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Abstract

Exercise influences different endocrine and metabolic parameters, and information in the
literature is sparse for some of these hormones and metabolites in the exercising horse. The
aim of the present experiment was to study the metabolic response to exercise when feeding
diets with varying carbohydrate composition (fibre and starch) under experimental conditions
where diet and exercise were standardized and controlled. The response was investigated in a
4 x 4 Latin square design experiment using four Norwegian Coldblooded trotter horses. The
dietary treatments were two fibre based diets, hay only and hay (85% of dry matter intake
(DMI)) supplemented with molassed sugar beet pulp (mSBP) (15% of DMI), or two starch
based diets of hay (68% of DMI) and barley (32% of DMI), and hay (68% of DMI), barley
(26% of DMI) and mSBP (6% of DMI). Each diet was fed for 28 days; 16 days of adaptation
followed by 12 days of data collection. Four hours after the morning feeding at 06:00 the
horses performed a standardized exercise test (SET) lasting 45 minutes. Blood samples were
taken before feeding the morning meal at 06:00, before the SET (10:00), after the SET
(10:45) and after recovery from exercise (15:00), and plasma samples were analysed for
relevant metabolites and hormones. Plasma leptin concentrations increased after exercise but
were not affected by diet, whereas diet and exercise had no effect on the plasma
concentrations of ghrelin and insulin like growth factor 1 (IGF-1). Furthermore, diet
influenced the plasma concentrations of short-chained fatty acids (SCFA) more than exercise.
The results provide important comparative information that can be useful in studies where
diet and exercise cannot be controlled, e.g. in field studies.

Keywords: carbohydrate, equine, ghrelin, leptin, nutrition

Introduction

It is well known that diet and exercise influence different endocrine and metabolic parameters
because of mobilization of energy yielding substrates such as glucose from glycogen and non-
esterified fatty acids (NEFA) from fat depots during exercise. Starch rich grains have
traditionally been included in the ration to performance horses as an energy source, even
though it is well known that feeding large amounts of grain reduces the microbial stability in
the hindgut (Willing et al., 2009), and increases the risk of diseases like laminitis (Garner et
al., 1975), colic (Hudson et al., 2001) and gastric ulcers (Luthersson et al., 2009). Recent
research has therefore focused on forage only diets (Jansson and Lindberg, 2012) or
alternative feedstuffs rich in easily fermentable fibre like sugar beet pulp (Moore-Colyer et
al., 2002; Palmgren Karlsson et al., 2002) and soybean hulls (Coverdale et al., 2004).
However, the knowledge on the metabolic response to feeding fibre based diets to
performance horses is limited, especially plasma concentrations of the individual short-
chained fatty acids (SCFA).

Performance horses need to be in energy balance when in training, so that they do not lose or
gain body weight. Energy balance is not only determined by energy intake and expenditure, it
is also under endocrine control. Hormones like leptin and ghrelin are related to maintenance
of energy balance (Spiegelman and Flier, 2001) and feed intake (Wren et al., 2001),
respectively. However, little information exists on concentrations of these hormones in
exercising horses (Gordon and McKeever, 2005).

The aim of the present experiment was to study the metabolic response to exercise when
feeding diets with varying carbohydrate composition in terms of starch and readily
fermentable fibre under experimental conditions where diet and exercise could be
standardized and controlled. It was hypothesised that plasma concentrations of glucose and
SCFA would be affected by diet and exercise, and subsequently affect the hormonal response.
The results from this study provide important comparative information to be used when
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evaluating results of metabolite and hormone analyses in studies where diet and exercise
cannot be controlled, e.g. in field studies.

Materials and methods

Experimental design

The experimental design was a 4 x 4 Latin square with four experimental periods of 28 days
each consisting of 16 days of adaptation to a diet and 12 days of data collection. After ended
data collection on day 28, the transition from one diet to another was done gradually over the
first two days in the next period. Data in this study collected were on day 25 and 26, and
results from data collected on the other days are reported elsewhere (Jensen et al. 2014 and
2016). All horses remained healthy throughout the study, and they were cared for according to
the laws and regulations concerning experiments on live animals in Norway (i.e., the Animal
Protection Act of December 20, 1974, and the Animal Protection Ordinance concerning
Experiments on Animals of January 15, 1996).

Animals and housing

Four 6- to 15-year-old cecum cannulated Norwegian Cold-blooded trotter horse geldings,
with an initial body weight (BW) of 542 (SD: +17 kg) were used in the experiment. The
horses were housed in an unheated barn in 3 x 3 m individual stalls with wood shavings as
bedding material. Throughout the adaptation period they were allowed access to a dirt
paddock (~2,300 m?) for approximately 6 hours after the morning feeding, whereas during
data collection they were allowed access to the dirt paddock for a few hours after the daily
measurements on days 17-18, 21-23 and 28. Before the start of the experiment all horses had
a health inspection by a veterinarian, including floating of the teeth.

Feeding

The horses were fed four iso-energetic diets; two fibre based diets based on hay only (mainly
mature timothy) and hay (85% of dry matter intake (DMI)) supplemented with molassed
sugar beet pulp (mSBP) (15% of DMI) and two starch based diets based on hay (68% of
DMI) and barley (32% of DMI), and hay (68% of DMI), barley (26% of DMI) and mSBP
(6% of DMI). The ingredient and nutrient composition of the total daily ration is shown in
Table 1, and ingredient and nutrient composition in the morning meal fed before exercise is
shown in Table 2. Detailed information on the nutrient content of individual feedstuffs can be
found in Jensen et al. (2014). The main nutrient fractions in hay, barley and mSBP,
respectively were: DM (%): 0.88, 0.88. 0.89 and nutrients (% of DM): ash: 0.06, 0,03, 0,08;
CP: 0.10, 0.11, 0.11; fat: 0.03, 0.03, 0.02; sugar (water soluble carbohydrates (WSC)): 0.10,
0.04, 0.23; starch: -, -, 0.58, and dietary fibre: 0.68, 0.20, 0.50.

Table 1. Composition of the total daily ration (kg DM) when hay only (Hay), hay and
molassed sugar beet pulp (mSBP) (Hay+mSBP), hay and barley (Barley) or hay, barley and
mSBP (Barley+mSBP) were fed to horses.

Experimental diets

Hay Hay+mSBP  Barley Barley+mSBP
Ingredients Total daily ration
Hay 10.05 7.95 5.73 5.73
Barley - - 2.76 2.24
Molassed sugar beet pulp - 1.41 - 0.52

NaCl 0.05 0.05 0.05 0.05
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Vitamins and minerals mix! 0.10 0.10 0.10 0.10

Nutrients Total daily ration

Dry matter 10.20 9.51 8.64 8.64
Dietary fibre 6.86 6.13 4.47 4.62
Starch - - 1.61 1.31
Sugar 0.95 1.08 0.65 0.75
Crude protein 1.05 0.97 0.90 0.90
Fat 0.26 0.23 0.24 0.23

'The vitamin mineral mix provided per kg: Ca, 135 g; P, 30 g; Na, 38 g; Mg, 23 g; Zn, 3000
mg; Mn, 1500 mg; Fe, 1500 mg; Cu 675 mg; Co; 8 mg; I, 41 mg; Se, 15 mg; vitamin A,
225,000 IU; vitamin D3, 22,500; vitamin E (alpha tocopherol acetate), 7500 mg; vitamin B1,
188 mg; vitamin B2, 150 mg; vitamin B6, 150 mg; vitamin B12, 2 mg; D-pantothenic acid,
450 mg; nicotinic acid, 375 mg; folic acid, 150 mg; choline chloride, 1125 mg; biotin, 23 mg;
vitamin C, 375 mg.

The daily ration (Table 1) was divided into four individual meals and fed at 06:00, 07:00,
16:00 and 22:00. Barley (2g starch/kg BW) and SBP (50% of the daily ration) were fed at
06:00 and the rest at 22:00. The amount of hay was divided into three meals and fed at 07:00,
16:00 and 22:00, except for the Hay diet where the morning meal was divided into two meals
fed at 06:00 and 07:00 (Table 2). A vitamin—mineral blend (Champion Multitilskudd;
Felleskjoebet Agri) and NaCl was included in the meal at 22:00, at levels of 100 and 50 g,
respectively.

Table 2. Composition of the morning meals fed at 06:00 and 07:00 (kg DM) when hay only
(Hay), hay and molassed sugar beet pulp (mSBP) (Hay+mSBP), hay and barley (Barley) or
hay, barley and mSBP (Barley+mSBP) were fed to horses, and the nutrient content (kg) of the
06:00 and 07:00 meal.

Experimental diets

Hay Hay+mSBP Barley Barley+mSBP
Ingredients Morning feeding at 06:00
Hay 1.75 - - -
Barley - - 1.88 1.88
Molassed sugar beet pulp - 0.71 - 0.27
Ingredients Morning feeding at 07:00 h
Hay 1.75 1.75 1.75 1.75
Nutrients Morning feeding at 06:00 and 07:00
Dry matter 3.50 2.46 3.63 3.90
Dietary fibre 2.39 1.55 1.57 1.71
Starch 0 0 1.10 1.10
Sugar 0.29 0.31 0.21 0.28

Crude protein 0.36 0.26 0.39 0.42
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Fat 0.09 0.06 0.11 0.11

Exercise

The horses were exercised in an outdoor rotary exerciser (intervals of trotting and walking for
30 minutes at speeds from 1.8 m/s to 5 m/s) four to five times a week during the 16 days of
adaptation and two times during the 12 days of data collection (same days in each
experimental period). The exercise program started 8 weeks before the experiment to
standardize fitness across the horses, and during the experiment, the exercise program aimed
to maintain fitness. A standardized exercise test (SET) was performed on an inclined (3 %)
treadmill (Haico 4000, Loimaa, Finland) four hours after the morning meal. Two horses
performed the SET on day 25 and two horses on day 26. The morning feeding for one of the
horses tested was postponed for one hour in order to standardize the time for the SET to be
exactly four hours after the morning meal.

The horses carried a heart rate (HR) monitor (Polar Equine RS800CX, 135 Kempele,
Finland), a safety harness and pulling belt (Haico, Loimaa, Finland), where pulling force was
adjusted (+1 bar) during the SET to increase workload without increasing speed. The SET
consisted of 5 minutes of walk (1.8 m/s), 5 minutes of trot (3.4 m/s), 5 minutes of trot (3.8
m/s), 5 minutes of trot (3.8 m/s + 1 bar), 5 minutes of walk (1.5 m/s), 1 minute of trot (3.4 m/s
+ 1 bar) and 5 minutes of trot (3.8 m/s + 1 bar). During the last 5 minutes of the SET the
average HR was 163 beats/minute (SD: £7). After the SET the horses walked (1.5 m/s) on the
treadmill (O % incline) until HR was below 90 beats/minute.

Sample collection and analyses

Samples of feedstuffs were collected regularly during each data collection period, and stored
in sealed plastic bags for later analyses. All samples of feeds were analysed in duplicate
except for DF. The DM content of the feedstuffs was determined by drying to constant weight
(24h at 105°C). Samples were freeze-dried and analyses were performed after milling the
samples to pass a 1 mm screen (DM, ash, CP and fat) or a 0.5 mm screen (DF, starch, sugars
and fructan). Ash content was determined by incineration at 525°C for 6 h. The feedstuffs fed
in each period were analysed separately, except for DF, starch, sugars and fructan for which a
pooled sample of each feedstuff was made. Nitrogen was determined by the Kjeldahl
technique (Tecator-Kjeltec system 1030; Tecator AB, Hoganis, Sweden) and CP calculated
as Nx6.25. Fat content of feedstuffs was determined by petroleum ether extraction in a Soxtec
system after HC1 hydrolysis (SoltexTM 2043; Foss, Hillergd, Denmark). Starch was analysed
by an enzymatic colorimetric method according to Bach Knudsen (1997) and sugars (glucose,
fructose and sucrose) and fructan in feedstuffs by the enzymatic colorimetric method of
Larsson and Bengtsson (1983). Dietary fibre was analysed as described by Bach Knudsen
(1997). Detailed information on feedstuff analyses can also be found in Jensen et al. (2014).
Blood samples were collected on day 25 or 26 (two horses each day) by jugular vein puncture
into 10ml heparinized tubes before feeding the morning meal at 06:00, before the SET
(10:00), after the SET (10:45) and after recovery from exercise (15:00). The blood samples
were centrifuged immediately after sampling at 3,000 x g for 10 minutes and plasma was
harvested and stored at -20°C for later analysis of plasma metabolites and hormones. Detailed
information on procedures for plasma analyses of metabolites (glucose, total protein, urea,
lactate, triglyceride, non-esterified fatty acids (NEFA), B-OH-butyrate (BOHB), total SCFA,
acetate, propionate, butyrate, iso-butyrate, valerate, iso-valerate and caporate) and hormones
(insulin, cortisol, leptin, ghrelin and insulin like growth factor (IGF-1)) can be found in
Jensen et al. (2016).
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Statistics

Statistical analyses of plasma hormone and metabolite concentrations were performed as
repeated measurements analysis using the MIXED procedure in SAS® (Version 9.4, SAS
Institute Inc., Cary, North Carolina, USA), with a model comprising the fixed effect of diet
(fibre based or starch based), inclusion of mSBP (with or without mSBP), time (06:00, 10:00,
10:45 or 15:00) and interactions (diet and inclusion of mSBP; diet and time; diet, inclusion of
mSBP and time) and the random effect of horse, and the interaction between horse and period
(period in the Latin square). Serial correlation over the interaction between horse and period
was modelled using a spatial Gaussian correlation structure. The effect of period was non-
significant and it was removed from the model. Results are presented as least square means
(LS-means) and standard error of the mean (SEM) is reported. Effects were considered
significant if P<0.05.

Results

All horses accepted the experimental diets and there were no refusals. The four different diets
were arranged into two groups, two fibre based (Hay and Hay+mSBP) and two starch based
(Barley and Barley+mSBP) diets. The effects of diet and time on plasma metabolite and
hormone concentrations are presented in Figures 1-3.

Metabolites

Plasma glucose concentration increased after feeding the starch based diets compared to the
fibre based diets and an interaction between diet and time was present (P=0.03). After
exercise there was no effect of diet on plasma glucose concentration (Figure 1A). Plasma total
protein concentration was higher after feeding the fibre based diets than when feeding the
starch based diets. However, higher total protein in plasma was measured after recovery from
exercise when feeding the starch based diets than the fibre based diets, and an interaction
between diet and time (P<0.01) was found (Figure 1B). An interaction between diet and time
(P<0.001) was also found for plasma urea concentration, where higher concentrations were
measured on the fibre based diets than the starch based diets after recovery form exercise
(Figure 1C). Plasma lactate concentration was affected by time (P<0.001) and the
concentration peaked after exercise (Figure 1D). The concentration of plasma triglyceride was
affected by both time (P<0.001) and diet (P=0.03), with concentration increasing after
exercise and the highest concentration was found for the fibre based diets (Figure 1E). An
interaction between diet and time (P=0.02) was found for plasma NEFA concentration, and
the concentration peaked after exercise with the largest increase for the fibre based diets
(Figure 1F). The concentration of plasma BOHB was affected by time (P<0.01) and diet
(P<0.01) with the BOHB concentration being lowest after exercise compared to other time
points, and concentration on the fibre based diets in general being higher than on the starch
based diets (Figure 1G).

Total SCFA and acetate concentrations in plasma were affected by diet (P=0.03 and P=0.02,
respectively) with the fibre based diets resulting in higher concentrations than the starch based
diets (Figure 2A and 2B, respectively). Plasma propionate concentration was affected by time
(P=0.03) with higher concentration after exercise than at other time points (Figure 2C). An
interaction between diet and time (P=0.04) was found for plasma butyrate with higher
concentration for the fibre based diets than for the starch based diets before feeding and after
exercise (Figure 2D). Plasma iso-byturate concentration was affected by time (P<0.001), diet
(P<0.01) and mSBP inclusion (P=0.01), and the highest concentration was found after
exercise, and the fibre based diets resulted in higher concentration than the starch based diets
while inclusion of mSBP had a negative effect on the concentration (Figure 2E). There were
no effects on plasma valerate concentration (Figure 2F), but an interaction between diet and
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time was found for plasma iso-valerate concentration with higher concentration for the fibre
based diets than the starch based diets. The lowest concentration was found after recovery
from exercise (Figure 2G). There were no effects on plasma caporate concentration (figure
2H).
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Hormones

There was an interaction between diet and time on plasma insulin concentration (P<0.01),
with plasma insulin concentration increasing after feeding the starch based diets, but
remaining stable when feeding the fibre based diets. After exercise, plasma insulin
concentration returned to the pre-prandial level (Figure 3A). Plasma cortisol concentration
was affected by time (P<0.001) with increasing concentrations after exercise on all diets, and
the lowest concentration was measured after recovery from exercise. Diet effects were
significant (P=0.03) with higher plasma concentration when feeding the starch based than the
fibre based diets (Figure 3B). Plasma leptin concentration was highest (P=0.04) after the SET
compared to the other time points (Figure 3C). There was no effect of diet or exercise on the
plasma concentrations of ghrelin (Figure 3D) and IGF-1 (Figure 3E).

Figure 3
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Discussion

The main objective of the present investigation was to study the metabolic response to
exercise when feeding diets with varying carbohydrate composition, fibre and starch, under
experimental conditions where diet and exercise were standardized and controlled.

The most important substrates to meet the increased energy demands of exercise are glucose
and fatty acids from the degradation of glycogen and triglycerides, respectively. The starch
based diets, because of the provision of exogenous glucose from dietary starch, increased
plasma glucose and insulin concentrations; however, after exercise there was no difference in
plasma glucose and insulin concentrations between diets. It is well documented that the
insulin response during exercise is supressed (Jose-Cunilleras et al., 2002; McKeever, 2011)
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as also supported by the data of the current study, and during exercise muscle contractions
stimulate glucose transportation into the muscle cells (van der Kolk, 2014).

Plasma triglyceride and NEFA concentrations increased as a response to exercise, and the
fibre based diets caused a larger peak in NEFA than the starch based diets because of
relatively more energy provided as ketogenic energy, i.e. acetate and butyrate, from the
fermentation processes. Therefore, more blood glucose is likely available for the muscle cells
when feeding starch based diets (Jose-Cunilleras et al., 2002). However, insulin is known to
inhibit lipolysis and fatty acid oxidation in skeletal muscles (Jose-Cunilleras et al., 2002), and
insulin concentrations were greatest before the SET when the starch based diets were fed,
which might have affected lipid oxidation during exercise. This might have caused the lower
concentrations of NEFA when feeding the starch based diets than the fibre based diets.

The higher levels of plasma total SCFA and acetate concentrations when feeding the fibre
based diets than the starch based diets reflected fermentation of fibre in the hindgut with
subsequent absorption of SCFA as energy yielding substrates. Jansson and Lindberg (2012)
did also find higher plasma concentrations of acetate when feeding performance horses forage
only diets compared to traditional grain supplemented diets. Propionate is not used as an
energy source directly as it is converted to glucose via gluconeogenesis in the liver (Ford and
Simmons, 1985), and a fraction of butyrate is metabolized by the intestinal cells, cleared to a
high degree in the liver and converted to BOHB (Von Engelhardt et al., 1989; Ingerslev et al.,
2014). This was also reflected in the low concentrations of propionate and butyrate in plasma
compared to acetate, and lower plasma concentrations of butyrate than BOHB. The higher
concentrations of butyrate and BOHB when feeding the fibre based diets than the starch based
diets might be a reflection of a generally higher production of SCFA in the hindgut of the
horses fed the fibre based diets.

The horses performed submaximal aerobic work during the SET with an average HR of 163
beats/minute during the final step of the SET as also reflected in the plasma lactate
concentration which was below the lactate threshold of 4 mmol/l. Different SETs are used in
different studies and this might cause different changes in subsequent metabolite and hormone
concentrations. The SET used in the present study was designed to reflect aerobic work like
dressage and show-jumping, and the diets provided the horses with on average 97.5 MJ
digestible energy per day (Jensen et al., 2014), which corresponds to 128% of the
requirements for maintenance according to NRC (2007), equivalent to the energy
requirements for horses in light to moderate work. The response in cortisol measured after
exercise was as expected, as cortisol induces substrate mobilization by enhancing
gluconeogenesis and free fatty acid release during exercise (McKeever, 2011). The increased
plasma concentrations of triglyceride and NEFA also reflected this mobilization of nutrients.
Cortisol was also higher when feeding the starch based diets than the fibre based diets,
however, the significance of this difference is not clear.

There were no effects of diet or time on plasma ghrelin concentration in this study. In the
literature, results are conflicting as Gordon and McKeever (2006) found active ghrelin to
decrease after intravenous administration of dextrose, whereas ghrelin increased after meal
feeding (Gordon and McKeever, 2005). It has been suggested that the fermentation of fibre in
the hindgut and subsequent absorption of SCFA might cause a more stable and continuous
energy supply rather than the postprandial fluctuations associated with bolus feeding (like in
humans) and thereby giving rise to less fluctuations in ghrelin in horses (Gordon and
McKeever, 2005, Jensen et al., 2016). Exercise did not affect ghrelin concentrations in this
study in accordance with a previous study where exercise intensity was greater (Gordon et al.,
2007).

Leptin is an adipocyte derived hormone that promotes satiety and decreases feed intake
(Spiegelman and Flier, 2001), and it has been found that plasma leptin concentration
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increased with increasing body condition score in horses (Buff et al., 2002). There was no
effect of diet on plasma leptin concentration in this study when the horses were measured
under resting conditions (Jensen et al., 2016), and feeding has been found to both increase
(Cartmill et al., 2005) and decrease (Gordon and McKeever, 2005) plasma leptin
concentration. In this study, exercise increased plasma leptin concentration. Similar results
have been reported by Gordon et al., (2006), who suggested that leptin might be involved in
suppressed feed intake in horses in training. However, no differences in feed intake
wereobserved in the present study in relation to exercise.

This study presents some basic results where feeding and exercise were standardized. Future
research should focus on the effect of different diets and feeding management pre- and post-
exercise in relation to different types of performance (e.g. aerobic vs. anaerobic exercise or
short vs. long term exercise) and recovery from exercise (e.g glycogen replenishment).
Knowledge on the factors affecting fluctuations in metabolite and hormone concentrations is
important e.g. when interpreting results from field studies, where this cannot be controlled.
This study showed that time of sampling in relation to diet and exercise had no effect on the
plasma concentrations of ghrelin and IGF-1, whereas exercise increased the plasma
concentration of leptin. Furthermore, diet influenced differences in the plasma concentration
of SCFA more than exercise did.
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Figure 1 Feeding fibre based diets (open bars 0) or starch based diets (solid bars m) to horses
and the effects on concentrations of (a) plasma glucose (mM), (b) plasma total protein (g/L),
(c) plasma urea (mM), (d) plasma lactate (mM), (e) plasma triglyceride (mM), (f) plasma
NEFA (pekv./L) and (G) plasma BOHB (mM). Results are presented as least square means
and standard error of the mean. The horses are fed at 06:00 and exercised from 10:00 to 10:45
on a treadmill. * indicate differences between diets at specific time points.

Figure 2 Feeding fibre based diets (open bars 0O) or starch based diets (solid bars m) to horses
and the effects on concentrations of (a) plasma total SCFA (uM), (b) plasma acetate (uM), (c)
plasma propionate (uM), (d) plasma butyrate (uM),(e) plasma iso-butyrate (uM), (f) plasma
valerate (uM), (g) plasma iso-valerate (uM) and (h) plasma caporate (uM) after feeding.
Results are presented as least square means and standard error of the mean. The horses are fed
at 06:00 and exercised from 10:00 to 10:45 on a treadmill. ** indicate differences between
diets at specific time points.

Figure 3 Feeding fibre based diets (open bars 0) or starch based diets (solid bars m) to horses
and the effects on concentrations of (a) plasma insulin (uU/ml), (b) plasma cortisol (ng/ml),
(c) plasma leptin (ng/ml), (d) plasma ghrelin (pg/ml) and (e) plasma IGF-1 (ng/ml). Results
are presented as as least square means and standard error of the mean. The horses are fed at
06:00 and exercised from 10:00 to 10:45 on a treadmill. ° indicate differences between diets
at specific time points.



