions
developed in foals fed 7 ppm copper (16), and no gross skeletal abnormalities
or decreases in bone mineral were noted in foals fed diets containing 9 ppm
copper and 20 ppm zinc or 20 ppm copper and 61 ppm zinc (107). Furthermore,
most feed companies in the US have significantly increased the copper content
of their feeds since 1987, but developmental orthopedic disease continues to
afflict growing foals.

Copper supplementation to the lactating mmare does not appear to be an
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effective means of increasing copper intake by the foal. Milk copper did not
increase significantly in mares given a supplement of 90 mg of copper daily
(124) or in mares whose dietary copper was increased from 4 to 12 ppm (4).
Mares fed diets containing either 7 or 13 ppm copper had similar milk copper
concentrations (14). Knight et al (76) fed higher dietary copper concentrations
than those in the above studies. They concluded that dietary copper supple-
mentation can affect milk copper concentration but stated, “whether this [in-
crease] is of physiological significance to the foals remains to be determined.”

Horse milk contains three times more copper than cow milk but not as much
as guinea pig or human milk (1). The zinc content of horse milk, however, is
only about half that of cow milk and is less than that found in human or guinea
pig milk. The zinc:copper (Zn:Cu) ratio in horse milk was 12:1 compared with
76:1, 8:1, and 7:1 for cow, guinea pig, and human milk, respectively. Other
studies have found much lower Zn:Cu ratios in mares’ milk, with variable
values from 4:1 to 8:1 over the course of lactation (130). NRC (104) summa-
rized data from several studies and found milk Zn:Cu ratios of 5.6:1 during
weeks 1-4, 7.7:1 during weeks 5-8, and 9:1 during weeks 9-21. The signifi-
cance of the milk Zn:Cu ratio remains to be determined, but the significant
differences between the cow and horse are intriguing.

The role of calcium and phosphorus in DOD needs to be reexamined. Dietary
calcium deficiency causes nutritional secondary hyperparathyroidismin horses,
particularly when combined with high intakes of phosphorus (80). Recently,
foals fed eitherhigh-phosphorus diets or high-calcium and high-energy diets had
increased incidences of dyschondroplasia (127). High calcium did not induce
dyschondroplasia in foals fed normal-energy diets. Thus, the high energy intake
rather than the high calcium intake may be the inciting factor.

Macromineral and energy intake seem to exercise a confounding influence
on bone swrength in growing horses. A longitudinal study in which 41 foals
were fed diets either high in grain or high in forage and dietary phosphorus at
low (0.24-0.35%), adequate (0.68%), or high (0.97—1.06%) concentrations but
with calcium concentrations greater than 1.4% revealed that foals fed the
high-phosphorus diet, which had a calcium:phosphorus (Ca:P) ratio of 1.2-1.5,
had a higher load at yield point and higher rectangular and principal moments
of inertia (83). These results suggest that calcium and phosphorus intake or
Ca:P ratio may affect bone strength in growing horses in a yet undefined
manner.

Hyperkalemic periodic paralysis (HYPP) in horses has an interesting ge-
netic-nutritional interaction. Clinical signs of weakness, muscular fascicula-
tions, and (in some instances) recumbency resembling nonspecific colic occur
in susceptible horses (121, 142). Attacks are precipitated by exercise and can
be induced by administration of oral or intravenous potassium. This condition
has been identified as an autosomal dominant disease in man, and recent studies
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in horses have confirmed that it is an autosomal dominant disease with incom-
plete penetrance in horses as well (121). In fact, in horses all cases of HYPP
can be traced to one blood line. The incidence of attacks in affected horses
can be reduced by feeding diets low in potassium. Forages high in potassium
and feeds containing molasses must therefore be avoided.

VITAMINS

Renewed interest in fat-soluble vitamins has led to their reassessment in horses.
Serum retinol (average 200 pig liter'!) and a-tocopherol (average 2.3 pg ml™!)
concentrations in horses are one third of those in humans (86). Serum 25-
hydroxyvitamin D3 (2.2 ng ml™!) was also lower in horses than in humans.
Vitamin D and E were ~ 30% higher in summer than winter (87). Approxi-
mately 20% of the horses sampled were considered vitamin E deficient in
winter. Plasma vitamin A (0.55 pimol liter*) and vitamin E (5.6 pmol liter™?)
concentrations are lower in weanlings than in adult horses (0.72 pmol liter!
vs 8.8 umol liter!) (11). However, liver vitamin A content of newborn pre-
suckle foals is significantly higher than values reported for other newbormns
(67). Earlier studies found that the low values of both vitamin D, and Dy were
unresponsive to seasonal effects, which implied a limited ability of the horse
to synthesize vitamin D in the skin or to utilize dietary vitamin D. Ironically,
a common problem associated with fat-soluble vitamins is not deficiency but
toxicity due to exuberant supplementation, particularly of injectable fat-soluble
vitamins.

Numerous investigations in equine vitamin E utilization have been con-
ducted. These were motivated by several reports that (@) immune responses
are enhanced by antioxidants; (b) vitamin E may protect against exercise-in-
duced oxidative damage in other species; and (¢) at least two clinical conditions
in horses may involve abnormalities in vitamin E metabolism.

NRC (104) increased minimum vitamin E requirements of the horse at
maintenance to 50 IU kg! feed and to 80 IU kg~! feed for pregnant and
lactating mares, growing horses, and working horses. The previous estimate
(103) was 15 IU kg™! feed. The increase was based on studies that higher levels
improved immune responses in horses (3) and were needed to maintain plasma
vitamin E levels (87, 119). Furthermore, the muscle soreness and lameness
observed in zebras and in Przewalskii’s horses after capture and restraint when
the diet contained 50 IU kg—! feed did not occur when the diet contained 100
IU vitamin kg1 (104).

We are not aware of any recent studies on the effect of vitamin E on the
immune response in horses, although many such studies continue to be con-
ducted in other species. Vitamin E supplementation caused a response in
plasma vitamin E concentrations (122), but concentrations of vitamin E as high
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as 80 IU kg~! feed were needed to maintain plasma levels. Plasma vitamin E
concentrations, however, are variable. Serum a-tocopherol concentrations var-
ied significantly among horses fed the same diet and from sample to sample
from the same horse (101). Age of horse may also be a factor in plasma vitamin
E concentration. Adult horses had sufficient vitamin E reserves to make serum
o-tocopherol a relatively insensitive measure of vitamin E status, but yearling
horses seemed to be more sensitive to dietary changes (101). Values for plasma
vitamin E varied greatly from sample to sample, and a minimum of three blood
samples were required to establish a baseline for each animal (22). The form
of vitamin E may.also influence plasma response to dietary vitamin E intakes.
D-a-tocopherol polyethylene glycol 1000 succinate (TPBS) produced a greater
plasma response than an equivalent amount of dl-o.-tocopherol acetate in some
studies (113) but not in others (64).

In horses, the effects of exercise on vitamin E status do not appear to be as
dramatic as might be expected from reports in other species. For example, Witt
et al speculated that exercise may induce free radical formation in muscle and
liver, which results in oxidative damage due to lipid peroxidation in rats (152).
These authors state that studies in several species demonstrated thatthe damage
can be reduced by dietary antioxidants such as vitamin E.

Exercise did not affect serum vitamin E concentration in horses exercised
on a treadmill at a fast walk and trot for up to 12 min/day (101). Horses fed
diets containing 13 IU vitamin E kg™ feed and exercised on a high-speed
treadmill for 30 min/day 3 times a week at a rate of 7 m/s over a 4-month
period showed no decrease in plasma vitamin E with exercise. No clinical
signs of vitamin E depletion were noted (114). Exercise did not appear to
greatly influence vitamin E status of ponies fed a diet containing 42 IU kg™!
for 10 months (94). These studies indicate that vitamin E may not be as critical
for exercise as once thought, which led to the suggestion that some other
antioxidant is utilized when vitamin E is limiting. Tiidius & Houston (147)
recently indicated that the role of exercise in vitamin E nutrition needs further
study. They reported that rats fed a vitamin E-free diet for eight weeks while
performing either acute or chronic exercise did not exhibit greater peroxidation
than controls given vitamin E. Similarly, Goldfarb (50) concluded that limited
information is available concerning the effects of vitamin E on exercise-in-
duced oxidative stress. He stated that the viability of vitamins E and C alone
and in conjunction with each other in preventing exercise-induced lipid per-
oxidation requires further investigation.

Vitamin E may be involved in equine motor neuron disease (EMND).
EMND was first reported in 1990 by Cornell researchers (25). Since then,
many other cases have been reported, not only in the US, but also in Europe
(145). Affected horses experience generalized weakness, muscle fascicula-
tions, muscle atrophy, and weight loss. Motor neurons in the spinal cord and
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brain stem degenerate, resulting in axonal degeneration in the ventral roots
and peripheral and cranial nerves. EMND is similar to amyotrophic lateral
sclerosis (ALS), also known as Lou Gehrig’s disease, in humans. Almost all
of the horses with EMND diagnosed at Comnell have been without access to
pasture and had very low plasma and adipose vitamin E levels (34). Further
studies are needed to determine the relationship, if any, between vitamin E
nutrition and EMND. The recent suggestion by Rosen et al (120) that an
antioxidant deficiency may be involved in the development of ALS in humans
lends support to the theory that vitamin E may play a role in EMND.

Equine degenerative myeloencephalopathy (EDM) is a diffuse degenerative
disease of the spinal cord and brain stem. Affected animals show various signs:
clumsiness, inability to execute complicated movements, malpositioning of
limbs at rest, or obvious ataxia (12). Blythe & Craig (12) proposed that EDM
is a familial disease that involves a deficiency of vitamin E. They recom-
mended supplementation with 6000 IU of vitamin E day™! to reduce the
incidence of EDM in young horses from affected families or to improve the
condition of some affected animals. The reason for the response to high vitamin
E intakes in certain families of horses is unknown, but it has been suggested
that such horses are more susceptible to antioxidant deficiencies or have an
increased antioxidant need during the first year of life (13). Conversely, no
differences were found in serum vitamin E or glutathione peroxidase activity
of 40 horses with confirmed EDM vs 49 age-matched controls (33).

CONCLUSIONS

Considerable progress has been made in the field of equine nutrition, but much
remains to be leamed. For example, studies on the effect of dietary carbohy-
drate:fat:protein ratios in the diets of performing horses could prove very
useful. Effects of nutrition of the mare and nutrition of the weanling on skeletal
development in the growing horse also merit further study. Finally, nutrition/re-
productive interactions should receive more attention.

Any Annual Review chapter, as well as any article cited in an Annual Review chapter,
may be purchased from the Annual Reviews Preprints and Reprints service.
1-800-347-8007;415-259-5017; email: arpr@class.org
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