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Introduction

Intensively exercised horses need to consume energy-rich concentrates
to meet their energy requirement. To increase the energy density of the ration,
fat can be added as such or at expense of nonstructural carbohydrates. High-fat
diets can diminish the risk of digestion disorders and founder as imposed by
carbohydrate-rich rations (Clarke et al., 1990; Coenen, 1990 ; Garner et al.,
1978 ; Caroll et al., 1987 ; Rowe et al., 1994 ; Kronfeld, 2001). High-fat diets
may also be used for horses with recurrent rhabdomyolisis (Beech, 1997;
Valentine et al., 1998; De La Corte et al., 1999; MacLeay et al., 1999), for
rapidly growing horses (Ott and Kivipelto, 1998; Davidson et al., 1991; Hoffman
et al., 1996) and for horses that suffer from hypo-alimentation due to ilnesses
or old age (Lewis, 1995; Meyer, 1992). Another example of the use high-fat
diets is replacing dietary protein by fat, e.g. for patients with chronic interstitial
nephritis (Lewis, 1995). It would appear that under specified conditions the
feeding of extra fat to horses can be advantageous.
High-fat diets have gained considerable interest in relation to exercise.
Diets rich in long-chain polyunsaturated fatty acids in the form of soybean oil
decrease plasma triacylgycerol concentrations and increase the activity of
heparin-released lipoprotein lipase activity in horses (Geelen et al., 1999; 2001;
Orme et al., 1997). Fat addition to the ration increases the relative contribution
of fatty acids to the energy intake. Metabolic adaptation to fat supplementation
in the form of long-chain polyunsaturated fatty acids appears to proceed in a
manner similar to that seen in response to training (Geelen et al., 2001). In
certain studies (Harkins et al., 1992; Eaton et al., 1995; Oldham et al., 1990)
there was an improved performance in horses fed high-fat diets, which was
attributed to fat-induced changes in the metabolism.
Clearly, there can be beneficial effects when fats in equine nutrition are
substituted fot non-structural carbohydrates and/or protein. However, high fat
intakes in the form of soybean oil have been shown to decrease the apparent
digestibility of fiber, protein and non-structural carbohydrates (Jansen et al.,
2001). There is evidence that high fat intakes in the form of medium-chain
triacylglycerols have no negative effect on the digestibility of macronutrients
other than fat (Jansen et al., 2002). Thus, it was considered of interest to
gain knowledge about control of equine lipid metabolism by MCTs in the diet.
MCTs are laboratory-made and contain saturated fatty acids with 8 or 10 carbon
atoms. Unlike long-chain fatty acids, which require the formation of biliary
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micelles for absorption and are transported as triacylglycerols in chylomicrons
from enterocytes via the lymphatics to the blood, dietary MCTs are rapidly
absorbed and carried through the portal vein directly to the liver, where they are
preferentially oxidized (Bach and Babayan, 1982; Foufelle, 1992). The acetylCoA generated by rapid oxidation of medium-chain fatty acids may not be
completely converted into CO2 and ketone bodies, but a portion may serve as
substrate for fatty acid synthesis (Bach and Babayan, 1982 ; Geelen, 1994 ;
Geelen et al., 1995). MCTs are used in human patients with a variety of
pancreatic and gastrointestinal disorders (Sucher 1986; Velazquez et al., 1996;
Bell et al., 1991). MCT-rich diets increase plasma levels of triacylglycerols
and/or ketone bodies in species such as man (Swift et al., 1992), rat (Wiley and
Leveille, 1973; Geelen et al., 1995), pig (Odle et al., 1991), and dog (Van
Dongen et al., 2000). The effect of dietary MCTs on equine lipid metabolism had
not been described.

Aime and scope of this study

As mentioned above, this thesis focusses on the effect of dietary MCTs
on equine triacylglycerol metabolism. In the course of the studies, in order to
explain the effects observed, it became opportune to also determine the effects
of cellulose and starch, palm oil versus soybean oil, and pectin on triacylglycerol
metabolism in horses. It was anticipated that the results obtained would provide
fundamental insight into the dietary control of equine lipid metabolism. In
addition, the data could be helpful to clarify the pathogenesis of disorders in
equine lipid metabolism and could support the use of special diets for preventive
or therapeutic purposes. In the light of the latter application, an attempt was
made to develop a dietary formula for the tube-feeding of ponies with clinical
hyperlipoproteinaemia.
Chapter 2 presents a review on dietary fats and equine lipid metabolism.
The digestibility of fat, the requirement of essential fatty acids and the metabolic
responses to high-fat diets or diets with different fat sources are discussed. In
addition, practical information on the formulation and the use of high-fat diets is
given.
In the study described in Chapter 3 the hypothesis tested was that
glucose when fed to horses together with MCT would increase the plasma level
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of triacylglycerol more than the combination of MCT and cellulose would do. MCT
instead of soybean oil increased the triacylgycerol level in plasma. The
hypertriacylglycerolaemic effect of MCT was explained by stimulation of hepatic
fatty acid and triacylglycerol synthesis. However, there was no interaction
between fat and carbohydrate source with regard to plasma triacylglycerol
concentrations. This lack of interaction was explained by reasoning that acetate,
as produced by fermentation of cellulose in caecum and colon is as lipogenic as
glucose. In horses, both glucose and acetate may be used for de novo fatty acid
synthesis, their contribution as substrate depending on the composition of the
ration. Isoenergetic amounts of MCT and cellulose, when compared with either
starch or glucose, should then stimulate the synthesis of triacylglycerols to the
same extent and thus produce similar concentrations of plasma triacylglycerols.
The aim of the study described in Chapter 4 was to compare the effect
of dietary cellulose on plasma triacylglycerols with that of either MCT or starch.
It was hypothesized that cellulose would be as lipogenic as MCT in horses and
thus would produce similar levels of plasma triacylglycerols. MCT versus an
isoenergetic amount of either cellulose or starch raised plasma triacylglycerols.
Unlike the hypothesis, plasma triacylglycerols showed no difference for the
starch- and cellulose-rich diets. It was speculated that on both low and high-fat
diets with MCT, glucose can be used for de novo fatty acids synthesis, resulting
in a similar effect on triacylglycerol concentrations. However, when feeding highfat diets with soybean oil, de novo fatty acid synthesis will be depressed as well
as the citrate carrier so that cellulose, but not glucose will raise plasma
triacylglycerols.
In Chapter 5, the hypothesis tested was that feeding of MCT instead of
soybean oil causes an increase in the production of plasma triacylglycerols,
which, under steady-state conditions, is associated with an increased clearance
of triacylglycerols. Ponies were used and the production of plasma
triacylglycerols was indirectly measured after administration of the non-ionic
detergent, Triton WR1339. The clearance of plasma triacylglycerols was
measured after the infusion of Intralipid. The results obtained support the
hypothesis.
It was reasoned that saturated versus polyunsaturated fatty acids would
stimulate the hepatic secretion of triacylglycerols and thus would raise plasma
triacylglycerols. In the study described in Chapter 6 the hypothesis was tested
by feeding to horses rations containing either palm oil or soybean oil. It was

5

General Introduction

concluded that in horses the degree of saturation of dietary fatty acids may not
influence plasma triacylglycerol concentrations.
The effect on plasma triacylglycerols of dietary pectine versus glucose is
described in Chapter 7. In man and experimental animals, soluble fibers, such
as pectin decrease plasma triacylglycerol concentrations. In horses fed a diet
containing beetpulp, equivalent to 5% pectin in the total dietary dry matter, a
triacylglycerol-lowering effect was found. The decrease in plasma triacylglycerols
was thought to relate to the observed increase in the activity of lipoproteine
lipase.
The knowledge obtained as to dietary control of equine lipid metabolism
may be useful in relation to disorders of the metabolism of lipids in horses.
Hyperlipaemia (Watson et al., 1992; Jeffcott and Field, 1985), obesity (Field and
Jeffcott, 1989), hypothyroidism (Frank et al., 1999; Waldron-Mease, 1979 ;
Sojka and Levy, 1995) and hyperadrenocorticism (Van der Kolk et al., 1995) are
all conditions in horses and ponies that are associated with changes in lipid
metabolism. In hyperlipaemia, the increase in plasma triacylglycerols and the
fatty infiltration in organs can even be life threatening (Wensing et al., 1975;
Naylor and Kronfeld, 1980; Jeffcott and Field, 1985). In Chapter 8 the effects
are described of tube-feeding a fat-free formula in ponies with hyperlipaemia,
either induced by fasting in healthy animals or in patients. Results show that the
formula was easy to make and administer and that plasma triacylglycerol levels
decreased within several days in patients and within 24 hours in animals with
fasting-induced hyperlipaemia. The tube-feeding of patients was possible
without problems for periods as long as 17 days.
Finally, in Chapter 9 the general conclusions of the various studies are
listed.
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DIETARY FATS AND LIPID METABOLISM
IN RELATION TO EQUINE HEALTH,
PERFORMANCE AND DISEASE

J.M. Hallebeek and A.C. Beynen
Department of Nutrition, Faculty of Veterinary Medicine, Utrecht University, The
Netherlands
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Dietary fats and lipid metabolism

Summary

A review is given of the role of fats in equine nutrition. The issues
addressed are palatability of fat-supplemented rations, fat digestibility,
requirement of essential fatty acids and the impact of amount and type of
dietary fat on plasma lipid metabolism. Applications of high-fat diets are
discussed with regard to athletic performance, recurrent rhabdomyolisis, growth,
and reduced intake of carbohydrate or protein.
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Introduction
Fat in the diet provides energy and essential fatty acids. Horses,
especially when they are intensively exercised, may be fed high-fat diets not
only to meet their energy requirements, but also to enhance athletic
performance. It is well-known that the amount and type of dietary fat are
important determinants of lipid metabolism. However, in horses, the relation
between dietary fats and lipid metabolism has not been as extensively studied
as in man and experimental animals. In this review, attention is given to the
digestibility of fat, the requirement of essential fatty acids and the metabolic
responses to high-fat diets or diets with different fat sources. In addition,
practical information on the formulation and the use of high-fat diets is given.
Fats and fatty acids
Fats, also called lipids, are substances that are insoluble in water, but
soluble in organic solvents such as ether and chloroform. The fat content of
feedstuffs of either plant or animal origin or that of concentrates or whole
rations is generally expressed as crude fat, i.e. the total amount of fat that can
be extracted with a defined solvent. Based on their chemical structure, lipids are
divided into triacylglycerols, phospholipids, glycolipids and steroids.
Triacylglycerols are the major dietary fats and they constitute the most
important energy reservoir of the body. In triacylglycerols a glycerol molecule is
esterified with three fatty acids (acyl groups). In natural occurring
triacylglycerols, the fatty acids usually have different chain length. Most of the
fatty acids have an even number of carbon atoms. They contain a single
carboxyl group and have an unbranched carbon chain which may be saturated
or either mono- or poly-unsaturated. Figure 1 shows the general structure of a
triacylglycerol and also the structures of the common fatty acids palmitic acid
(C16:0), oleic acid (C18:1, n-9), linoleic acid (C18:2, n-6) and alpha-linolenic
acid (C18:3, n-3). The shorthand notation of the fatty acids, as given in
parentheses, indicates the number of carbon atoms, the number of double
bonds behind the colon and the location of the first double bond on the carbon
atom closest to the methyl group.
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Triacylglycerol
CH2

O

R1

CH

O

R2

CH2

O

R3

Fatty acids
Palmitic acid

CH3(CH2)14COOH

Oleic acid

CH3(CH2)7CH=CH(CH2)7COOH

Linoleic acid

CH3(CH2)4(CH=CHCH2)2(CH2)6COOH

Alpha-linolenic acid

CH3CH2(CH=CHCH2)3(CH2)6COOH

Figure 1
General structure of triacylglycerol and structures of palmitic acid, oleic acid, linoleic acid
and alpha-linolenic acid.

Fats and fatty acids in feedstuffs
Table 1 shows the contents of crude fat and of selected fatty acids in
common feedstuffs used in equine rations. Grass contains little fat, but has a
high relative percentage of alpha-linolenic acid. Barley, oats, corn and rye have
a high relative percentage of linoleic acid and linseed particularly has a high
content of alpha-linolenic acid. Coconut oil is an exception in having the
saturated lauric acid (C12:0) as its major fatty acid. Palm oil contains a
relatively large proportion of long chain saturated fatty acids, especially palmitic
acid, but also is rich in oleic acid.
Fat levels in equine rations
The amount and type of fat in horse rations is determined by the
roughage:concentrate ratio and by the type of roughage and concentrate. In
general, the fat content of horse diets is about 5% in the dry matter (Meyer,
1992, Van ‘t Klooster, 1999). Commercial concentrates typically contain 3 - 6 %
crude fat in the dry matter. Muesli’s may contain 9 - 10 % crude fat. For
satisfactory pelleting performance, the amount of fat in concentrates is 2 - 3 %.
However a level of up to 7 % may be achieved by spraying fat onto the pellets
(Atkinson, 1980). Pellet firmness declines progressively with increasing fat
addition.
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Table 1
Contents of crude fat and that of selected fatty acids in common equine feedstuffs.
Feedstuff

Dry Matter

Crude fat

FA1 in

(DM)

(CF)

CF %

g/kg prod.

C12:0

C16:0

C18:1
n-9

C18:2 C18:3
n-6

n-3

g/kg dry matter

Barley

870

17

70

-

3.1

1.8

7.7

0.8

Oats

885

49

90

-

9.5

17.4

19.4

1.0

Corn

864

38

90

0.08

4.8

11.1

21.8

0.4

Rey

863

16

70

-

2.3

1.9

7.1

0.9

Wheat

863

14

70

-

2.2

1.7

6.5

0.6

Linseed

910

351

95

-

25.7

66.0

58.6

197.9

Soybean meal,

876

19

65

-

1.6

3.1

7.6

1.1

fat extracted
Wheat bran

869

35

70

-

5.4

4.2

16.1

1.4

Coconut

914

82

75

32.3

6.1

4.7

1.3

-

expeller
Grass

150

5

50

-

0.4

0.1

0.3

1.5

Palm oil

1000

1000

100

1.0

435

366

91

2.0

Coconut oil

1000

1000

100

446

82

58

18

-

Soybean oil

1000

1000

100

-

103

228

510

68

1

FA= fatty acids

New techniques make it possible to produce fat-rich feed. Abrasionresistent pellets were reliably obtained from fat-rich mixtures when prior
pressure conditioning, like expanding, was used (Heidenreich, 1997). According
to Reinbek (1989) up to 20% fat can be added to mixtures when an expander is
incorporated before pelleting.
Fat sources in concentrates are cereals, added linseed and vegetable oils
like soybean oil and palm oil. For pelleting, palm oil, which has a relatively high
melting point, is preferred above other vegetable oils. A disadvantage of feeding
a diet with a high fat content is the limited tenability because unsaturated fatty
acids oxidize rapidly. To prevent oxidation, antioxidants can be added to the
diet, but it should be noted that after these compounds have been oxidized into
in-active free radicals, the unsaturated fatty acids will still be oxidized (Meyer,
1992). The most commonly used anti-oxidant in horse concentrates is vitamin E.
The requirement of vitamin E by horses may be increased when a high amount
of unsaturated fat is added to the diet. However, adding 6.4% soybean oil to the
total ration of 2-year old horses fed recommended amounts of vitamin E, did not
5
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alter serum vitamin E per gram of total serum lipids, and thus did not appear to
increase their vitamin needs (Lewis, 1995). It is possible that the requirement of
vitamin E is raised with higher fat contents in rations, like in other species
(Grant, 1961; Blaxter, 1962). It thus can be usefull to increase the anti-oxidant
content of a high fat concentrate (> 8%), especially when poly-unsaturated fatty
acids are used.
The fat content of the whole ration is related to the amount of hay or
roughage. Table 2 gives examples of how the fat intake can be modulated. The
daily rations shown provide an amount of energy required by a 600 kg horse
with 1 hour of excercise each day. With a low-fat concentrate (3% fat) the
proportion of the total net energy provided by fat (NE) is 10 % when feeding
hay and concentrate in a 1:1 ratio on NE basis. Using a high-fat concentrate
(8% fat) this proportion will be 25%. Dietary fat levels higher than 8 % in the
dry matter can be achieved only when pure oils are added to the diet. It should
be stressed that extra fat in the ration raises its energy density and that less
dietary dry matter is required to satisfy the energy need of the horses. High-fat
rations by definition are rations that are low in carbohydrates and/or protein
when expressed as percentage of dietary energy.
Table 2
Examples of fat-rich rations
Concentrate :hay ratio on energy basis
1:1

1:1

3:1

Fat content of total ration (g/kg DM
30

80

80

Hay, kg/d

7.3

7.3

4

Concentrate (3% crude fat/kg), kg/d

4.3

2.7

-

-

-

5

-

500

180

10.0

9.1

8.0

± 700

± 700

Ingredient

Muesli (8% crude fat/kg), kg/d
Vegetable oil, ml/d
Dry matter intake, kg/d
Vitamin E, mg/d

1

Total NE, MJ/d

69

69

69

NE % of fat

10

25

25

1

Amount of extra vitamin E depends on the contribution of the feedstuffs

NE = Net Energy
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Palatability and preferences
Because of a decrease in palatability, more than 10-15% fat in the diet
is not advisable under practical conditions. Under experimental conditions highfat concentrates containing either soybean oil, palm oil or medium chain
triacylglycerols were accepted for periods up to at least 3 months (Hallebeek
and Beynen, 2001a; 2002a; 2002b; 2002c). The concentrates had fat levels of
12-18%, and fed in a 3:1 ratio of concentrate:hay so that whole-ration fat levels
were 11-16 %. We have frequently observed that the time of feed intake was
increased when horses were fed high-fat diets (12 %) when compared to low-fat
diets (3 %). Likewise, Landes and Meyer (1998) saw an increase in time of feed
intake by 58% when horses were fed high-fat diets containing 10% sunflower
oil. Oxidation of unsaturated fatty acids and consequent rancidity makes the
feed unpalatable. We have observed that when concentrates have a rancid
odour, they may be rejected by horses.
Holland et al (1998) compared the acceptance of fats and lecithin
containing diets by horses. In different feeding trials, 15% fat was included in
concentrates. Horses could choose freely, twice daily for 20 minutes, from four
adjacent feed compartments in a stall. During the feeding trials the diets were
randomly rotated among compartments. The amount of each concentrate eaten
was measured. The fats used, apart from corn oil, were three blends of
vegetable and animal fats, three animal fats (hydrolyzed tallow, inedible tallow
and fancy bleached tallow), and four vegetable fats (cottonseed oil, peanut oil,
and safflower oil) and mixtures of corn- or soy oil with lecithin. In different trials,
corn oil concentrate was the most pallatable when offered together with other
concentrates. If corn-oil rich concentrate was left out, the concentrate with a
corn oil mixture, like one of the animal-vegetable oil blends or corn lecithin with
corn oil, was preferred. The relative acceptance of each fat was calculated by
comparison with the acceptibility of corn oil for each trial (Figure 2). When
compared to corn oil, peanut oil and safflower oil were moderately accepted and
cottonseed oil and tallow were considered unpallatable by horses. Coconut oil
and soybean oil (10%) when incorporated into horse feed were generally well
accepted (Pagan et al., 1993; Flothow, 1994).
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Figure 2
Relative acceptance of fats compared to corn oil.
Description of abbreviations: CO = corn oil, CS = cottonseed oil, PO = peanut oil, SO =
safflower oil, CL = corn oil and corn lecithin, SL1 and SL4 = corn oil and soy lecithin
(different manufacturer), SL2 = soy oil and soy lecithin, SL3 = corn oil, soy oil and soy
lecithin, FBT = fancy bleached tallow, IT = Inedible tallow, HT = Hydrolyzed tallow flakes,
AV1, AV2 and AV3 = animal/vegetable oil blends

Requirement of essential fatty acids
The requirement of dietary fat relates to that of essential fatty acids.
Linoleic and alpha-linolenic acid are essential fatty acids for mammals and it can
be assumed that they are so for the horse as well. The essential fatty acids are
important structural components of biomembranes and serve as precursors for
prostaglandines, thromboxanes and leukotrienes. The National Research Council
(1989) advises to include at least 0.5 % linoleic acid in the dietary dry matter.
Grazing and browsing horses are consuming a diet with oils derived from
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grasses and leaves and have an intake of alpha-linolenic acid that is much
greater than that in horses receiving a cereal-based diet that is typically rich in
linoleic acid (Frape, 1998). On a grass ration with a dry matter intake of 2% of
body weight, a 500-kg horse will consume approximately 3 g linoleic acid and 15
g alpha-linolenic acid per day. For a horse eating 7 kg hay and 3 kg of a cerealbased concentrate, the daily intakes of linoleic and alpha-linolenic acid are in the
order of 70 and 4 g, respectively.
In non-ruminants including the horse, the intake of essential fatty acids
determines the fatty acid composition of adipose tissue. Adipose tissue of grassfed horses contains 17% of total fatty acids as alpha-linolenic acid and 4% as
linoleic acid, as compared to 2% alpha-linolenic acid and 22% linoleic acid in the
adipose tissue of horses fed oats (Shorland et al., 1952). Similar results in
shoulder and perinephric fat of grass-fed horses, 10 % alpha-linolenic acid and 6
% linoleic acid, are published by Bowland and Newell (1974). A diet with as little
fat as 0.04% in the dry matter and only 0.02% linolenic acid did not lead to
clinical signs (Grunwald, 1991) such as scaly appearance of the skin which is
seen in rats given diets extremely low in fat. Maybe the feeding period of seven
months was too short to deplete the stores of essential fatty acids in tissues of
the horses. Likewise, no deficiencies occurred when a diet with 10% of coconut
oil was fed to horses for 16 months (Harris et al., 1999). The horses were fed an
amount of concentrates (1.5 - 3 kg/d) fortified with either soybean oil or
coconut oil. For a period of 10 months, 12% of the energy intake came from
either coconut or soybean oil, this level being increased to 20% for another 6
months. Coconut oil is poor in linoleic acid, but the high inclusion level plus the
intake of an additional 3 kg sweet feed per day led to a linoleic acid level of 1%
in the total dietary dry matter, which is more than the requirement of linoleic
acid for horses. Thus, in that trial (Harris et al., 1999), no fatty acid deficiency
would be expected.
Above the requirement levels of essential fatty acids, there may be
beneficial effects. Linoleic acid is a precursor of arachidonic acid (C20:4 n-6),
which is used for the synthesis of eicosanoids such as thromboxane A2 and
prostacyclin, both affecting the pathogenesis of endotoxemia (Bottoms et al.,
1982 , Templeton et al., 1985). High intakes of alpha-linolenic acid change
arachidonic acid metabolism. Conversion of alpha-linolenic acid yields
eicosapentaenoic (EPA) and docosahexaenoic acids (DHA) and inhibits the
conversion of linoleic acid into arachidonic acid through competition for the same
enzymes. In humans and laboratory animals, it has been found that the
reduction of thromboxane A2 synthesis by consuming a diet rich in n-3 fatty
acids is beneficial during endotoxemia (Sanders and Roshanai, 1983; Magrum
9
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and Johnston, 1983; Marshall and Johnston, 1985; Van Dias et al., 1982). The
in-vitro, endotoxin-induced thromboxane A2 and prostacyclin production by
peritoneal macrophages was reduced when donor horses were fed a diet
containing 8% linseed oil as compared to a control diet without linseed oil
(Morris et al., 1989). Also the release by equine macrophages of tumor necrosis
factor, an important mediator of endotoxin-induced morbidity and mortality, in
response to endotoxin administration to horses was reduced when their diet was
rich in linseed oil (Morris et al., 1991). The in-vivo responses of horses to
endotoxin infused into the jugular vein resulted in an inflammatory response,
but there was no diet effect. Horses fed the linseed oil ration were found to have
improved anticoagulant properties (Henry et al., 1991). The dietary
concentrations of linoleic and alpha-linolenic acid were estimated to be 2.9 and
0.4 g/kg DM, respectively, for the control ration and 25 and 5.5 g, respectively,
for the linseed-ration. Before the experiments (Morris et al., 1989; Morris et al.,
1991; Henry et al., 1991), the horses were fed grass hay (2% DM of the body
weight per day), followed by 8 weeks of complete, pelleted rations. The test diet
was formulated by adding 8% linseed oil to the control diet so that the two diets
differed in many respects. Thus, the data obtained cannot be unequivocally
interpreted as effects of different fatty acid intake.
Digestion and absorption
Fat digestion involves hydrolyses of dietary triacylglycerols into fatty
acids and mono-acylglycerols, which together with bile acids, cholesterol and
phospholipids, form micelles. The micelles diffuse through the small intestinal
contents and the unstirred water layer of the villi and their constituents are
taken up by the enterocytes. In the epithelial cells of the small intestine,
triacylglycerols, phospholipids, cholesterol esters and apoproteins are combined
to form chylomicrons. The chylomicrons (diameter > 75 nm) are released into
the lymphatic system which drains into the main circulation. Attempts to isolate
chylomicrons from adult ponies following an oral fat load have been unsuccessful
as the animals showed no evidence of post-prandial lipaemia (Watson, 1991).
None of the authors that examined plasma from non-fasted horses using
electrophoresis (Campbell, 1963; Robie et al., 1975; Leat et al, 1979) or density
gradient ultracentrifugation (Terpstra et al., 1982; Hollanders et al., 1986; Le
Goff et al., 1987) mention a chylomicron fraction. Marchello (2000) and Kurzt
(1991) mention a change in the lipid content of lipoproteins due to fat
supplementation, but only trace amounts of chylomicrons were present in the
plasma of horses on a diet of alfalfa and corn or alfalfa and corn oil. In horses
fed high-fat diets either rich in MCT or soybean oil we did not find a postprandial
10
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increase in plasma triacylgycerols in plasma taken 4 hours after feed intake
(Table 3).
Table 3.
Plasma triacylglycerols (TAG) before (t=0) and 4 hours (t=4) after feed intake in horses
fed either a diet with MCT or soybean oil.
% of NE intake

TAG, mmol/l
t=0

t=4

MCT

± 25

0.42 ± 0.09

0.38 ± 0.08

Soybean oil

± 25

0.17 ± 0.03

0.16 ± 0.03

Values are mean ± SE, n = 6
(Hallebeek and Beynen, 2002b)

Lecithin (5.6%), cholesterol (4.4%), and conjugated bile salts (90%) are
the major lipid constituents of equine bile (Engelking et al., 1989), which is
secreted into canaliculi and directly passes into the duodenum as equine do not
possess a gallbladder. Pony bile is found to be supersaturated with cholesterol,
because of its low bile salt content (Engelking et al., 1989). The pool size of total
bile acids in ponies is small, but the high rate of enterohepatic cycling probably
enables ponies to maintain intestinal bile acid concentrations needed for lipid
digestion and absorption. Fat feeding stimulates the secretion of bile (Kolb and
Guntler, 1971; Meyer et al., 1997). However, the faecal excretion of bile acids
was not enhanced after feeding high fat ration to ponies (Jansen et al., 2001).
Assuming that there is indeed little absorption of bile acids in the large intestine
(Swinney et al., 1995) this implicates that the extra secretion of bile is
reabsorbed further down the small intestine.
Standard horse rations are low in fat (2-5% in the dry matter), but
horses are capable to efficiently digest fat in diets with fat levels as high as 20%
fat (Potter et al., 1992). Fat source does not have a big influence on the
digestibility (Table 4). Preileal digestibility of coconut fat and soybean oil was
measured in ponies with a permanent fistula at the end of the jejunum (Meyer
et al., 1997). After fat supplementation (1 or 2 g fat/kg body weight per day),
preileal fat digestibility increased from ± 75% towards ± 85%, without a
difference between the fat sources. The apparent digestibility on low fat diets is
much influenced by metabolic or endogenous fat. Endogenous fat is considered
to be constant. On high fat diets the apparent digestibility is relatively less
influenced by metabolic fat. The differences of the true digestibilities between
11
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high- and low-fat diets can be much smaller than the apparent digestibilities.
Apparent digestibility increases with the amount of fat ingested (Hughes et al.,
1995; Jansen et al., 2001; Julen et al., 1995; Kane and Baker, 1977; Kane et
al., 1979; McCann et al., 1987; Meyers et al., 1987; Rich et al., 1981; Scott et
al., 1987; Swinney et al., 1995; Webb et al., 1987).
Table 4.
Apparent digestibility of different dietary fats.
Fat source

Corn oil

Numbers of experiments

8

Fat intake

Apparent digestibility

g/kg body weight/ day

%

0.8 - 2.5

83 (70 - 91)

Soybean oil

8

0.6 - 1.5

74 (61 - 85)

Peanut oil

2

1.0 - 2.5

89 (83 - 89)

Animal fat

9

0.6 - 2.5

74 (56 - 87)

According to Bowman et al., 1977; Kane et al., 1979; Rich et al., 1981; Snyder et al.,
1981; Coenen 1986; Davidson et al., 1987; McCann et al., 1987; Meyers et al., 1989;
Eilmans 1991; Hollands and Cuddeford, 1992; Holland et al., 1995

Feeding a high-fat ration (8%) to horses showed no changes in the
activity of pancreatic lipase when compared to a low-fat ration (Landes and
Meyer, 1998). It appears that horses digest fat rather efficiently when fat is fed
at 5-15% of the diet, however the upper limit of fat digestion in the equine small
intestine has yet to be determined. According to Meyer and Sallmann (1996)
disturbances of microbial flora in the large intestine are to be expected when
horses are fed more then 75-100 g fat/100 kg bodyweight per meal. Jansen
(2001) determined in vitro gas production of isolated intestinal contents of
ponies fed either a low- or a high-fat (2% versus 9% in dry matter) after
incubation with various substrates. It was concluded that fat feeding in ponies
inhibits microbial activity in the caecum.
Fat intake and digestibility of macronutrients other than fat
When going through literature, there is controversy about the influence
of high fat intakes on apparent crude fiber digestibility in horses. Studies on the
influence of high-fat intakes on total tract digestibility of crude fibre in horses
have yielded conflicting results. Several researchers reported that the addition of
fat to the diet did not affect the apparent digestibility of cell wall contents
(McCann et al., 1987; Rich et al., 1981), neutral detergent fiber (Davidson et
12
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al., 1987; Kane and Baker, 1977; Kane et al., 1979; McCann, 1987;
Meyers et al., 1987; Rich et al., 1981) or acid detergent fiber (McCann et al.,
1987).
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Figure 3
Apparent digestibilities of macronutrients (crude protein, crude fat, crude fiber and N-free
extract) when dietary fat content of the ration increases (3.0, 5.0, 7.7 and 10.8 % in dry
matter) in horses.

Others reported an increase in apparent digestibility of either neutral-detergent
fibre (Hughes et al., 1995; Julen et al., 1995; Scott et al., 1987; Webb et al.,
1987) or acid detergent fibre (Rich et al., 1981) after the feeding of fatsupplemented diets. In contrast, it has been reported that administration of a
high-fat diet lowered the digestibility of neutral-detergent fiber (Rich et al.,
1981; Worth et al., 1987). The conflicting results probably relate to the fact that
the low-fat and high-fat diets used in the various studies differed with respect to
multiple components, including the amount of crude fiber. A change in fibre
intake by itself may affect the percentage of apparent fibre digestibility, as
13
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digesta passage rate may be altered and the microflora will be exposed to a
change in the amount of fermentable substrates. In order to maintain energy
balance, the intake of extra fat must be associated with less energy intake in the
form of other nutrients. In some studies fat was provided as a supplement (Kane
and Baker, 1977; Rich et al., 1981; Snyder et al., 1981) so that the intake of
extra fat coincided with lower intakes of carbohydrates, crude fibre and crude
protein. In other studies, up to 162.5 g fat/kg of diet was isoenergetically
substituted for hay (Hughes et al., 1995; Julen et al., 1995; Scott et al., 1987;
Swinney et al., 1995) or one (Davidson et al., 1987) or more (McCann et al.,
1987; Meyers et al., 1987; Webb et al., 1987) other feed ingredients with
complex compositions, such as grains.
Jansen et al. (2001) substituted soybean oil isoenergetically with nonstructural carbohydrates. Figure 3 shows the effect of increasing dietary fat
levels on the apparent digestiblilty of the macronutrients. As mentioned above,
increasing fat intakes are associated with increased apparent digestibilities of
fat. The intake of extra fat also changed the apparent total tract digestibility of
macronutrients other than fat in a statistically significant, dose-dependent
fashion. An increase in dietary fat concentration by 10 g/kg dry matter was
associated with a decrease in crude fibre digestion by 0.9 percentage units, a
decrease in protein digestibility of 0.7 percentage units and an increase in fat
digestibility by 0.9 percentage units. The effects have been repeated in further
experiments in which non-structural carbohydrates were isoenergetically
replaced by soybean oil (Jansen, 2001). The observed interaction between fat
content of the diet and macronutrient utilization could have consequences for
practical horse feeding in that calculating the energy content of high-fat diets on
the basis of feedstufs tables will lead to over- or underestimating the amount of
energy provided by the ingredients of the diets. However, the impact is
negligible. It can be calculated that, as a result of changes in macronutrient
digestibilities, with an increase in fat intake by 25 g/ kg dry matter the net
energy value of the ration will be about 4% lower than that expected.

Lipid metabolism
Lipoprotein metabolism
Triacylglycerols are transported in plasma with chylomicrons and very
low- density lipoproteins (VLDL). In the fed state, chylomicrons are secreted by
the small intestine into the lymph and via the ductus thoracicus they reach the
circulation. Long-chain fatty acids in the form of triacylglycerols have to be
14
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released by pancreatic lipase and incorporated into micelles as described above.
Medium-chain fatty acids from the diet are taken up by the mucosa cells as such
and carried via the portal system to the liver. VLDLs are secreted by the liver
and they contain either de-novo synthesized fatty acids or fatty acids taken up
from the blood. Through the action of lipoprotein lipase (LPL), chylomicrons and
VLDL are rid off their esterified fatty acids which are taken up by tissues. In case
of energy shortage, e.g. during exercise or fasting, fatty acids are released from
the adipose tissue for utilization by muscle. The liver takes up fatty acids and
esterifies them into triacylglycerols for assembly into VLDL which in turn deliver
the constituent fatty acids to muscle tissue with a high activity of LPL (Barton et
al., 1998; Johnston, 1968). LPL is bound to capillary endothelian cells. In the fed
state, the high activity of LPL in adipose tissue ensures that triacylglycerol-fatty
acids are directed towards this tissue, whereas during energy shortage the fatty
acids will be oxidized by muscle (Newsholme and Start, 1973). An enzyme with
the typical characteristics of LPL has been isolated from post-heparin plasma in
horses. A dose of 70 IU heparin per kg body weight is required for maximum
recovery of LPL, its activity peaking at 5 min after the injection of heparin
(Watson et al., 1991; Watson and Packard, 1993).
Equine plasma contains lipoproteins that can be classified as VLDL, lowdensity (LDL) and high-density lipoproteins (HDL).VLDL is converted into LDL
during the action of LPL. HDL accounts for approximately 60% of plasma
lipoprotein mass. HDL play an important role in reverse cholesterol transport,
i.e. the transport of cholesterol from peripheral tissues to the liver (Swenson,
1992). Unesterified cholesterol from peripheral tissues can be taken up by HDL
and be esterified by the enzyme lecithin:cholesteryl acyltransferase (LCAT).
Humans and most animal species have plasma cholesteryl ester transfer protein
(CETP) activity (Ha and Barter, 1979) so that HDL cholesteryl esters generated
by LCAT can be transferred to VLDL and LDL and be cleared from the plasma by
the liver. Cholesterol in LDL taken up by the liver can be secreted into bile as
such or in the form of bile acids and then leave the body with faeces. Animal
species such as the rat, the pig (Ha and Barter, 1979) and the horse (Watson et
al., 1993) lack plasma CETP activity. Geelen et al. (2001a) have shown that in
the pony there is cholesteryl ester transfer from HDL to LDL. Thus, it appears
that ponies have an alternative, CETP-independent pathway for the transfer of
HDL cholesteryl esters to the lower density lipoproteins so that reverse
cholesterol transport can take place. Feeding extra fat to ponies lowered the
transfer rate which was associated with an increase in HDL cholesteryl esters
(Geelen et al, 2001a). The horse appears unique in that its HDL is composed of
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a single population of small particles with high density that have characteristics
similar to those of human HDL3 (Watson et al, 1991).
Hyperlipoproteinaemia
Hyperlipaemia, or called hyperlipoproteinaemia, is a disorder of lipid
metabolism peculiar to the pony breeds and donkeys. The excess of
triacylglycerols and cholesterol is mainly located in VLDL. Hyperlipaemia arises
from the mobilization of fatty acids from adipose tissue in response to a negative
energy balance. A greater flux of fatty acids to the liver increases the synthesis
of triacylglycerols and the production of VLDL. VLDLs in ponies with
hyperlipaemia are enriched in triacylglycerol and depleted of protein (Watson et
al., 1992). LPL and hepatic lipase activity are increased in ponies with
hyperlipaemia (Watson et al., 1992). Hyperlipaemia is caused by anorexia, but
is associated with stress, pregnancy, lactation and obesity. Treatment of ponies
with hyperlipaemia usually consists of intravenous administration of heparin,
insulin, and glucose (Beynen and Wensing, 1985; Naylor, 1982). The aim is to
promote the degradation of the accumulated VLDL particles by heparin-mediated
stimulation of LPL. At the same time, lipolysis in adipose tissue is depressed by
the administered insulin. Glucose is given to prevent insulin-induced
hypoglycaemia. The treatment rapidly lowers plasma triacylglycerol
concentrations in hyperlipaemic ponies, but in spite of this many patients do not
start eating again and die (Beynen and Wensing, 1985 ; Gay et al., 1978).
Nutritional support of hyperlipaemic patients can reverse the negative
energy balance, increase serum glucose concentrations, promote endogenous
insulin release, and inhibit mobilization of fatty acids from peripheral adipose
tissue (Rush Moore et al., 1994). Moreover, nutritional support prevents the
further tissue breakdown. The total amount of nutrients that can be force-fed
with gruels prepared from dried grass and mixed feed is often less than that
required by the patient (Naylor and Freeman, 1987). Hallebeek and Beynen
(2001b) formulated a fat-free liquid diet and used this in combination with
regular therapy for hyperlipaemic ponies. Elevated plasma triacylglycerol levels
decreased within several days, but this was not always accompanied by
spontaneous eating so that nutritional support had to be continued. The duration
of nutritional supplementation in the patients that recovered ranged from 3 to
17 days.
Influence of amount of dietary fat
The feeding of extra fat generally is associated with a decrease in the
intake of nonstructural carbohydrates. The effects on lipoprotein metabolism
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seen after giving a high-fat diet to horses and ponies are caused by the
combination of consuming more fat and less carbohydrates. The feeding of highfat diets causes pronounced changes in equine lipid metabolism. Fat feeding in
the form of soybean oil lowered the concentration of plasma triacylglycerols and
raised heparin-released LPL activity, pointing at an increased flux of
triacylglycerol-fatty acids (Orme et al., 1997; Geelen et al, 1999). The fatinduced metabolic adaptations are comparable to those described as induced by
training (McMiken, 1983; Hodgson et al.,1986). The relationship between fat
intake and LPL activity is linear (Figure 4). An increase in fat intake by 1 g/kg
dry matter was associated with an increase in LPL activity by 0.98 µmol free
fatty acids released per ml plasma per hour (Geelen et al., 2001b).
The fat-induced lowering of plasma triacylglycerols may be secondary to
the increase in LPL activity and thus to an increased removal of lipoprotein
particles. However, a diminished production rate of triacylglycerols could also be
involved. as well. Geelen et al. (2001c) have shown that the fat-induced
reduction of plasma triacylglycerols in ponies was associated by a decrease in
de novo fatty acid synthesis as evidenced by decreased activities of acetyl-CoA
carboxylase and fatty acid synthase in liver. The rates of hepatic de novo fatty
acid synthesis is directly related with the rate of VLDL secretion (Beynen et al.,
1981). Furthermore, fat feeding in ponies rendered hepatic carnitine
palmitoyltransferase-I less sensitive to inhibition by malonyl-CoA, which could
result in an increased fatty acid oxidation rate (Geelen et al., 2001c). In
addition, dietary fat supplementation caused enhancement of carnitine
palmitoyltransferase-I and citrate synthase activity in the masseter muscle
which is highly oxidative (Geelen et al., 2001c).
In the steady state, the rate of input of triacylglycerols into plasma must
equal the output. When assuming that the output is determined by LPL activity,
then fat-feeding raises triacylglycerol output and thus should also lead to more
input of plasma triacylglyceros. Triacylglycerol production can be measured
indirectly by using a non-ionic detergent such as Triton WR 1339 (oxythylated toctyl-phenol polymethylene polymer). The Triton-induced block of lipoprotein
lipase causes triacylglycerol accumulation in plasma which has been used as an
index of triacylglycerol secretion rates in rodents (Borensztajn et al., 1976;
Nicolosi et al., 1976). When horses were fed a high-fat diet, they had
significantly less triacylglycerol production rates than when they were fed a lowfat diet (Geelen et al., 2002). The unexpected result was explained by Triton
administration being less effective when the horses were given a high-fat diet
because their post-heparin LPL activity was increased. The amount of Triton
used was too low to completely block LPL activity, but higher dosages were
17
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avoided as they can be toxic (Scanu et al., 1961; Sato et al., 1997). Postheparin LPL activity measured 5 hours after Triton administration was still 5060% of the baseline activity (Geelen et al., 2002).
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Figure 4
Heparin-released LPL activity in plasma prepared from blood collected 5 min after heparin
injection (70 IU/kg body weight) in horses fed different amounts of fat.

Fat feeding is associated with lower post-prandial plasma insulin
concentrations in the horse (Pagan et al.,1995, Stull et al., 1987). Possibly, on a
high-fat diet the insulin-mediated down-regulation of muscle LPL activity (Kiens
and Lithell, 1989) is diminished. The fat-induced increase in heparin-released
LPL in the fasting state could reflect LPL from muscle (Mackie et al., 1980;
Terjung et al., 1982). The feeding of extra fat to horses did not increase fasting
plasma FFA concentrations (Orme et al., 1997; Geelen et al., 2001c). Thus,
horses fed a high-fat diet may not have enhanced mobilisation of fatty acids
from adipose tissue. However, the noradrenaline-induced stimulation of lipolysis
in adipose tissue biopsies tended to be higher when the donor horses had been
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fed a fat-rich diet. When fat feeding inhibits de-novo fatty acid synthesis, but
stimulates the turnover of triacylglycerol-fatty acids, fatty acid turnover and
thus fatty acid mobilization should be increased which might be associated with
an unaltered concentration of free fatty acids.
Influence of type of fat
There are limited studies on the influence of different dietary fats on lipid
metabolism in horses. It is well known that in man the replacement of dietary
saturated fatty acids by either mono-or polyunsaturated fatty acids has a
cholesterol lowering effect. The mechanism underlying the hypocholesterolaemic
effect of polyunsaturated fatty acids still remains obscure (Beynen and Katan,
1985). When isoenergetic diets high in polyunsaturated instead if saturated fat
are fed to healthy men, serum triacylglycerol also drop (Beynen and Katan,
1989). The fall is not associated with a change in post-heparin lipolytic activity
(Chait et al, 1974). Hallebeek and Beynen (2002a) showed that in horses there
was no triacylglycerol lowering effect of dietary polyunsaturated fatty acids in
the form of soybean oil when compared to saturated fatty acids fed as palm oil.
The activity of heparin-released lipoprotein lipase was not influenced by the type
of dietary fat. The feeding of soybean oil versus palm oil did not affect plasma
cholesterol (Hallebeek and Beynen, 2002a). Harris et al. (1999) reported a
significant increase in the plasma levels of cholesterol and triacylglycerols when
Thoroughbred horses were fed a concentrate supplemented with 15% coconut
oil when compared to soybean oil. Pagan et al. (1993) also fed horses a fatsupplemented concentrate with either 10% coconut oil or soybean oil, but the
plasma levels of triacylglycerols were not significantly different between
treatment groups.
Diets containing MCT produced marked changes in lipid metabolism in
horses. Medium chain fatty acids generally refer (C8:0) and (C10:0). These fatty
acids are absorbed as free fatty acids and transported as such to the liver via
the portal vein. In the liver they undergo β-oxidation in the mitochondrial
matrix, yielding acetyl-CoA (Bach and Babayan, 1982). The acetyl-CoA produced
can enter the Krebs cycle or ketogenesis within the mitochondria, or its C2 units
can be transported to the cytosol and be used for de-novo synthesis of fatty
acids. The ketogenic effect of MCT feeding in horses is indicated by a rise in
serum β-hydroxybutyrate (Hallebeek and Beynen, 2002b; 2002c; Zeyner and
Lengwenat, 1997) but acetyl-CoA may also be used for de-novo synthesis of
fatty acids. Horses fed MCT-rich diets show a marked increase in plasma
triacylglycerol levels, irrespective of MCT was substituted for an isoenergetic
amount of either soybean oil, (Table 3), glucose plus starch or cellulose
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(Hallebeek and Beynen, 2001a; 2002b; 2002c; Zeyner and Lengwenat, 1997).
The increase in plasma triacylglycerols in rats seen after MCT feeding instead of
corn oil feeding is explained by the observed MCT-induced stimulation of hepatic
de-novo fatty acid synthesis (Geelen et al., 1995). There is evidence that in
horses the consumption of MCT stimulates the production of plasma
triacylglycerols (Hallebeek and Beynen, 2001a; 2002b; 2002c). When compared
to a diet rich in poly unsaturated fatty acids thet activity of LPL was either left
unchanged or lowered by MCT feeding in horses (Hallebeek and Beynen, 2001a;
2002b; 2002c).
Free fatty acids and ketone bodies
Triacylglycerols, free fatty acids and ketone bodies are three forms of lipid fuels
in the blood for use by various tissues. The free fatty acids arise from hydrolysis
of triacylglycerol within adipose tissue and are released into the bloodstream,
this process being enhanced during starvation. Food deprivation raises the
plasma concentration of free fatty acids in horses, whereas after 96 hours of
fasting there is only a small increase in β-hydroxybutyrate (Fig. 5). In the horse,
ketosis might not be a feature of fasting due to the ability of the liver to
maintain glycogenolysis and/or gluconeogenesis and hence the supply of
carbohydrate for the citric acid cycle. Likewise, in ponies with anorexia-induced
hyperlipaemia there is no increase in plasma ketone bodies (Naylor et al., 1980;
Rose and Sampson, 1982). The suggestion of adequate gluconeogenesis during
food deprivation is supported by the maintenance of glucose concentrations (Fig.
5) albeit at relatively low values similar to those in ruminants (Ford and Evans,
1982). During fasting, insulin concentrations do not fall (Fig.5), which may
relate to the rather constant glucose concentrations.

Fat-supplemented diets for horses
Performance
The increased activity of post-heparin lipoprotein lipase activity and decreased
plasma level of triacylglycerol concentrations in horses fed a high-fat diet points
at a rise in the flux of fatty acids in the form of triacylglycerols. It could be
suggested that preferential and more use of fatty acids for generation of energy
utilization has advantageous effects on other aspects of intermediary
metabolism.
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Figure 5
Changes in plasma concentrations of non-esterified fatty acids (NEFA),
betahydroxybutyrate (BHBA), glucose and insulin in horses during food deprivation from
24 to 96 hours. (Rose and Sampson, 1982)
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Enhanced oxidation of fatty acids during aerobic exercise might lead to a sparing
of glucose and thus to less lactate accumulation which in turn could extend the
onset of fatigue (Frape, 1994). In addition, enhanced fatty acid oxidation could
spare glycogen, which could increase the potential of sprinting (Oldham et al.,
1990; Scott et al., 1992; Hughes et al., 1995).
In non-trained ponies there was a decrease in muscle glycogen in
various muscle types when a high-fat diet was fed (Geelen et al., 2001c). This
outcome is in line with results of Pagan et al. (1987), but most reports describe
an increase in resting muscle glycogen following supplementation of the diet
with fat (Meyers et al., 1989; Oldham et al., 1990; Harkins et al., 1992; Jones
et al., 1992; Scott et al., 1992, Julen et al.,1995 ; Hughes et al., 1995). In the
studies showing a fat-induced increase in glycogen, the horses were intensively
trained during the period of fat feeding. The decrease in muscle glycogen found
by Pagan et al. (1987) was in horses doing a long, slow work test. It would
appear that a glycogen-sparing effect of high-fat diets is seen only with
simultaneous exercise. The mobilization of glycogen during anaerobic exercise
was increased in fat-supplemented horses (Table 6) but, in horses performing a
1600-m race, the rate of glycogen utilization was not increased (Harkins et al.,
1992).
In sprint-trained horses fed a diet with 10% corn oil instead of a diet
without added fat, there was increased lactate accumulation during repeated
sprints (Ferrante et al., 1993; Taylor et al., 1995, Kronfeld et al., 1994). No
effect of fat feeding on blood lactate concentrations was seen when horses
completed either a simulated cutting test (Julen et al., 1995) , a 1600-m race
(Harkins et al., 1992) or repeated sprints (Scott et al., 1992). When performing
a standardised sub-maximal exercise test, horses fed a high-fat (11.8% in the
dietary dry matter) instead of a low-fat (1.5% fat) diet showed lower blood
lactate accumulation (Sloet van Oldruitenborgh-Oosterbaan, 2002). Clearly, the
anticipated decrease in lactate accumulation in exercising horses fed a high-fat
diet was not observed in most experiments.
The discrepancies in the outcome of the above-mentioned studies could
not relate to the type of dietary fat used. Pagan et al. (1993) fed to horses hay
and a concentrate without added fat or a concentrate containing either 10%
soybean oil, coconut oil or a 50:50 mixture of the two oils. The velocity achieved
at a heart rate of 200 bpm (V200) was higher when the diet with soybean oil
diet was fed instead of the diets with coconut oil or the mixed oil. Plasma free
fatty acids concentrations were highest in horses fed the diet containing coconut
oil. The velocity at which blood lactate reached 4 mmol/l was lowest in the
horses fed the low-fat control diet. Plasma lactate after an 8 minute gallop was
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Table 6
Crude fat intake and changes in muscle glycogen in horses and ponies.
Reference

Exercise test1

Fat source

Crude fat in

Significant change in muscle glycogen in high-fat

total dry matter (%)
Control

diet versus control diet

High-fat

Resting

Disappearance after
exercise

Pagan et al., 1987

soybean oil

LSD

3

12

Meyers et al., 1989

animal fat

SET

4.4

8.2

4.4

12.1

Oldham et al., 1990

animal fat

ET

4

8.4

↑

↑

vegetable oil

SEF

2.8

6.9

=

↑

corn oil

#

2.5

8.7

↑

↓

Jones et al., 1992

?

SET

4.3

11.8

↑

↑

Scott et al., 1992

animal fat

*

4.3

10.9

↑

↑

Julen et al., 1995

animal fat

SET

4.2

11.1

↑

↑

Hughes et al., 1995

animal fat

*

4.9

12.8

↑

↑

Geelen et al., 2001c

soybean oil

-

1.5

11.8

↓

Essen-Gustavsson et al.,

↓

↑

↑

1991
Harkins et al., 1992

1

LSD, SET, ET, SEF are all different standardised exercise tests;

#

race 1600 m;

*

sprint
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lowest in horses supplemented with coconut oil. The authors concluded that the
medium chain fatty acids in coconut oil are oxidized quickly and thus spare
glucose (Pagan et al, 1993). Ingested MCT may not deliver fatty acids to the
exercising muscle for oxidation (Berning, 1996), but are preferentially oxidized
in the liver so that the ketone bodies formed may be used for oxidation in
muscle. However, most published studies do not support the use of MCTs to
spare muscle glycogen and thus improve exercise performance (Berning, 1996).
Recurrent rhabdomyolisis
Exertional rhabdomyolysis represents a number of muscle diseases with
common clinical signs. The diagnosis is made on the basis of a history of muscle
cramping and stiffness following exercise and moderate to marked elevations in
serum myoglobin, creatine kinase, lactate dehydrogenase and aspartate
aminotransferase. Certain horses have recurrent episodes of rhabdomyolysis
(RER). Two specific causes have been identified, including a disorder of muscle
contractility and a disorder of carbohydrate storage and utilization, the so-called
polysaccharide storage myopathy (PSSM).
Management of horses affected with RER is based on decreasing
carbohydrate ingestion and thus feeding a high-fat diet combined with regular
exercise (Beech, 97). In a controlled study of MacLeay et al. (1999) the effects
of a low carbohydrate-, a high-carbohydrate- and a high-fat diet were tested in
Thoroughbred horses with RER. The carbohydrate diets were composed of
molasse-supplemented grains, 2.5 kg or 4.6 kg per day. The high-carbohydrate
diet provided 135% more energy than the other two diets. The high-fat diet was
composed of 2.3 kg rice-bran and contained 9% fat on a dry matter basis.
Forage was provided with alfalfa/timothy hay cubes. The horses were rotated
between the three diets for periods of three weeks and exercised. At the end of
the feeding periods, blood and muscle samples were taken before and after a
standardised exercise test. The results showed very little effect of the three diets
on the metabolic responses to exercise. Serum creatine kinase (CK) activity
showed no significant diet-induced changes. There was a trend towards higher
glycogen concentrations in muscles when the horses were fed the highcarbohydrate-diet. Maybe the feeding period of three weeks was too short to
produce clear effects. In a case study of Valentine et al. (1998), 19 horses with
RER were fed a high-fat diet for 3-6 months. The diets used were different
combinations of timothy or alfalfa hay with a fat-supplement, like vegetable oil,
rice bran or a high-fat feed. All diets were supplemented with vitamin E and
selenium and a trace mineral salt block. The fat content in the diets were
estimated to be 9-11% in the dietary dry matter. All horses had abnormal
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glycogen accumulation and serum CK and aspartate transaminase (AST) values
four hours after exercise. Post-exercise CK and AST activities after feeding the
high-fat diet were significantly lower than the initial post-exercise values. When
fed the high-fat diet, sixteen horses did not have any episodes of exertional
rhabdomyolysis. Thus, the feeding of a diet with low-carbohydrate and high-fat
content may reduce the severity of exercise-induced injury in horses with
exertional rhabdomylolysis.
De La Corte et al. (1999) have suggested that Quarter horses with PSSM
have enhanced uptake of glucose that may be relate to an increased sensitivity
to insulin. To decrease glycogen accumulation in skeletal muscle, diets low in
soluble carbohydrates might be most effective.
Horses fed on the high-carbohydrate diet in the study of MacLeay et al.
(1999) were more reactive in their stalls, difficult to catch and to lead.
Conversely, when fed a high-fat diet the same horses were regarded as more
docile. An association between anxiety or nervousness and the onset of episodes
has been observed in Thoroughbreds with RER. Management of horses with RER
should include strategies to minimise stress and excitability and involve regular
exercise. The diet should contain approximately 10% fat in the dietary dry
matter and be low in nonstructural carbohydrates.
Growing horses
To sustain the rapid growth rates in foals, nutrient and energy intakes
have to be high. Traditionally, the amount of concentrate in the ration is
increased. With extra concentrate, large quantities of soluble carbohydrates may
be ingested, which could enhance insulin-mediated conversion of thyroxine (T4)
to triiodothyronine (T3), which in turn influences growth and maturation
(Davison et al., 1991). Elevated levels of blood glucose and insulin and the
subsequent increase in T3 concentration have been implicated as factor
contributing to developmental orthopedic diseases (DOD). In this light, fat
supplementation could be considered in feeding programs for young horses. Fat
intake instead of carbohydrate will reduce postprandial blood insulin
concentrations but does not influence blood glucose. The insulin lowering could
decrease the risk of skeletal problems in growing foals (Ott and Kivipelto, 1989).
Davidsson et al (1991) used Quarter horses, 19 weeks of age, to compare the
effect of fat-supplemented and conventional diets on growth, nutrient utilization
and post-prandial thyroid hormone concentrations. The horses were fed fatsupplemented (10% animal fat) or conventional diets. There were no clear diet
effects, including on radiographic evidence for any abnormalities in the physes.
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Thus, so far there is no experimental support for the notition that high-fat diets
may reduce the risk of DOD.
Reduce intake of carbohydrate rich concentrate
Adult, non-exercising and non-lactating horses can be adequately fed on
diets consisting of roughage only. However, in order to meet their energy
requirements, intensively exercising horses have to be fed on diets with
concentrates. High concentrate diets have been associated with laminitis, gastric
ulcers, colic and diarrhoea (Garner et al., 1978, Rowe et al., 1994, Clarke et al.,
1990, Coenen, 1990). Reducing dry matter intake in combination with that of
highly fermentable carbohydrates can help to prevent these disorders. In a
controlled study with ponies, Coenen (1990) found significantly more gastric
ulcers in animals fed a concentrate diet only when compared to a hay diet.
The intake of large amounts of starch and sugars with concentrates has
been suggested to cause so-called “hot” or excitable behaviour (Greiwe et al.,
1989; Kohnke, 1992), but the suggestion is not based on controlled
experiments. As mentioned above (MacLeay et al., 1999), found differences in
behaviour when horses were fed either a carbohydrate-rich or a fat-rich
concentrate. According to results of Holland et al. (1996) dietary fat reduces the
activity and reactivity of horses. Horses fed diets containing 10% fat in the form
of either soy lecithin plus corn oil, soy lecithin plus soybean oil or corn oil
showed less reactiviy in visual stimulus, noise, and pressure tests when
compared to control horses fed a low-fat diet. The horses given the high-fat diet
also showed less spontaneous activity as measured with a pedometer.
Reduce intake of protein
Chronic renal failure sometimes occurs in older horses as a result of
glomerular or interstitial disease. For such patients, a diet low in protein,
phosphorus and calcium is recommended, which can be accomplished by adding
up to 20% vegetable oil to a grain-forage ration (Lewis, 1995).
The digestibility of fat can be depressed in liver-diseases because production and
excretion of bile can be disturbed (Zeyner, 1995). For patients with liver disease
and cholestasis, a low-protein, low-fat diet is considered suitable. There may be
a contra-indication for MCT in the diet. Although no bile is required for the
digestion and absorption of MCT, which may be beneficial for liver patients, the
oxidation by the liver may be diminished, leading to the accumulation of
octanoic acid. There is evidence that octanoic acid contributes to the
development of encephalopathy. Thus, for liver patients with cholestasis, a lowprotein, low-fat, high-carbohydrate diet may be advised.
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Conclusions
The fat content of horse diets generally is about 5% in the dry matter. With the
commercially available high-fat concentrates, fat levels higher than 8% in the
total dietary dry matter can be achieved only when pure oils are added to the
diet. Vegetable oils, especially corn oil, are more palatable to horses than animal
fats. Horses are capable to adequately digest fat in diets with fat levels as high
as 20%. An increase in dietary fat concentrations is associated with a decrease
in apparent crude fiber digestibility. The feeding of extra fat diet to horses, in
the form of soybean oil, causes a decrease in the level of plasma triacylglycerols
and an increased flux of plasma triacylglycerol-fatty acids. A high-fat diet
produces an increase in plasma levels of cholesterol. The degree of saturation of
the dietary fatty acids may not affect the plasma levels of cholesterol and
triacylglycerols in horses. Diets with medium-chain triacylglycerols (MCT)
stimulate the production of plasma triacylglycerols, leading to an elevation of
plasma triacylglycerols. Fat-supplemented diets may be advantageous for the
athletic performance of horses, in the treatment of horses with recurrent
rhabdomyolisis and may serve to reduce the intake of carbohydrates and/or
protein. So far there is no experimental support that high-fat diets may reduce
the risk of DOD in growing horses.
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Effect of dietary medium chain triacylglycerols

Summary

The hypothesis tested was that the feeding of medium chain
triacylglycerols (MCT) to horses would raise the level of plasma triacylglycerols
by increasing the availability of glucose as lipogenic substrate, implying that the
MCT effect would be greater with glucose in the diet instead of cellulose. A Latin
square experiment was carried out with 4 horses and 4 dietary treatments. The
experimental periods lasted 21 days. Blood samples were taken 16 h after
feeding. The diets consisted of hay and experimental concentrates, differing in
fat source (MCT or soybean oil) and carbohydrate source (corn starch plus
glucose or cellulose). The dietary variables, MCT or soybean oil, provided on
average 27% of total dietary net energy, while glucose plus cornstarch or
cellulose provided 33%. The feeding of MCT versus soybean oil significantly
raised the level of plasma triacylglycerols from 196.7 ± 30.2 to 427.3 ± 85.7
µmol/l and that of VLDL cholesterol from 0.028 ± 0.01 to 0.069 ± 0.01mmol/ml.
As based on analysis of variance, for the four experimental diets there was no
significant effect of carbohydrate source and no fat-carbohydrate interaction.
Thus, the hypothesis was rejected. When the diets contained soybean oil,
cellulose versus starch plus glucose produced significantly greater increase
plasma triacylglycerols. This carbohydrate effect was not seen when horses were
fed the MCT diets. The experimental concentrates did not differently influence
the concentrations of plasma glucose, total serum cholesterol, phospholipids,
insulin, free fatty acids and the activity of post-heparin lipoprotein lipase. We
suggest that the MCT-induced increase in plasma triacylglycerols is related to an
increase in hepatic VLDL secretion, with the extra substrate for increased
synthesis of triacylglycerols being the acetyl-CoA derived from the hepatic
oxidation of medium chain fatty acids.
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Introduction

Medium chain fatty acids generally refer to the fatty acids designated as
C8:0 and C10:0. These fatty acids are absorbed as free fatty acids and
transported as such to the liver via the portal vein. The liver retains most of
these fatty acids which undergo β-oxidation in the mitochondrial matrix, yielding
acetyl-CoA (Bach and Babayan, 1982). The acetyl-CoA produced can enter the
Krebs cycle or ketogenesis within the mitochondria, or its C2 units can be
transported to the cytosol and be used for de novo synthesis of fatty acids.
Medium chain triacylglycerols (MCT) may be used for clinical purposes such as
the treatment of disorders of lipid absorption and as an energy source for
enteral and parenteral nutrition ( Velázquez et al., 1996; Bell et al., 1991;
Bach and Babayan, 1982).
In monogastric species, but not in ruminants, the feeding of MCT raises
the concentration of plasma triacylglycerols, which are essentially located in the
very-low-density lipoproteins (VLDL), Geelen et al. (1995) found higher
concentrations of plasma triacylglycerols in rats fed a diet rich in MCT when
compared to those fed a diet with corn oil. A rise in plasma triacylglycerols after
MCT feeding was also found in humans (Swift et al., 1992) and dogs (Van
Dongen et al., 1999). However, in goats fed a ration with MCT, no change in
plasma triacylglycerols was seen (Van den Top et al., 1995). The increase in
plasma triacylglycerols in rats seen after MCT feeding instead of corn oil feeding
is explained by the observed MCT-induced stimulation of hepatic de novo fatty
acid synthesis (Geelen et al., 1995). The hepatic output of VLDL triacylglycerols
is determined by the availability within the liver of fatty acids and the rate of
their esterification (Beynen et al., 1981; Duerden et al., 1989). Possibly,
oxidation of MCT in the liver spares glucose which is then converted into fatty
acids. This reasoning could explain the observation (Van den Top et al., 1995)
that dietary MCT did not affect plasma triacylglycerols in goats. In ruminants,
the supply of glucose is limited due to fermentation of dietary non-structural
carbohydrates in the rumen. Thus, we hypothesized that dietary MCT will raise
the level of plasma triacylglycerols when glucose is abundant, but not when little
glucose is available. To test our hypothesis we used the horse as animal model.
Unlike ruminants, horses can be fed a diet rich in starch which provides glucose
that is absorbed in the small intestine. Horses can also be fed a diet rich in
cellulose which is fermented in cecum and colon, yielding volatile fatty acids
analogously to the situation in the foregut of ruminants. The horses used in this
experiment were fed rations differing in fat type (MCT versus soybean oil) and
3
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carbohydrate type (corn starch plus glucose versus cellulose). In plasma
samples, triacylglycerols were analysed as well as other measures of lipid
metabolism such as free fatty acids, cholesterol, phospholipids, lipoprotein
lipase activity and cholesterol in lipoprotein fractions.

Material and methods

The experimental design was approved by the animal experiments
committee of the Utrecht Faculty of Veterinary Medicine. Two mature Dutch
Warmblood geldings (bodyweight 519 and 640 kg) and two mares (body weight
472 and 693 kg) were used. The trial had a 4x4 Latin square design. Each
experimental period lasted 21 days. The four dietary treatments were
combinations of the type of carbohydrate (starch plus glucose or cellulose) and
fat ( MCT or soybean oil) as variables (see below). The horses were randomly
assigned to each sequence of feeding on the four experimental diets. The horses
were weighed before the start of the experiment and at the end of each
experimental period. During the experiment, the horses were housed
individually in pens with a layer of wooden shavings as bedding and had free
access to tap water. Natural daylight was the source of lighting. The horses were
walked on a treadmill daily for 1h.
To equalize energy intake for the four rations, the horses were fed twice
daily at 90% of their maintenance level as based on the Dutch net energy (NE)
system for horses (Centraal Veevoederbureau, 1996). Thus, the daily amount of
energy provided was 0.9 x 367 kJ NE/ kg of metabolic weight (kg0.75). The daily
ration consisted of grass hay:concentrate, in a 1:4 ratio on energy basis, which
was offered in two equal portions at 08.00 and 16.00 h. The test concentrates
were formulated by isoenergetic exchange of MCT (Stabilox 860) and soybean
oil and isoenergetic exchange of glucose plus corn starch and cellulose (Arbocel,
AKZO Chemicals, Arnhem, The Netherlands). The MCT was generously donated
by Loders Croklaan BV, Wormerveer, The Netherlands. The assessed NE
contents of the variables were as follows (MJ/kg product): MCT, 19.0 (Sucher,
1986); soybean oil, 24.9 (CVB, 1998) ; corn starch, 9.7 (CVB, 1998) ; glucose,
13.3 (Centraal Veevoederbureau, 1996); cellulose, 8.0 (estimated). Table 1
presents the ingredients and analysed composition of the concentrates. The
diets containing soybean oil had much lower relative percentages of linoleic acid
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than would be expected. When the pure soybeanoil was analysed for its fatty
acid composition about 21 % of the material could not be identified, pointing at
impurities possibly due to oxidation.
Unfortunately, the problem was discovered after the feeding trial had
been completed. Since the emphasis of this study is on the effects of MCT
feeding, the generated data are considered meaningful. As shown in Table 1 DMI
differed somewhat between the rations, but it is difficult to see that this would
influence lipid metabolism.
Blood samples were taken on the last day of each week, just before the
morning feeding. Blood was sampled from the jugular vein and collected in
evacuated tubes (Venoject R vacuum tubes, Terumo, Leuven, Belgium). The
tubes contained either Na-heparin (150 USPU per 10 ml blood) and paraoxon for
the determination of non-esterified fatty acids, NaF and K-oxalate (6.75 mg of
each per 2 ml blood) for glucose determination, EDTA for the determination of
lipoprotein lipase activity or no additive. The heparinized blood samples were
centrifuged for 10 to 15 min at approximately 2700 g, and the plasma was
collected and stored at -18º C until analysis. Glucose was determined
immediately after blood collection. Before the collection of blood samples for the
determination of lipoprotein lipase the horses were injected (i.v.) with 70 IU
heparin/kg body weight. After 5 and 10 min blood samples were collected in
EDTA-containing tubes, immediately put on ice and stored at -70º C until
analysis. Serum for determination of lipoproteins was collected at the end of
each experimental period. Serum lipoproteins were isolated by density-gradient
ultracentrifugation (see below) and frozen at -30° Cuntil analysis.
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TABLE 1
Composition of the experimental concentrates
MCT
Glucose

Soybean oil

Cellulose

Glucose

Hay

Cellulose

Ingredients, g
Constant components1

550

550

550

550

Cellulose

0

441.7

0

441.7

Glucose

150

0

150

0

Corn starch

150

0

150

0

MCT oil

150

150

0

0

0

0

116.7

116.7

1000

1141.7

966.7

1108.4

Dry matter

860.1

928.1

878.4

917.1

Crude protein

119.6

107.9

120.3

102.8

95

83.9

344.6

97.8

337.0

277

Crude fat

123.6

136.8

107.6

107.7

25

Crude ash

77.4

71.1

78.8

71.7

115

9.3

8.2

9.6

8.4

4.8

26.7

29.4

27.0

28.8

17.0

C8:0

55.6

56.6

4.0

1.2

C10:0

36.5

36.7

2.6

0.7

C16:0

1.4

1.2

17.8

21.4

C18:0

0.4

0.3

5.4

6.4

C18:1 n-9

1.1

0.9

24.8

26.8

C18:2 n-6

2.3

1.9

19.9

19.6

C18:3 n-3

1.6

1.4

1.9

1.0

Soybean oil
Total
Chemical analysis, g/kg

Crude fiber

930

Energy calculated,
MJ NE/kg
Average daily feed
intake, g DM/kg0.75
Selected fatty acids2,

1

Consisted of [g]: sugar beet molasses 50.0, alfalfa meal (CP: 140-160 g/kg) 342.4,

soybeanmeal (EE)100, linseed expeller 20, calcium carbonate 1.7, dicalcium phosphate
15.0, magnesium oxide 3.4, sodium chloride 15.0, and premix 2.5. The premix consisted
of 1.65 mg CoSO4•7H2O, 1.9 mg Na2SeO3•5H2O, 0.8 mg KIO3, 431 mg MnSO4•H2O, 68 mg
CuSO4•7H2O, 481 mg ZnSO4•H2O, 30 mg (15000 IU) retinyl acetate, 13.1 mg (1300 IU)
cholecalciferol, 600 mg (600 IU) dl-α-tocopheryl acetate, 4.5 mg thiamin, 4.5 mg
riboflavin, 4.5 mg vitamin B12, 1 mg biotine and 858.05 mg corn meal used as carrier.
2

6

g methyl esters per 100 g methyl esters, %
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During the experiment, the weekly sampled experimental feeds and hay
were ground and stored at room temperature (18º C). Samples of the grass hay
and the concentrates were subjected to the Weende analysis. Nitrogen in the
feedstuffs was measured by the Kjeldahl method (International Dairy
Federation, 1986). Protein (g) was calculated as nitrogen (g) x 6.25. Ether
extracts of the feedstuffs were prepared according to Folch et al. (1957). Plasma
glucose, total cholesterol, cholesterol in lipoprotein fractions, phospholipids and
triacylglycerols were measured with commercial test combinations (Boehringer
Mannheim GmbH Diagnostica, Mannheim, Germany). Plasma non-esterified fatty
acids were also analysed with a test combination (NEFA C, Wako Chemicals
GmbH, Neuss, Germany). Plasma insulin was measured with a
radioimmunoassay test kit (Coat-a-count® Insulin, Diagnostic Products
Corporation, Los Angeles). Serum lipoproteins were isolated by density-gradient
ultracentrifugation (Terpstra et al., 1981) at the following densities (d, kg/l):
very-low-density lipoproteins (VLDL), d<1.006; intermediate-density
lipoproteins (IDL), 1.006<d<1.019; low-density lipoproteins (LDL),
1.019<d<1.063; high-density lipoproteins (HDL2) 1.063<d<1.125; HDL3,
1.125<d<1.210. The post-heparin lipolytic activity was measured according to
Nilsson-Ehle and Schotz (1976) and Belfrage and Vaughan (1969). The activity
consists of lipoprotein lipase (LPL) and hepatic triacylglycerol lipase. Total lipase
activity was measured in the presence of 0.19 mol/l NaCl and LPL activity was
inhibited by the addition of 2.31 mol/l NaCl. LPL activity was calculated by
subtracting the hepatic lipase activity from total post-heparin lipolytic activity.
The plasma and feed lipids were analysed for their fatty acid composition as
described by Katan and Van de Bovenkamp (1987). Triacylglycerols and fatty
acids in plasma were extracted according to Wang & Frank (1983) and seperated
as described by Hamilton & Comai (1988). Lipids in feed and plasma were
saponified and methylated according to Metcalfe et al. (1966).
All data within dietary treatments were checked for normal distribution
using the Kolmogorov-Smirnov test (Wilkinson, 1990). The values from the end
of the experimental period were subjected to ANOVA with horse, experimental
period, type of fat, type of carbohydrate and the interaction term for type of fat
and carbohydrate as factors. When the influence of a dietary factor was
significant, the Bonferroni test was used to identify diets with different effects on
the variable involved. To evaluate the effect of variable carbohydrate source,
with invariable fat source, on plasma triacylglycerols, the data from the three
blood samplings were subjected to repeated measures ANOVA. Throughout, the
level of statistical significance was pre-set at P<0.05. Values are means (SE) for
four horses or for 16 measures as indicated.
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Results

All four horses remained healthy throughout the experiment and
consumed all the feed supplied. Dietary treatments did not influence body
weight.
Plasma glucose, serum total cholesterol, phospholipids and insulin
concentrations were not significantly affected by the dietary treatments.
Average plasma concentrations ± SE for all treatments (n=16) for free fatty
acids, glucose, cholesterol, phospholipids and insulin at the end of the
experimental periods were 0.46 ± 0.05 mmol/l, 3.91± 0.41 mmol/l, 2.27 ± 0.046
mmol/l, 1.99± 0.015 mmol/l and 5.52 ± 0.30 µIU/ml, respectively.
TABLE 2
Plasma concentrations of triacylglycerols in horses fed diets containing different fat (MCT
versus soybean oil) and carbohydrate sources (corn starch plus glucose versus cellulose)1
MCT
Duration of

Glucose

Soybean oil
Cellulose

Glucose

Cellulose

feeding (wk)
Plasma triacylglycerols (mmol/l)
1

0.51a

0.45a

0.16b

2

0.43

0.42

0.14

0.23

3

0.34

0.51a

0.17b

0.23

0.26

Results of repeated measures ANOVA: pooled SE, 0.072 mmol/l ; P value for fat type
effect, 0.003 ; P value for carbohydrate effect, 0.282 ; P value for fat-carbohydrate
interaction, 0.655
1

Values are means for four horses.

a,b

Means in the same row with different superscripts differ significantly (P < 0.05;

Bonferroni test).

The type of dietary fat, but not the type of carbohydrate, significantly
influenced the plasma level of triacylglycerols and the concentration of VLDL
cholesterol. Plasma triacylglycerols were significantly higher when the MCT diets
instead of the diets containing soybean oil had been fed (Table 2). There was no
interaction between the type of carbohydrate and the type of fat. Cholesterol
concentrations in the serum lipoprotein fractions did not differ between the
8
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diets, except for VLDL cholesterol. Average concentrations ± SE for all
treatments (n=16) of serum cholesterol concentrations in IDL, LDL, HDL2 and
HDL3 were 0.037 ± 0.008, 0.58 ± 0.031, 1.13 ± 0.015 and 0.64 ± 0.025 mmol/l
respectively. VLDL cholesterol was significantly greater when the MCT diets were
fed instead of soybean oil diets.

0,12

cholesterol [mmol/l serum]

0,10

a

0,08
a,b
0,06

a,b
0,04
b
0,02

0,00

MCT/glucose

MCT/cellulose

Soybean oil/glucose

Soybean oil/cellulose

FIGURE 1
Cholesterol concentrations in VLDL (mmol cholesterol/l serum) from horses fed diets
containing different fat (MCT versus soybean oil) and carbohydrate sources (corn starch
plus glucose versus cellulose). Values are means with their standard errors represented by
vertical bars. Mean values not sharing a common letter were significantly different. ANOVA
showed that there was no significant interaction of the type of fat and that of
carbohydrate.

Figure 1 shows the VLDL cholesterol concentrations after feeding the
four experimental rations for 3 wk. LPL activity was not significantly different
among the dietary treatment periods. Average LPL activity for all treatments (n=
16) ± SE was 8.13 ± 0.50 µmol free fatty acids released/ml.h at 5 min post-
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heparin administration and 8.60 ± 0.35 at 10 min post-heparin administration.
Hepatic triacylglycerol lipase was not affected either by dietary treatment.
The fatty acid composition of plasma free fatty acids and triacylglycerols
differed in that the former contained 8-9 times more 18:0 and 7-11 times less
18:1n-9, 18:2n-6 and 18:3n-3 (Table 3). The rations with soybean oil instead of
MCT produced an increase in 18:2n-6 in triacylglycerols, but did not influence
the composition of free fatty acids. The dietary type of carbohydrate had no
effect on either the composition of triacylglycerols or free fatty acids.
TABLE 3
Fatty acid composition of plasma free fatty acids and triacylglycerols in horses fed diets
containing different fat (MCT versus soybean oil) and carbohydrate sources (corn starch
plus glucose versus cellulose) for a period of three weeks1
MCT
Plasma

Glucose

Soybeanoil
Cellulose

Glucose

Cellulose

component
[g methyl ester per 100 g methyl ester]
Triacyl
glycerols

C8:0

0.0 ± 0.00

0.0 ± 0.00

0.0 ± 0.00

0.0 ± 0.00

C10:0

0.1 ± 0.14

0.2 ± 0.24

0.1 ± 0.13

0.0 ± 0.00

C16:0

26.7 ± 1.05

23.8 ± 0.34

22.5 ± 1.33

22.7 ± 1.97

C18:0

9.5 ± 0.97

8.4 ± 1.58

4.3 ± 0.26

5.9 ± 0.39

C18:1 n-9

27.1 ± 2.00

27.9 ± 1.43

23.4 ± 0.64

25.2 ± 1.63

C18:2 n-6

11.3 ± 1.69a

10.4 ± 0.94a

24.8 ± 1.40b

20.0 ± 0.72b

C18:3 n-3

11.0 ± 2.03

11.9 ± 2.49

11.8 ± 2.36

11.5 ± 3.08

Free fatty
acids

1

C8:0

0.0 ± 0.00

0.0 ± 0.00

0.0 ± 0.00

0.0 ± 0.00

C10:0

0.0 ± 0.00

0.4 ± 0.40

0.0 ± 0.00

0.3 ± 0.32

C16:0

27.6 ± 0.57

28.8 ± 0.63

29.0 ± 0.33

29.2 ± 0.41

C18:0

54.8 ± 2.05

55.2 ± 1.54

55.2 ± 0.99

52.6 ± 1.38

C18:1 n-9

4.0 ± 0.77

3.4 ± 0.09

3.9 ± 0.39

3.5 ± 0.32

C18:2 n-6

1.2 ± 0.73

0.9 ± 0.53

1.9 ± 0.69

2.3 ± 0.24

C18:3 n-3

0.0 ± 0.00

0.0 ± 0.00

0.0 ± 0.00

0.0 ± 0.00

Values for the selected fatty acids are means ± SE for four horses.

a,b

Means in the same row with different superscripts differ significantly (P < 0.05;

Bonferroni test).
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Discussion

In this study the horses were fed diets containing either MCT oil or an
isoenergetic amount of soybean oil. Thus, the effects of MCT seen reflect the
sum of the effects of MCT addition to the diet and those of the omission of
soybean oil. The results of this study confirms earlier work with horses (Zeyner
& Lengwenat, 1997) rats (Geelen et al., 1995), dogs (Van Dongen et al., 1999)
and humans (Swift et al., 1992) in that the feeding of MCT raised plasma
triacylglycerol levels. In all species, except for the rats and horses, blood
samples had been taken at least 12 h after feeding. We had hypothesized that
the effect of MCT in horses would be greater when the diet contained starch plus
glucose instead of cellulose. The hypothesis has to be rejected as there was no
interaction between fat source and carbohydrate source with regard to plasma
triacylglycerol concentrations. It is thus unlikely that the increase in plasma
triacylglycerols as induced by MCT is caused by a glucose sparing action and
consequent channeling of glucose into the pathway of de novo fatty acid
synthesis which in turn leads to enhanced VLDL secretion by the liver. In this
context, the measured plasma glucose concentrations, which did not differ
between dietary treatments, are not informative because they were determined
before feeding and in addition are hormonally controlled. However, the increase
in plasma triacylglycerols seen after MCT feeding of horses appears to be the
result of increased VLDL secretion. Plasma triacylglycerols in the fasting state
are essentially transported by VLDL, and the level of VLDL is determined by
hepatic secretion and extrahepatic breakdown. The latter probably was not
affected by MCT feeding as the activity of LPL was left unchanged. The low
degree of unsaturation of VLDL-triacylglycerols after MCT feeding could have
reduced VLDL catabolism by LPL (Paul et al., 1980). However, MCT feeding
raised VLDL cholesterol concentrations which may point to enhanced VLDL
secretion.
MCT feeding of horses probably stimulates hepatic VLDL-triacylglycerol
secretion, but where do the building blocks of the triacylglycerols come from?
Geelen et al. (1995) showed that dietary MCT raised the activities of fatty acid
synthase and acetyl-CoA carboxylase in the liver of rats, which is consistent with
increased de novo fatty acid synthesis. High rates of hepatic de novo synthesis
of fatty acids are associated with high rates of VLDL secretion (Beynen et al.,
1981). However, high rates of hepatic uptake of fatty acids and subsequent
esterification also are associated with high rates of VLDL secretion (Haagsman et
al., 1981). It is unlikely that MCT feeding increased hepatic uptake of fatty
11
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acids. The plasma levels of non-esterified fatty acids for the MCT diets and for
those containing soybean oil were not significantly different, indicating that MCT
feeding did not influence the extent of mobilisation of fatty acids from adipose
tissue. It could be suggested that ingestion of MCT instead of soybean oil would
cause a more negative energy balance in the fasting state because metabolism
of MCT may generate more heat expenditure (Hill et al., 1989). The increase in
plasma triacylglycerols seen after MCT feeding could relate to the degree of
saturation of fatty acids mobilized. Fatty acids deposited in the rapidly
exchangeable pool of fat tissue are representative of the dietary fat source
(Beynen et al., 1980). Thus, high amounts of the polyunsaturated linoleic acid
would have been incorporated when the horses were fed the diet containing
soybean oil. When assuming that the fatty acids deposited in fat tissue after
feeding the MCT diets were derived from de novo synthesis in the liver, then
these fatty acids would be relatively saturated. Beynen and Katan (1985) have
suggested that polyunsaturated fatty acids, as compared to saturated fatty
acids, are less efficiently incorporated into triacylglycerols, but are preferentially
converted by the liver into ketone bodies. To support or refute this suggestion
the plasma levels of ketone bodies and the fatty acid composition of the free
fatty acids could provide important information. Unfortunately, ketone bodies
were not analysed. However, the free fatty acids were not more saturated when
the MCT diets were fed. Thus, it can be excluded that MCT feeding raised plasma
triacylglycerols through altering the composition of plasma free fatty acids. As
mentioned above, the soybean-oil diets contained much less linoleic acid than
would be expected. This may explain that after consuming the soybean-oil diets
the fraction of linoleic acid in the plasma triacylglycerols was low when
compared with earlier work (Grunwald, 1991). Medium chain fatty acids are
preferentially oxidized in the liver (Bach and Babayan, 1982) which yields
acetyl-CoA that could be used as substrate for ketogenesis, this pathway
operating in horses as indicated by the observed rise in the concentration of
serum β-hydroxybutyrate after administration of two MCT doses per day (Zeyner
& Lengwenat, 1997). However, the acetyl-CoA may also serve as substrate for
lipogenesis after transport of the C2 moiety to the cytosol. In non-ruminants,
glucose is a major precursor of de novo synthesized fatty acids, whereas in
ruminants acetate derived from fermentation may fulfil this role (Ballard et al.,
1969). This may explain the observation (Van den Top et al., 1995) that goats
did not show a change in plasma triacylglycerol level after MCT feeding. The test
diet for those goats was obtained by isoenergetic replacement of hay by a MCTrich concentrate (Van den Top et al., 1995). If acetyl-CoA, derived from the
oxidation of medium chain fatty acids, and acetate, produced by fermentation of
12
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structural carbohydrates from hay, are equally lipogenic then there would indeed
be no difference in plasma triacylglycerols after feeding of either MCT or hay. In
horses, probably both glucose and acetate are used for de novo synthesis of
fatty acids, depending on the composition of ration. This could explain the
present results. MCT feeding versus the feeding of soybean oil would generate
more acetyl-CoA in the liver which in turn activated de novo fatty acid synthesis,
leading to enhanced VLDL secretion and the observed increase in plasma
triacylglycerols. Cellulose versus starch plus glucose would yield more acetate,
also raising plasma triacylglycerols. Indeed, when the diets contained soybean
oil, the incorporation of cellulose into the diets produced a significant (P= 0.04 ,
MANOVA) increase in plasma triacylglycerols (Table 2). This influence of
carbohydrate source was not systematically seen when the diets contained MCT,
possibly because de novo fatty acid synthesis was already maximally stimulated
as indicated by the high levels of plasma triacylglycerols. This interpretation of
the results implies that isoenergetic amounts of MCT and cellulose, when
compared with glucose and/or starch, will produce a similar increase in plasma
triacylglycerols. Further experiments are needed to test this hypothesis.
In sum, this study shows that MCT feeding of horses raised the level of
plasma triacylglycerols in the fasting state. This effect probably relates to a
MCT-induced increase in hepatic VLDL secretion due to stimulation of
triacylglycerol synthesis by providing extra substrate in the form of acetyl-CoA.
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Medium chain triacylglycerols or an isoenergetic amount of starch or cellulose

Summary

In a Latin square design, six horses were fed hay and concentrates with
isoenergetic amounts of either starch, cellulose or medium chain triacylglycerols
(MCT). The dietary variables provided on average 22% of total dietary net energy.
Plasma triacylglycerols and other variables of lipid metabolism were determined.
The experimental periods lasted 21 days. Blood samples were taken just before the
morning meal and three and six hours later. The diet rich in MCT significantly raised
the plasma level of triacylglycerols when compared to either the starch- or celluloserich diet. The plasma concentrations of 3-hydroxybutyrate, total cholesterol and
phospholipids were significantly higher when the horses were fed the ration with
MCT instead of either cellulose or starch. Postprandial insulin concentrations were
lowest for the MCT diet, and concentrations of free fatty acids were highest.
Lipoprotein lipase activity was not significantly different for the three diets. Our
study does not support the idea that cellulose feeding generates sufficient acetic
acid in the caecum and colon, so that it would enhance the provision of cytosolic
acetyl-CoA which in turn would stimulate hepatic fatty acid synthesis and then raise
plasma triacylglycerols.
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Introduction

Rations with high levels of medium chain triacylglycerols (MCT) raise the
concentration of plasma triacylglycerols in monogastric species (Geelen et al., 1999,
Van Dongen et al. 2000, Van Lith et al., 1990, Swift et al., 1992 , Hallebeek and
Beynen, 2001). The MCT-induced increase in plasma triacylglycerols is explained by
the observed stimulation of hepatic de novo fatty acid synthesis (Geelen et al. 1995)
and the direct relationship between hepatic de novo fatty acid synthesis and the
release of triacylglycerols in the form of very-low density lipoproteins (Beynen et al.,
1981). The liver rapidly oxidizes the medium chain fatty acids, yielding acetyl-CoA
(Bach and Babayan, 1982), which can enter the Krebs cycle or the pathway of
ketogenesis within the mitochondria. Alternatively, the C2 unit of acetyl-CoA can be
transported to the cytosol and be used for de novo synthesis of fatty acids. It
appears that the MCT-induced increase in plasma triacylglycerols is caused by
substrate-induced stimulation of fatty acid synthesis (Geelen et al., 1995). In an
earlier experiment (Hallebeek and Beynen, 2001), we observed a rise in plasma
triacylglycerols in horses fed a MCT-rich diet when compared to a diet containing
soybean oil. In the same experiment, it was found that isoenergetic replacement of
glucose by cellulose did not change plasma triaclyglycerols when the diet contained
MCT, but when it contained soybean oil, cellulose raised plasma triacylglycerols.
Cellulose is an insoluble fiber that undergoes bacterial degradation in the caecum
and colon of the horse (Fey and Sasse, 1996). The colonic and caecal
microorganisms in the horse can degrade food constituents as do rumen
microorganisms. About 75 % of the ingested cellulose may be fermented (Jansen et
al., 2001). A major product of cellulose fermentation is acetic acid (McBurney and
Thompson, 1989), which is absorbed by the caecum and colon. In the liver, the
acetic acid can be converted into acetyl-CoA and stimulate fatty acid synthesis
(Beynen et al., 1982) and raise plasma triacylglycerols as described above.
If acetyl-CoA, derived either from the oxidation of medium chain fatty acids or from
acetate produced by fermentation of cellulose is indeed lipogenic, then there would
be no or only a small difference in plasma triacylglycerols after feeding isoenergetic
amounts of either MCT or cellulose. In this experminent we tested our hypothesis by
feeding horses isoenergetic amounts of either starch, MCT or cellulose and
determined plasma triacylglycerol concentrations. In an attempt to explain the
3
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results obtained, we also measured plasma levels of non-esterified fatty acids, 3hydroxybutyrate, insulin and lipoprotein cholesterol concentrations.

Materials and methods

The experimental design was approved by the animal experiments
committee of the Utrecht Faculty of Veterinary Medicine. The trial had a 3 X 3 Latin
square design with six horses and three dietary treatments. Four mature geldings
and two mares (body weight: 424-549 kg) were used. Each experimental period
lasted 21 days. The three dietary variables were starch, MCT and cellulose (see
below). The horses were randomly assigned to each sequence of feeding on the
three experimental diets. They were weighed before the start of the experiment and
at the end of each experimental period. During the experiment, the horses were
housed individually in stands with a layer of wooden shavings as bedding and had
free access to tap water. Natural daylight was the source of lighting. The horses
walked in a mechanical walker for 1 hour daily.
The horses were fed twice daily at maintenance level as based on the Dutch
net energy (NE) system for horses (Centraal Veevoederbureau, 1996). Thus, the
daily amount of energy provided was 367 kJ NE/ kg of metabolic weight (kg0.75).
The daily ration consisted of grass hay:concentrate, in a 1: 3 ratio on energy basis,
which was offered in two equal portions at 08.00 and 20.00 h. The test concentrates
were formulated by isoenergetic exchange of cornstarch (1002.201/0), MCT
(Stabilox 860, Loders Croklaan BV, Wormerveer, The Netherlands) or cellulose
(Arbocel, AKZO Chemicals, Arnhem, The Netherlands). The isolated cornstarch was
heated during processing. The NE contents of the variables were taken to be as
follows (MJ/kg product): MCT, 19.0 (Sucher, 1986); corn starch, 9.7 (Centraal
Veevoederbureau, 1998) ; cellulose, 8.0. Table 1 presents the ingredients and
analysed composition of the concentrates. Calculated energy contents of the
concentrates were 7.18 MJ NE/kg for the starch-rich concentrate, 8.20 MJ NE/kg for
the MCT-rich concentrate and 6.79 MJ NE /kg for the cellulose-rich concentrate. The
analysed composition of the grass hay (dry matter, 907 g/kg) was as follows (g/kg
dry matter); crude protein, 142.6 ; crude fiber, 362.2; crude fat, 22.3 ; ash, 69.2.
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Table I
Composition of the experimental concentrates
Cellulose

MCT

Starch

754
0
305
0
1059

754
0
0
123
877

754
246
0
0
1000

Chemical analysis, g/kg
Dry matter
Crude protein
Crude fiber
Crude fat
Crude ash

913
115
397
27
67

858
139
105
124
80

907
114
96
30
71

Selected fatty acids
[g methyl ester/100 g methyl ester]
C8:0
C10:0
C16:0
C18:0
C18:1 n-9
C18:2 n-6
C18:3 n-3

1.7
0.4
20.5
2.7
24.4
19.1
8.0

39.2
40.9
3.1
0.4
5.0
6.7
3.2

1.4
0.5
20.6
2.7
25.1
19.4
8.9

Ingredients, g
Constant components1
Corn starch
Cellulose
MCT
Total

1

The 754.3 g of constant components consisted of (g): sugar beet molasses 41.0, alfalfa meal
(CP:140-160 g/kg) 280.7, soybeanmeal (fat extracted) 82.0, linseed expeller 16.4, oats 303.3,
calcium carbonate 1.4, dicalcium phosphate 12.3, magnesium oxide 2.8, sodium chloride 12.3
and premix 2.1. The 2.1 g premix consisted of 1.69 mg CoSO4.7H2O, 1.95 mg Na2SeO3.5H2O,
0.82 mg KIO3, 441.8 mg MnSO4.H2O, 69.7 mg CuSO4.7H2O, 493.0 mg ZnSO4.H2O, 30.8 mg
vitamine A (500000 IU/g), 13.4 mg vitamine D3 (10000 IU/g), 615.0 mg vitamine E (500
IU/g), 4.6 mg thiamin (purity, 100%), 4.6 mg riboflavin (purity, 100%), 4.6 mg vitamin B12
(purity, 10%), 1.0 mg biotine (purity, 100%) and 367.0 mg corn meal as carrier.
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Blood samples were taken on the day before last and on the last day of each
experimental period. On the day before last, blood was sampled just before the
morning meal and also three and six hours later. Samples were taken from the
jugular vein and collected in evacuated tubes (Venoject R vacuum tubes, Terumo,
Leuven, Belgium). We determined triacylglycerols, NEFA’s, 3-hydroxybutyrate,
cholesterol in lipoprotein fractions, lipoprotein lipase (LPL) activity, insulin, glucose,
cholesterol and phospholipids in blood samples taken before feeding and also
triacylglycerols, NEFA’s and insulin in samples taken at three and six hours after
feeding. The tubes contained either EDTA for the determination of triacylglycerols,
LPL activity and NEFA’s, or Na-heparin for the determination of 3-hydroxybutyrate,
insulin, phospholipids and cholesterol, or NaF and K-oxalate for glucose
determination. Serum lipoproteins were isolated by density-gradient
ultracentrifugation (see below) and frozen at -20° C until analysis. The EDTA and
heparin containing blood samples were centrifuged for 10 to 15 min at
approximately 2700 g, and the plasma was collected and stored at -18º C until
analysis. Glucose was determined immediately after blood collection. Before the
collection of blood samples for the determination of LPL on the last day of each
experimental period, the horses were injected (i.v.) with 70 IU heparin/kg body
weight. After 5 min, blood samples were collected in EDTA-containing tubes,
immediately put on ice and stored at -70º C until analysis. The experimental feeds
and hay were sampled weekly during the experiment. The feed samples were
ground and stored at room temperature (18º C).
Samples of the grass hay and the concentrates were subjected to the
Weende analysis. Nitrogen in the feedstuffs was measured by the Kjeldahl method
(International Dairy Federation, 1986). Protein (g) was calculated as nitrogen (g) x
6.25. Ether extracts of the feedstuffs were prepared according to Folch et al.
(1957). Plasma glucose, total cholesterol, phospholipids and triacylglycerols were
measured with commercial test combinations (Boehringer Mannheim GmbH
Diagnostica, Mannheim, Germany). For the determination of plasma NEFA’s, a test
combination of an optimized enzymatic colorimetric assay was used (NEFA C, Wako
Chemicals GmbH, Neuss, Germany ) as described by Shimizu et al. (1980). Plasma
3-hydroxybutyrate was analysed with a commercial kit (Ranbut RB1007, Ranbox
Laboratories LTD, UK). Plasma insulin was measured with a radioimmunoassay test
kit (Coat-a-count® Insulin, Diagnostic Products Corporation, Los Angeles). Serum
lipoproteins were isolated by density-gradient ultracentrifugation (Terpstra et al.
6
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1981) at the following densities (d, kg/l): very-low-density lipoproteins (VLDL),
d<1.006; intermediate-density lipoproteins (IDL), 1.006<d<1.019; low-density
lipoproteins (LDL), 1.019<d<1.063; high-density lipoproteins (HDL2)
1.063<d<1.125; HDL3, 1.125<d<1.210. The lipoprotein lipid concentrations were
measured enzymatically with an autoanalyser (COBAS-BIO, Hofmann-La Roche,
Mijdrecht, The Netherlands) and test combinations purchased from Boehringer,
Mannheim, Germany. The post-heparin lipolytic activity was measured according to
Nilsson-Ehle and Schotz (1976) and Belfrage and Vaughan (1969). The activity
consists of LPL and hepatic triacylglycerol lipase. Total lipase activity was measured
in the presence of 0.19 mol/l NaCl and LPL activity was inhibited by the addition of
2.31 mol/l NaCl. LPL activity was calculated by subtracting the hepatic lipase activity
from total post-heparin lipolytic activity. The plasma and feed lipids were analysed
for their fatty acid composition as described by Katan and Van de Bovenkamp
(1987). Plasma lipids were extracted using octane according to the method of Wang
et al. (1983). Plasma lipids were separated using silica sep-pak columns according
to Hamilton et al. (1988). Triacylglycerols were saponified using methanolic
sodiumhydroxide and together with the free fatty acids fraction converted into their
methyl esters using BF3 in methanol. Fatty acid analyses were performed by GLC
(Chrompack CP 9002, Middelburg, The Netherlands) using a flame ionization
detector, a Chrompack column (length 25 m, diameter 0.32 mm) and H2 as a carrier
gas (Metcalfe et al., 1966).
All data within dietary treatments were checked for normal distribution using
the Kolmogorov-Smirnov test (Wilkinson, 1990). The values for the end of the
experimental periods were subjected to ANOVA with horse, experimental period and
dietary variable as factors. When the influence of a dietary variable was significant,
the Fisher's LSD test was used to identify diets with different effects on the plasma
variable involved. The level of statistical significance was pre-set at P<0.05. Values
are presented as means ± SE, n=6.
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Results

All six horses remained healthy throughout the experiment and consumed
all the feed supplied. Dietary treatments did not significantly influence body weight.
The diet rich in MCT versus either the starch- or cellulose-rich diet,
significantly raised the plasma level of triacylglycerols, both in the fasting and fed
state (Table II). The plasma level of NEFA’s showed no diet effect in the fasting
state. Feeding produced a marked fall in NEFA’s, but the postprandial levels
remained significantly higher when the MCT diet was fed (Table II). In the fasting
state, the plasma concentration of 3-hydroxybutyrate was significantly higher when
the horses were fed the ration with MCT instead of either cellulose or starch (Table
III). Plasma concentrations of total cholesterol and phospholipids in the fasting state
differed significantly between the treatments. Total cholesterol was significantly
raised when the MCT-rich diet was fed when compared to the diet containing starch
(Table III). The concentration of phospholipids in plasma was significantly higher on
the MCT diet when compared to either the cellulose or starch diets (Table III).
Table II
Plasma triacylglycerol- (TAG) and non esterified fatty acids (NEFA’s) concentrations in horses
when fed the three experimental rations; values are given for the fasted state (t=0) and for
three (t=+3) and six (t=+6) hours after feeding1
Dietary variable

TAG

t=0
t=+3
t=+6

NEFA

1

MCT

Starch

0.20a ± 0.025

mmol/l
0.37b ± 0.061

0.20a ± 0.044

a

0.23 ± 0.029
a

0.16 ± 0.019

b

0.21a ± 0.034

b

0.15a ± 0.021

0.37 ± 0.081
0.22 ± 0.032

t=0

0.191 ± 0.037

0.229 ± 0.042

0.173 ± 0.079

t=+3

0.012a ± 0.002

0.052b ± 0.008

0.011a ± 0.003

t=+6

0.012a ± 0.002

0.056b ± 0.009

0.008a ± 0.001

Values are means ± SE, n=6

a,b

Means in the same row with different superscripts differ significantly (P<0.05, Fisher's LSD

test)
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Table III
Plasma concentrations of cholesterol, phospholipids and 3-hydroxybutyrate in horses when fed
the three experimental rations1
Dietary variable
cellulose

MCT

Starch

mmol/l
Cholesterol

2.01 ± 0.083ab

2.10 ± 0.035a

1.91 ± 0.088b

Phospholipids

1.47 ± 0.038a

1.67 ± 0.029b

1.42 ± 0.049a

3-hydroxybutyrate
0.21 ± 0.006a
1
Values are means ± SE, n=6

0.27 ± 0.030b

0.19 ± 0.013a

a,b

Means in the same row with different superscripts differ significantly (P<0.05, Fisher's LSD

test)

Cholesterol concentrations in the plasma lipoprotein fractions VLDL and IDL
were not affected by the diets. Average concentrations for the three treatments
(n=18; mean ± SE) were 0.048 ± 0.011 and 0.045 ± 0.006 mmol/l , for IDL and
VLDL respectively. HDL2 and HDL3 cholesterol concentrations in the fasting state
were significantly higher when the MCT diet was fed instead of either the starch or
cellulose rich diet (Table IV) . LDL cholesterol was lower when the horses were given
the MCT diet (Table IV). LPL activity in the fasting state was not significantly
different among the three diets. Average LPL activity for the three treatments (n=
18; mean ± SE) was 8.03 ± 0.44 µmol free fatty acids released/ml.h at 5 min postheparin administration. Hepatic triacylglycerol lipase was significantly raised after
ingestion of MCT, the activity being 6.9 ± 0.53 µmol free fatty acids released/ml.h
(n=6; mean ± SE) as compared values of 5.2 ± 0.37 and 5.3 ± 0.17 for the cellulose
and starch diet, respectively.
Plasma glucose in the fasting state was not significantly affected by the
dietary treatments, the average concentration being (n=18; mean ± SE) 4.0 ± 0.09
mmol/l. Plasma insulin in samples taken before feeding showed no significant
differences between the treatments (Table V). The rise of plasma insulin at three
hours after feed ingestion was significantly lower for the MCT diet than for either the
starch- or cellulose diet (Table V). The fatty acid composition of plasma total lipids
when the horses were fed one of the three rations differed in that the MCT diet
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raised the relative percentage of C10:0, C12:0 and C18:0 and lowered that of
C15:0, C16:0, C17:0, C20:1, C20:3 n-6 and C20:4 n-6 (Table VI).
Table IV
Cholesterol concentrations in plasma lipoprotein fractions in horses when fed the three
experimental rations

1

Dietary variable
Cellulose

MCT

Starch

mmol/l
LDL

0.50 ± 0.05a

0.34 ± 0.02b

0.41 ± 0.04c

HDL2

0.85 ± 0.05a

0.93 ± 0.03b

0.79 ± 0.04a

HDL3

a

b

0.42 ± 0.03a

0.41 ± 0.03

0.60 ± 0.02

1

Values are means ± SE, n=6
Means in the same row with different superscripts differ significantly (P<0.05, Fisher's LSD
test)

a,b,c

Table V
Plasma insulin concentrations in horses when fed the three experimental rations; values are
given for the fasted state (t=0) and for three (t=+3) and six (t=+6) hours after feeding1.
Dietary variable
cellulose

MCT

Starch

µIU/ml
t=0

9.73 ± 1.54

11.47 ± 3.21

13.5 ± 2.63

t=+3

34.1 ± 8.93a

21.8 ± 6.33b

34.3 ± 6.87a

t=+6
21.0 ± 3.65b
17.1 ± 2.77b
30.3 ± 6.77a
1
Values are means ± SE, n=6
a,b
Means in the same row with different superscripts differ significantly (P<0.05, Fisher's LSD
test)
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Table VI
Fatty acid composition of plasma total lipids in horses when fed the three experimental rations1
Dietary variable
Cellulose

MCT

Starch

g methylester/100 g methylesters
C8:0

0.0 ± 0.00

0.1 ± 0.04

0.0 ± 0.00

C10:0

0.2 ± 0.04a

1.5 ± 0.39b

0.2 ± 0.04a

C12:0

0.0 ± 0.00a

0.3 ± 0.03b

0.0 ± 0.00a

C15:0

0.2 ± 0.04a

0.1 ± 0.03b

0.2 ± 0.01a

a

C16:0

14.4 ± 0.41

C17:0

a

C18:0

0.5 ± 0.06

15.6 ± 0.47

a

a

13.6 ± 0.31
0.3 ± 0.02

b

17.2 ± 0.63

b

14.7 ± 0.45a
0.4 ± 0.02c
14.4 ± 0.39a

b

1.1 ± 0.04c
12.6 ± 0.82

C18:1 n-7

1.0 ± 0.05

C18:1 n-9

13.1 ± 0.72

12.8 ± 0.65

C18:2 n-6

46.8 ± 0.88

45.6 ± 1.37

C18:3 n-3

2.7 ± 0.25a

3.2 ± 0.26b

0.2 ± 0.05a,b

0.1 ± 0.03a

0.3 ± 0.03b

0.1 ± 0.06

b

0.3 ± 0.06a

0.7 ± 0.07

b

0.9 ± 0.05a

C20:1
C20:3 n-6
C20:4 n-6

0.2 ± 0.07

a

0.9 ± 0.06

a

1.0 ± 0.06

b

47.9 ± 1.05
2.8 ± 0.44

a,b

1

Values are means ± SE, n=6
Means in the same row with different superscripts differ significantly (P<0.05, Fisher's LSD
test)

a,b,c

Discussion

This study confirms earlier work with horses (Zeyner and Lengwenat,1997;
Hallebeek and Beynen, 2001) in that the feeding of MCT raises plasma
triacylglycerol levels. In our earlier study (Hallebeek and Beynen, 2001), MCT was
compared with soybean oil. The present results show that MCT also elevates the
level of plasma triacylglycerols in horses when it is compared with isoenergetic
amounts of either cellulose or starch. We had hypothesized that cellulose and MCT
would have a similar effect on plasma triacylglycerols, but our hypothesis has to be
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Medium chain triacylglycerols or an isoenergetic amount of starch or cellulose

rejected. Thus, our study does not support the idea that cellulose feeding generates
sufficient acetic acid in the caecum and colon, which in turn would enhance the
provision of cytosolic acetyl-CoA, thereby stimulating hepatic fatty acid synthesis
and raising plasma triaclyglycerols. In rats, the MCT-induced increase in plasma
triacylglycerols can be explained by the observed stimulation of hepatic de novo
fatty acid synthesis (Geelen et al., 1995). MCT is preferentially oxidized by the liver
and yields acetyl-CoA (Bach and Babayan, 1982), which may be transported to the
cytosol and trigger de novo fatty acid synthesis. An increased rate of hepatic fatty
acid synthesis is associated with enhanced secretion of triacylglycerols (Beynen et
al, 1981).The fatty acid composition of plasma total lipids agrees with the notion
that medium chain fatty acids are preferentially oxidized and not elongated. The
plasma lipids showed only a slight elevation of C10:0 and C12:0 when the MCT rich
diet was fed, whereas the diet was abundant in C8:0 and C10:0.
The lack of effect of cellulose versus starch on plasma triacylglycerols could
relate to a rapid fermentation of cellulose leading to the formation of propionic acid
at the expense of acetic acid. Pure cellulose instead of cellulose in a matrix of cell
wall material may be subject to rapid fermentation (Bailoni et al., 1999). The
cellulose-derived propionic acid will be converted into glucose rather than cytosolic
acetyl-CoA. Cellulose feeding raised postprandial insulin concentrations to a similar
extent as did starch feeding, which could point at rapid glucose formation from
cellulose. Glucose may serve as a precursor of lipogenesis, but is less stimulatory
than acetate (Beynen et al., 1982). Moreover, any cellulose-derived acetic acid may
be transported to tissues other than the liver and be used as source of energy
(MacDonald, 1995; Skutches et al., 1979) and thus would not lead to stimulation of
hepatic fatty acid synthesis.
There is an apparant discrepancy between the outcome of this and our
earlier study (Hallebeek and Beynen, 2001). In horses fed concentrates rich in
soybean oil (112.0 g/kg dry matter) we found earlier that dietary cellulose versus
glucose raised plasma triacylglycerols. In this study, using low-fat concentrates
(31.2 g fat/kg dry matter), the feeding of cellulose instead of starch did not
influence plasma triacylglycerols. On a high-fat diet containing soybean oil, hepatic
de novo synthesis of fatty acids will be depressed (Geelen et al., 2001). If cellulose
feeding would indeed supply significant amounts of acetic acid to the liver, the
acetyl-CoA derived from acetic acid in the cytoplasma may stimulate de novo fatty
acid synthesis by providing extra substrate even though the activities of the
12
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lipogenic enzymes are low. In contrast to acetic acid, glucose cannot act as a
precursor. Glucose can be transformed to acetyl-CoA in the mitochondria, and
subsequently into citrate, but the transport to the cytoplasma by the citrate carrier
is depressed on a high-fat diet (E. Gnoni, personal communication). When the diet
is low in fat, both acetyl-CoA derived from glucose in the mitochondria and from
acetic acid in the cytoplasma can be used for de novo fatty acid synthesis. This
reasoning would explain that starch and cellulose, when incorporated into a low-fat
diet as was done in this study, did not differentially influence the concentration of
plasma triacylglycerols.
There was a significant increase in plasma 3-hydroxybutyrate in the fasting
state when the MCT-rich diet was fed, pointing at enhanced oxidation of fatty acids.
The substrate of ketone body formation most likely was dietary MCT as NEFA’s in
fasting plasma were not increased, which is in line with an unchanged insulin level
in the fasting state. The postprandial insulin response was lower for the MCT diet
than for the cellulose and starch diets. This diet effect explains why the fall in
NEFA’s after feeding was less when the MCT diet was fed. High insulin
concentrations will inhibit lipolysis and thus the release of NEFA’s from adipose
tissue (Watson, 1998). In fasting state, the levels of NEFA’s were similar for all
dietary treatments, but the plasma level of triacylglycerols was significantly higher
on the MCT rich diet. The level of NEFA’s is an important determinant of hepatic
triacylglycerol synthesis (Haagsman and Van Golde, 1981). It appears however, that
in horses fed MCT the level of NEFA’s does not determine plasma triacylglycerols. As
mentioned above, the MCT-induced increase in plasma triacylglycerols relates to
acetyl-CoA provision. The level of triacylglycerols is also determined by the activity
of lipoprotein lipase (LPL), but there was no significant effect of MCT feeding on the
activity of LPL when compared to either cellulose or starch feeding. This observation
is in contrast to high fat diets containing long chain fatty acids, which increase LPL
activity (Geelen et al., 1999 ; Orme et al., 1997). A high level of triacylglycerols in
combination with an unchanged LPL activity, as found after ingestion of MCT,
implies an increased turnover of triacylglycerols. When triacylglycerols in VLDL are
hydrolysed by LPL, surface material of VLDL particles, including apoproteins,
cholesterol and phospholipids, is transferred to HDL (Stanley et al., 1986). Indeed,
the MCT diet produced an increase in HDL cholesterol concentrations. The increase
in total cholesterol may be explained by the extra HDL cholesterol. HDL particles are
rich in phospholipids, explaining that MCT feeding raised the plasma concentration
13
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of total phospholipids. The MCT-induced lowering of LDL cholesterol cannot be
readily explained.
In conclusion, this study with horses indicates that MCT feeding versus
either starch or cellulose elevates plasma triacylglycerol concentrations. The MCTinduced increase in triacylglycerols is explained by stimulation of de novo fatty acid
synthesis in the liver through the provision of substrate in the form of acetyl-CoA.
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Production and clearance of plasma triacylglycerols

Summary
The hypothesis was tested that the feeding to ponies of a diet containing
medium-chain triacylglcyerols (MCT) instead of soybean oil causes an increase in
the production of plasma triacylglycerols, which, under steady-state conditions,
is associated with an increased clearance of triacylglycerols. Six ponies were fed
rations containing either MCT or an isoenergetic amount of soybean oil according
to a cross-over design. The concentration of MCT in the total dietary dry matter
was about 13%. When the ponies were fed the diets for three weeks, plasma
triacylglycerol concentrations were 0.42 ± 0.09 and 0.17 ± 0.03 mmol/l (means
± SE, n=6) for the MCT and soybean-oil treatment, respectively. Plasma
triacylglycerol production was assessed using the Triton method and clearance
with the use of Intralipid infusion. Plasma triacylglycerol production was 2.91 ±
0.88 and 0.50 ± 0.14 µmol/l.min (means ± SE, n=4) for the diets containing
MCT and soybean oil, respectively. It is suggested that the calculated rates of
triacylglycerol production are underestimated, the deviation being greatest
when the ponies were fed the ration of soybean oil. The group-mean values for
triacylglycerol clearance were 4.28 and 3.52 µmol/l.min for MCT and soybean oil
feeding, respectively. It is concluded that the data obtained support our
hypothesis.
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Introduction

In an earlier experiment (HALLEBEEK and BEYNEN, 2001), we observed
a rise in plasma triacylglycerols when horses were fed a diet rich in mediumchain triacylglycerols (MCT) instead of soybean oil. The MCT-induced increase in
plasma triacylglycerols may be explained by stimulation of hepatic de novo fatty
acid synthesis as observed in rats (GEELEN et al. 1995). There is a direct
relationship between hepatic de novo fatty acid synthesis and the release of
triacylglycerols in the form of very-low density lipoproteins (BEYNEN et al.,
1981). In the fasting state, the level of plasma triacylglycerols is determined by
the rate of triacylglycerol secretion by the liver and by breakdown through
lipoprotein lipase (LPL). The feeding of MCT to horses had no significant effect
on the plasma activity of heparin-released LPL when compared with the feeding
of soybean oil (HALLEBEEK and BEYNEN, 2001).
It could be suggested that MCT consumption by horses stimulates de
novo fatty acid synthesis, causing an increase in the concentration of plasma
triacylglycerols. The increase in plasma triacylglycerols in combination with an
unchanged activity of LPL allows for reaching a new steady state. In that state,
the increased rate of triacylglycerol secretion by the liver is associated with an
increased rate of clearance of plasma triacylglycerols. To substantiate this
reasoning, we have measured plasma triacylglycerol production and clearance in
ponies fed diets containing either MCT or soybean oil. Triacylglycerol production
was indirectly measured with the use of the non-ionic detergent, Triton WR1339
which was administered intravenously. Triton WR 1339 (oxyethylated t-octylphenol polymethylene polymer) selectively inhibits LPL so that plasma
triacylglycerols accumulate, the rate of accumulation being an index of plasma
triacylgycerol production (BORENSZTAJN et al., 1976). The elimination of
exogenous triacylglycerols from the blood was determined using the artificial fat
emulsion Intralipid, which is considered a valid method to assess the removal
rate of endogenous plasma triacylglycerols (RÖSSNER et al., 1974).
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Materials and Methods
Animals, diets and experimental design
Six Shetland ponies (geldings) weighing 136-206 kg were fed
concentrates with either soybean oil or MCT (Table 1) in a cross-over design
with wash-out period. The feeding periods lasted 4½ weeks. During the washout period, the ponies were fed a glucose-rich concentrate. The ponies were
randomly assigned to each sequence of feeding on the two experimental diets.
They were weighed before the start of the experiment and at the end of each
experimental period. During the experiment, the ponies were housed individually
with a layer of wooden shavings as bedding and had free access to tap water.
The ponies walked in a mechanical walker for 1 hour daily.
The ponies were fed twice daily at maintenance level as based on the
Dutch net energy (NE) system (CENTRAAL VEEVOEDERBUREAU, 1996). Thus,
the daily amount of energy provided was 351 kJ NE/ kg of metabolic weight
(kg0.75). The ration consisted of grass hay:concentrate in a 1: 3 ratio on energy
basis and was offered in two equal portions at 10.00 and 22.00 h. The test
concentrates were formulated by isoenergetic exchange of MCT (Unilever, EttenLeur, The Netherlands) or soybean oil. The NE contents of the variables were
taken to be 19 and 25 MJ/kg product for MCT (SUCHER, 1996) and soybean oil
(CENTRAAL VEEVOEDER BUREAU, 2000), respectively. Table 1 presents the
ingredients and calculated composition of the concentrates. Calculated energy
contents of the concentrates were 9.7 and 10.1 MJ NE/kg for the MCT-rich and
the soybean oil-rich concentrate, respectively. The analysed composition of the
grass hay (dry matter, 907 g/kg) was as follows (g/kg dry matter); crude
protein, 77.0 ; crude fiber, 377.2 ; crude fat, 13.2 ; ash, 49.0 . During the
wash-out period, all six ponies received a concentrate identical to the test
concentrates except for the variable fat sources that were replaced by an
isoenergetic amount of glucose. The NE content of glucose was taken to be 13
MJ/kg product (CENTRAAL VEEVOEDER BUREAU, 2000) and the calculated NE
content of the glucose-rich concentrate was 9.0 MJ/kg.
Sampling procedures
After three weeks on each diet, prior to feeding in the morning, blood samples
were taken from the jugular vein in heparinized tubes for the determination of
triacylglycerols. The samples were centrifuged for 10 to 15 min at approximately
2700 g, and the plasma was collected and stored at -18º C until analysis. One
day later, before the morning feeding, blood samples were obtained in EDTA-
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containing tubes at 5 min after intravenous injection of heparin for the analysis
of LPL. The dose of heparin was 70 IU/kg body weight as described by WATSON
et al. (1993).
Table 1
Composition of the experimental concentrates.
Soybean oil

MCT

Ingredients,g
Constant components1
MCT
Soybean oil

850

850

-

192.9

150

-

1000

1042.9

Dry matter

908

911

Crude protein

119

114

Crude fat

166

200

Crude fiber

109

105

Total
Calculated composition, g/kg

1
The 850 g of constant components consisted of (g): sugar beet molasses 50, alfalfa meal
(crude protein:140-160 g/kg) 342.4, soybean meal (fat extracted) 100, linseed expeller
20, popped corn 150, glucose 150, calcium carbonate 1.7, dicalcium phosphate 15,
magnesium oxide 3.4, sodium chloride 15 and premix 2.5. The 2.5 g premix consisted of
1.7 mg CoSO4.7H2O, 1.9 mg Na2SeO3.5H2O, 0.8 mg KIO3, 431 mg MnSO4.H2O, 68 mg
CuSO4.7H2O, 481 mg ZnSO4.H2O, 30 mg vitamin A (500000 IU/g), 13.1 mg vitamin D3
(10000 IU/g), 600 mg vitamin E (500 IU/g), 4.5 mg thiamin (purity, 100%), 4.5 mg
riboflavin (purity, 100%), 4.5 mg vitamin B12 (purity, 10%), 1 mg biotin (purity, 100%)
and 858.1 mg corn meal as carrier.

Blood samples were immediately put on ice and plasma was collected and
stored at –80 ºC until analysis. After four weeks on the experimental diets,
before the morning feeding, Intralipid® (Fresenius Kabi Nederland B.V., ’s
Hertogenbosch, The Netherlands) was administered through intravenous
injection into the jugular vein. The amount infused was 0.3 ml /kg body weight,
which was done within 3 min. Blood samples for the determination of
triacylglycerols were collected into heparinized tubes using an indwelling jugular
catheter. Samples were taken immediately before infusion and then every 2 min
for 30 min, followed by three times every 5 min and 4 times every 10 min. Feed
was supplied 1.5 hours after the infusion of Intralipid. After four-and-a-half
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weeks on the experimental diets, before the morning feeding, Triton WR1339,
made of dissolving 100 mg/ml Tyloxapol® in phosphate buffered saline (SigmaAldrich Chemie BV, Zwijndrecht, The Netherlands) (LONGWORTH, et al., 1996)
was administered through intravenous injection into the jugular vein within
approximately 30 min. The detergent was infused at a dose of 100 mg/kg body
weight. Blood samples for determination of plasma triacylglycerols were
collected into heparinized tubes before infusion, at the end of the infusion and
every hour for a period of 8 hours. Five hours after Triton infusion, heparin was
administered and blood samples were obtained for the analysis of LPL as
described above. Feed was supplied at hours after finishing the infusion of
Triton.
Chemical analysis
Plasma triacylglycerols were measured with a commercial test combination
(Boehringer Mannheim GmbH Diagnostica, Mannheim, Germany). The postheparin lipolytic activity was measured according to NILSSON-EHLE and SCHOTZ
(1976) and BELFRAGE and VAUGHAN (1969). The activity consists of LPL and
hepatic triacylglycerol lipase. Total lipase activity was measured in the presence
of 0.19 mol NaCl/l and LPL activity was inhibited by the addition of 2.31 mol
NaCl /l. LPL activity was calculated by subtracting the hepatic lipase activity
from total post-heparin lipolytic activity.
Statistical analysis
Post-Triton plasma triacylglycerol concentrations, until heparin injection, for
each pony on each diet were subjected to lineair regression analysis. Prior to
regression analysis, the baseline value was subtracted from each triacylglycerol
concentration. Visual inspection of the data, when blinded to treatment
modality, led to the exclusion of one animal because triacylglycerols fell instead
of rose. Another animal was excluded because, prior to Triton injection, its
triacylglycerol concentrations were decreased instead of increased while on the
MCT diet. While unaware of the dietary treatment, one data point from the data
set of one pony was removed, and so were two data points from another pony
as they were considered outliers. Thus, the data sets for four ponies could be
used to calculate triacylglycerol production. Lineair regression coefficients for the
increase in triacylglycerols in the individual ponies fed the two rations were
found be 0.42, 0.61, 0.89, 0.99, 0.93, 0.99, 0.95 and 0.99.
Triacylglycerol clearance was calculated on the basis of the values after
Intralipid infusion. In one pony the triacylglycerol level was not increased after
Intralipid administration so that this animal was excluded. After subtracting the
6
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basal triacylglycerol concentrations, the decay curves for exogenous
triacylglycerols were constructed. The model describing the disappearance of
infused triacylglycerols was:
Y = B * e –k*time in which B= µmol triacylglycerol/l at 2 min after Intralipid
infusion and after subtracting the baseline value, k = fractional clearance rate,
time = min. The slopes of the semi-logarithmic decay curves were determined
by means of least-square lineair regression. Multiplying the values of the slopes
with 100 gives the fractional removal rates (%). Lineair regression coefficients
of the semi-logarithmic decay curves for the individual ponies fed the two
rations were 0.62, 0.75, 0.77, 0.88, 0.93, 0.97, 0.97, 0.98, 0.98 and 0.98. Diet
effects for all variables were evaluated with the Student’s paired t-test
(WILKINSON, 1990). The level of statistical significance was preset at P< 0.05.

Results
Plasma triacylglycerols and LPL
When the ponies were fed the glucose-rich diet for three weeks, plasma
triacylglycerol concentration was 0.31 ± 0.04 mmol/l (mean ± SE, n=6). After
feeding the MCT-rich diet for three weeks, plasma triacylglycerol concentration
was 0.42 ± 0.09 mmol/l and after feeding the diet containing soybean oil it was
0.17 ± 0.03 mmol/l. Values for the MCT and soybean-oil diet differed
significantly. Post-heparin LPL activity when the soybean-oil diet was fed (13.7
± 1.59 µmol fatty acids/ml.h) was significantly higher than after feeding the
glucose diet (8.0 ± 0.45 µmol fatty acids/ml.h) or the MCT diet (7.8 ± 0.78 µmol
fatty acids/ml.h).
Triacylglycerol production
Baseline triacylglycerol concentrations were 0.42 ± 0.15 and 0.17 ±
0.03 mmol/l (mean ± SE, n=4) for the MCT and soybean-oil containing rations,
respectively. Figure 1 illustrates the two regression lines for the post-Triton
increase in group-mean plasma triacylglycerol concentrations. The slopes, which
represent plasma triacylglycerol production, were significantly different,
indicating that triacylglycerol production was higher when the ponies were fed
MCT instead of soybean oil. The production rates as calculated on the basis of
individual regression lines are shown in Figure 2. The post-heparin LPL activity
measured five hours after the infusion with Triton was 7.1 ± 0.83 and 4.1 ±
7
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0.18 µmol fatty acids/ml.h for the soybean oil and MCT treatment (P=0.01),
respectively.

1400

Plasma triacylglycerols, umol/l

1200
y = 2,91x + 16,47
R2 = 0,99

1000

MCT

800

600

400
y = 0,50x + 16,73
R2 = 0,80

200

Soybean oil
0
0

50

100

150

200

250

300

350

Time after Triton infusion (min)

Figure 1
Time course of plasma triacylgycerol concentrations (corrected for zero-time values) after
Triton infusion (at zero time) when the ponies were fed the rations containing either
soybean oil or MCT. Results are means ± SE (bars) for four animals. The regression lines
are based on the treatment-mean values.

Triacylglycerol clearance
Plasma triacylgycerol concentrations prior to Intralipid infusion were 0.42
± 0.13 and 0.16 ± 0.03 mmol/l (mean ± SE, n=5) when the ponies were fed
the diets with MCT and soybean oil, respectively. The fractional clearance rates
were found to be 1.02 ± 0.40 and 2.15 ± 0.33 % (mean ± SE, n=5) when the
ponies were given MCT and soybean oil, respectively. The absolute clearance of
triacylglycerols was calculated by multiplying the fractional clearance rate with
the basaline level of plasma triacylglycerols. The absolute clearances as based
on those in individual ponies were found to be 3.35 ± 0.53 and 2.89 ± 0.71
8
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µmol/l.min (mean ± SE) for the soybean oil and MCT diet, respectively. For each
diet, the best estimate of triacylglycerol clearance is the group-mean value.
Figure 2 shows that, as based on group-mean values, absolute triacylglycerol
clearance was about 20 % greater when the ponies were fed MCT instead of
soybean oil.

4,5

Production or clearance,
umol triacylglycerols/L.min

4,0
3,5
3,0
2,5
2,0
1,5
1,0
0,5
0,0

MCT

Soybean oil

Figure 2
Plasma triacylglycerol production (open bars) and clearance (hatched bars) when the
ponies were fed the rations containing either soybean oil or MCT. Results are means (SE’s
are given for production) for four (production) and five (clearance) animals.
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Discussion

The present results obtained with ponies agree with previous studies
showing that feeding MCT instead of soybean oil to horses raised the plasma
level of triacylglycerols (HALLEBEEK and BEYNEN, 2001). The level of
triacylglycerols is determined by the rate of hepatic secretion and by its
clearance which relates to the activity of LPL. In a previous experiment with
horses fed either a diet rich in MCT or soybean oil, the activity of LPL was left
unchanged (HALLEBEEK and BEYNEN, 2001). In this experiment with ponies,
however, LPL activity was increased when soybean oil was fed instead of MCT.
The discrepancy may be related to the different equine species used. There are
differences in fat metabolism between ponies and horses (BREIDENBACH et al.,
1999). However, post-heparin LPL activities in horses and ponies are similar
(BREIDENBACH et al., 1999).
Triton inhibits LPL (BORENSZTJAN et al., 1976; SHEORAIN et al., 1980 ;
SCHOTZ et al., 1957 ). In the fasting state, Triton-induced accumulation of
triacylglycerols would thus reflect net triacylglycerol secretion by the liver. The
secretion rates obtained with the Triton method were found to be higher when
the ponies were fed the MCT diet when compared to the soybean-oil diet. The
interpretation of the data is complicated by the lower activity of LPL when the
ponies were given MCT, this lower activity being found both before and after
administration of Triton. Apparently, the Triton dose was too low to completely
inhibit LPL activity. The activity measured 5 hours after Triton administration
was still about 50% of the baseline activity. A higher dose than that used may
be toxic (SCANU et al., 1961). For both treatments the calculated production of
triacylglycerols was underestimated and this was more so when the ponies were
fed the ration with soybean oil. Thus, it cannot be unequivocally concluded that
MCT feeding to the ponies had caused an increase in triacylglycerol production.
Clearly, the observed MCT-induced increase may be smaller than the true
increase, if any. The rates of triacylglycerol secretion found in this study with
ponies are similar to those seen earlier in Triton-treated horses (GEELEN et al.,
2002).
The absolute clearance rate of plasma triacylglycerols was calculated
from the disappearance of triacylglycerols after infusion of Intralipid and
correction fo the baseline concentration of triacylgycerols. It would be expected
that triacylglycerol clearance is of the same order of LPL activity. Average LPL
activity was equivalent to about 120 µmol triacylglycerols hydrolysed/l.min and
thus was 30 times higher than the rate of triacylglycerol clearance. LPL may not
10
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limit triacylglycerol clearance and co-factors such as apoproteins (OLIVECRONA
and BEISIEGEL, 1997; FREDENRICH, 1998) may be important. In any event, the
observed clearance rates are comparable to those reported for horses by MOSER
et al. (1993). There was no significant difference between the clearance rates
for the ration with MCT versus that with soybean oil. The group-mean clearance
was somewhat greater when the ponies were fed MCT instead of soybean oil.
This outcome agrees with the observation that triacylglycerol production also
was greater when the ponies were given the MCT diet. In a steady-state
situation, the rate of triacylglycerols input into plasma must equal triacylglycerol
output. The rate of triacylglycerol clearance was on average about two-fold
higher than the calculated rate of triacylglycerol production (Figure 2). As
mentioned above, this difference can be explained by underestimation of
triacylglycerol production.
In sum, this study shows that the consumption of MCT instead of
soybean oil by ponies stimulates the turnover of plasma triacylglycerols as both
production and clearance were raised. MCT feeding may stimulate hepatic
triacylglycerols (GEELEN et a., 1995). We suggest that MCT versus soybean oil
causes an increase in hepatic triacylglycerol secretion, leading to an elevation of
plasma triacylglycerol concentration and eliciting an increase in plasma
triacylglycerol clearance as a secondary feature.
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Soybean oil versus palmoil

Summary

The influence of dietary soybean oil versus palm oil on the plasma level of
triacylglycerols was determined in a cross-over experiment with four horses. Based
on published data for humans and laboratory animals it was expected that a diet
rich in unsaturated fatty acids in the form of soybean oil compared to saturated
fatty acids in the form of palm oil would lower the plasma triacylgycerol level. The
feeding of soybean oil versus palmoil for a period of four weeks did not change the
level of plasma triacylgycerols in horses. Mean levels of triacylglycerol, free fatty
acids and 3-hydroxybutyrate were 0.17 (SE, 0.04), 0.44 (SE, 0.063) and 0.16 (SE,
0.008) mmol/l, respectively. The fatty acid composition of the plasma
triacylglycerols reflected the fatty acid composition of the diets. The activity of
lipoprotein lipase was not different between the treatments. It is concluded that,
under the present experimental conditions, the feeding of soybean oil to horses
does not affect triacylglycerol secretion into plasma and thus does not influence the
concentration of plasma triacylgycerols when compared to the feeding of palm oil.
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Introduction

The amount and type of fat in the diet can influence plasma lipid
metabolism in horses. Dietary medium chain triacylglycerols (MCT) caused a
significant rise in plasma triacylglycerol levels when compared with soybean oil
(HALLEBEEK and BEYNEN, 2001). ORME et al. (1997) and GEELEN et al. (2000)
found a decrease in plasma triacylglycerols after feeding a high-fat versus low-fat
diet. The hypertriacylglycerolaemic effect of MCT ingestion and the lowering effect of
a high dietary fat:carbohydrate ratio have also been demonstrated in humans
(SWIFT et al. 1992, BEYNEN and KATAN, 1989). In man (BEYNEN and KATAN,
1989) and experimental animals such as gerbils (NICOLOSI et al., 1976), squirrel
and cebus monkeys (NICOLOSI et al., 1977) and hamsters (TERPSTRA et al. 2000),
the replacement of dietary saturated by polyunsaturated fatty acids causes a
decrease in plasma triacylglycerol concentrations. However, the effect was not seen
in other studies with squirrel monkeys (PORTMAN et al., 1977). Experiments with
horses fed high-fat diets with difference in the degree of fatty acid saturation are
scarce. HARRIS et al. (1999) found in horses that dietary soybean oil versus
coconut oil an lowered plasma triacylglycerol concentrations. PAGAN et al. (1993)
found no difference in plasma triacylglycerols in horses fed diets rich in either
coconut oil, soybean oil or a mixture of both oils. It is not clear why the two studies
with horses yielded different results, but on the basis of work with other species, we
suggested that a diet rich in polyunsaturated fatty acids in the form of soybean oil
would lower plasma triacylglycerol levels in horses when compared with a diet rich
in saturated fatty acids in the form of palm oil. Our suggestion was tested in the
present study.

Materials and methods

Animals and diets
The experimental design was approved by the animal experiments
committee of the Faculty of Veterinary Medicine, Utrecht University. Four mature
horses (geldings, 426-520 kg body weight) were used. The trial had a cross-over
3
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design in which the dietary variable was the type of fat in the form of either
soybean or palm oil. Each experimental period lasted 28 days. Two horses were
randomly assigned to each sequence of feeding on the two experimental diets. The
horses were weighed before the start of the experiment and at the end of each
week during the experimental period. During the experiment, the horses were
housed individually in pens with a layer of wooden shavings as bedding. They were
daily walked for one hour in a mechanical horse walker. The horses were fed twice
daily with two equal portions at 08.00 and 16.00 h to provide energy according to
their maintainance requirement, i.e. 367 kJ net energy (NE)/ kg0.75 body weight
(CENTRAAL VEEVOEDERBUREAU, 1996). The daily ration consisted of hay and
concentrate in a 1:4 ratio on NE basis. The concentrates either contained soybean
oil or palm oil. Table 1 presents the ingredients and analysed composition of the
concentrates. Calculated energy contents of the concentrates were 7.8 MJ NE/kg
for the concentrate with soybean oil and 8.0 NE MJ/kg for the palm oil containing
concentrate. The analysed composition of the hay was as follows (g/kg): DM 900.5,
crude protein 102.9, crude fiber 313.7, crude fat 20.8, crude ash 80.1 and N-free
extract 383.0. Fat intake as based on chemical analysis of the hay and concentrates
was on average 1.3 and 1.4 g/kg bodyweight/day for the soybean and palm oil rich
concentrates, respectively.The horses had free access to tap water.
Collection of samples
Blood samples were taken weekly before the morning feeding. Blood was
sampled from the jugular vein and collected in evacuated tubes (Venoject R vacuum
tubes, Terumo, Leuven, Belgium). The tubes contained Na-heparin (150 USPU per 9
ml blood) for determination of triacylglycerols, cholesterol, phospholipids and fatty
acid composition of triacylglycerols or cholesterol in lipoprotein fractions.
Betahydroxybutyrate was determined in samples from tubes that were directly put
on ice. EDTA was added to the tubes with samples for the determination of free
fatty acids and for lipoprotein lipase activity. The heparinized blood samples were
centrifuged for 10 to 15 min at approximately 2700 g, and the plasma was collected
and stored at -18º C until analysis. Before the collection of blood samples for the
determination of lipoprotein lipase activity, the horses were injected (i.v.) with 70
IU heparin/kg body weight. After 5 and 10 minutes, blood samples were collected in
EDTA- containing tubes, directly put on ice and stored at -70º C until analysis.
Serum for determination of lipoproteins was collected at the end of each
4
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experimental period. Serum lipoproteins were isolated by density-gradient
ultracentrifugation (TERPSTRA et al.1981, MEIJER et al. 1992) at the following
densities (d, g/ml): very-low-density-lipoproteins (VLDL), d<1.006; intermediatedensity lipoproteins (IDL), 1.006<d<1.019; low-density lipoproteins (LDL),
1.019<d<1.063; high-density lipoproteins (HDL)2, 1.063<d<1.125; (HDL)3,
1.125<d<1.210. The fractions were frozen until analysis.
The experimental concentrates and hay were sampled weekly during the
experimental periods. The feed samples were ground and stored at room
temperature (18º C).
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TABLE 1
Composition of the experimental concentrates
Soybean oil

Palm oil

Constant components1, g

850

850

Soybean oil, g

150

-

-

150

1000

1000

Dry matter, g/kg

911.4

915.8

Crude protein, g/kg

152.9

155.5

Crude fiber, g/kg

111.6

114.5

Crude fat, g/kg

164.4

180.8

Crude ash, g/kg

104.9

107.6

Palm oil, g
Total, g
Chemical analysis

Selected fatty acids
C14:02

0.4

1.2

C16:0

11.8

39.2

C18:0

4.1

11.9

C18:1 n-9

19.8

32.7

C18:2 n-6

46.1

0.2

C18:3 n-3

9.0

3.4

1
The 850 g of constant components consisted of (g): sugar beet molasses 50, alfalfa meal
(crude protein,140-160 g/kg) 350, soybeanmeal (fat extracted)100, linseed expeller 70, oats
200, corn 47.5, calcium carbonate 1.8, monocalcium phosphate 14.7, magnesium oxide 3.5,
sodium chloride 10, and premix 2.5. The premix consisted of 1.9 mg Na2SeO3.5H2O, 0.6 mg
KIO3, 100 mg MnSO4.H2O, 68 mg CuSO4.7H2O, 350 mg ZnSO4.H2O, 30 mg (15000 IU) retinyl
acetate, 13.1 mg (1310 IU) cholecalciferol, 600 mg (600 IU) dl-α-tocopherylacetate, 4.5 mg
vitamin B1, 4.5 mg vitamin B2, 4.5 mg vitamin B12, 1 mg biotin and 1321.9 mg cornmeal
(carrier).
2
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Chemical analysis
Samples of the grass hay and the concentrates were subjected to the
Weende analysis. Nitrogen in the diets was measured by the Kjeldahl method (IDF,
1986). Protein was calculated as nitrogen mass x 6.25. Crude fat concentrations of
the feed samples were determined according to FOLCH et al. (1957). Plasma total
cholesterol, phospholipids, lipoprotein cholesterol and triacylglycerols were
measured with test combinations (Boehringer Mannheim GmbH Diagnostica,
Mannheim, Germany). For the determination of plasma free fatty acids a test
combination of an optimized enzymatic colorimetric assay was used (NEFA C, Wako
Chemicals GmbH, Neuss, Germany ) as described by SHIMIZU et al. (1980). Plasma
3-hydroxybutyrate was analysed with a commercial kit (Ranbut RB1007, Ranbox
Laboratories LTD, UK). The postheparin lipolytic activity (LPL) consists of lipoprotein
lipase and hepatic lipase. LPL activity was inhibited by the addition of 2.31 M NaCl.
Total lipase activity was measured in the presence of 0.19 M NaCl. LPL activity was
calculated by subtracting hepatic lipase activity from total postheparin lipolytic
activity. Plasma and feed lipids were analysed for their fatty acid composition as
described by KATAN and VAN DE BOVENKAMP (1987). Plasma lipids were extracted
using octane according to the method of WANG et al. (1983). Plasma lipids were
separated using silica Sep-pak columns according to HAMILTON et al. (1988).
Triacylglycerols were saponified using methanolic sodium hydroxide and converted
into their methyl esters using BF3 in methanol. Fatty acid analyses were performed
by GLC (Chrompack CP 9002, Middelburg, The Netherlands) using a flame ionization
detector, a Chrompack column (length 25 m, diameter 0.32 mm) and H2 as a carrier
gas (METCALFE et al., 1966).
Statistical analysis
All data within dietary treatments were checked for normal distribution
(Kolmogorov-Smirnov test). The data were not significantly affected by the period of
treatment (F-test). All data were evaluated with Student's paired t-test or multiple
measurements test (WILKINSON, 1990). Throughout, statistical significance was
pre-set at P<0.05.
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Results

The horses remained healthy throughout the experiment and consumed all
the feed supplied. Dietary treatments did not influence body weight.
At the end of the experimental periods, serum total cholesterol and
phospholipid concentrations were not significantly different between the dietary
treatments (Table 2). The type of fat did neither influence the plasma level of
triacylglycerols nor that of free fatty acids and betahydroxybutyrate at the end of
the experimental periods (Table 2). Likewise, there was no fat effect when the
various variables for the different time points were subjected to a multiple
measurement test.
TABLE 2
Plasma concentrations of free fatty acids (FFA), triacylglycerols (TAG), betahydroxybutyrate (βHB), total cholesterol, phospholipids and lipoprotein lipase activity (LPL) in horses fed diets
containing either soybean oil or palm oil1
Soybean oil

Palm oil

TAG, mmol/l

0.18 ± 0.063

0.16 ± 0.058

0.172

FFA, mmol/l

0.39 ± 0.057

0.50 ± 0.11

0.537

β-HB, mmol/l

0.15 ± 0.015

0.16 ± 0.009

0.460

3.13 ± 0.20

3.13 ± 0.25

0.978

2.62 ± 0.11

2.57 ± 0.14

0.784

11.40 ± 0.45

10.93 ± 0.97

0.522

Total cholesterol, mmol/l
Phospholipids, mmol/l
LPL, µmol free fatty acids/ml/hr
1

P value

Values are means ± SE; n=4

Cholesterol concentrations in the serum lipoprotein fractions did not differ
for the two diets. Average concentrations (± SE) of serum cholesterol in VLDL, IDL,
LDL, HDL2 and HDL3 were 0.023 (± 0.006), 0.12 (± 0.022), 1.03 (± 0.053), 1.64 (±
0.082) and 0.31 (± 0.030) mmol/l, respectively. In human serum, two HDL
subfractions of lipoproteins can be discerned, usually indicated as HDL2 and HDL3
and with density limits of 1.063< d < 1.10 and 1.10 < d < 1.21 g/ml, respectively
(CHAPMAN et al., 1981; TERPSTRA et al., 1981). However, in other species no HDL
subfractions are observed. The HDL fraction in animals is the main carrier of plasma
8
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total cholesterol (Terpstra et al., 1982). Using the ultracentrifugation method, we
determined a small amount of cholesterol in the HDL3 fraction in horse plasma,
whereas most was located in HDL2. The feeding of extra fat to horses causes an
increase in the level of HDL cholesterol (KURCZ et al.,1991; MARCHELLO et
al.,2000; GEELEN et al.,2001) which may decrease the density of HDL particles.
Lipoprotein lipase activity was not significantly different between the dietary
treatments. Average (± SE) LPL activity for the two treatments at 10 min
postheparin administration was 11.2 (± 0.50) µmol FFA/ml/h.
The fatty acid composition of the plasma triacylglycerols reflected the fatty
acid composition of the diets (Table 3).
TABLE 3
Fatty acid composition of plasma triacylglycerols in horses when fed diets containing either
soybean oil or palm oil for a period of four weeks1
Fatty acid

Soybean oil

Palmoil

P value

g methylester/100 g methylesters
C14:0

1.4 ± 0.35

1.7 ± 0.59

C16:0

18.9 ± 1.75

23.3 ± 0.54

0.001

C16:1

3.1 ± 0.39

4.0 ± 0.26

0.001

C18:0

0.467

4.6 ± 0.65

5.3 ± 0.95

0.308

C18:1 n-9

19.5 ± 1.71

23.9 ± 0.94

0.000

C18:2 n-6

26.7 ± 4.50

15.0 ± 0.69

0.000

C18:3 n-3

16.7 ± 0.50

16.6 ± 0.82

0.845

1

Values for the selected fatty acids are means ± SE; n=4.
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Discussion

We expected that soybean oil instead of palm oil in the diet of horses would
lower the fasting plasma triacylglycerol level. However, there was no effect of the
type of dietary fat on the concentration of plasma triacylglycerols. It would appear
that horses are not sensitive to the degree of saturation of dietary fatty acids. The
outcome of this study is in contrast with results of HARRIS et al. (1999), but agrees
with the results of PAGAN et al. (1993). Those authors used coconut oil as a source
of saturated fatty acids. Coconut oil contains a large amount of medium chain
triaclyglycerols (MCT). In horses dietary MCT raises the plasma level of
triacylglycerols when compared to polyunsaturated fatty acids in the form of
soybean oil (HALLEBEEK and BEYNEN, 2001). To avoid combined effects of degree
of saturation and chain length of fatty acids, we used palm oil in this study.Our
results cannot be easily compared with the results of HARRIS et al. (1999) and
PAGAN et al. (1993). A change in the level of plasma triacylglycerols occurs through
a change in the secretion into plasma and/or a change in clearance. In man, plasma
triacylglycerols are decreased when the diet is rich in polyunsaturated fatty acids
(BRUSSAARD et al., 1980; NESTEL et al., 1984; HARRIS et al., 1983). BEYNEN and
KATAN (1985,1986) have put forward the suggestion that the liver preferentially
converts polyunsaturated fatty acids into ketone bodies instead of into VLDLtriacylglycerols. Such a mechanism may not hold for horses. The feeding of soybean
versus palm oil did not elevate the plasma level of betahydroxy butyrate and did not
lower the level of VLDL-cholesterol. Thus, dietary soybean oil probably did not affect
the hepatic secretion of VLDL-triacylglycerols. The triacylglycerols were rich in
linoleic acid when the horses were given the diet containing soybean oil. This
observation might indicate that in horses polyunsaturated fatty acids taken up by
the liver are efficiently incorporated into VLDL-triacylglycerols. The activity of
lipoprotein lipase was not influenced by the type of dietary fat. Apparently, the
clearance of plasma triacylglycerols was similar when the horses were fed the diets
containing either soybean oil or palm oil.
Thus, it appears that under the conditions of this study the feeding of
soybean oil versus palm oil had no effect on the concentration of plasma
triacylglycerols. It could be argued that the small number of animals used in this
experiment did not allow to detect a significant diet effect. With four horses and the
observed residual variance of plasma triacylglycerol concentration, the smallest
10
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statistically significant (P<0.05) effect would be 0.27 mmol/l at a statistical power of
80%. This calculated difference , which would be reasonably detectable, is similar to
the effect of dietary MCT versus soybean oil in horses (HALLEBEEK AND BEYNEN,
2001).

Acknowledgements

The authors thank J. VAN DER KUILEN, R. HOVENIER and A.G.LEMMENS for the chemical
analyses. J. STOLWIJK and his staff are thanked for the excellent care of the animals used in
this study.

References
BEYNEN, A.C.; KATAN, M.B.,1985: Am. J. Clin. Nutr. 42, 560-563.
BEYNEN, A.C.; KATAN, M.B.,1986: Fette Seifen Anstrichmittel 88, 581-583.
BEYNEN A.C.; KATAN, M.B., 1989: Impact of dietary cholesterol and fatty acids on serum lipids
and lipoproteins in man. In: VERGROESSEN, A.J.; CRAWFORD, M.A. (eds), The role of fats in
human nutrition. Academic Press Ltd. London pp. 238-286.
BRUSSAARD, J.H.; DALLINGA-THIE, G.; GROOT, P.H.E.; KATAN, M.B., 1980: Atherosclerosis
36, 515-527.
CENTRAAL VEEVOEDERBUREAU, 1996. Het definitieve VEP- en VREp-systeem.Centraal
Veevoeder Bureau-documentatierapport nr.15.
CHAPMAN, M.J.; GOLDSTEIN,S.; LAGRANGE, D.; LAPLAUD,P.M., 1981: J. Lipid Res. 22, 339359.
FOLCH, J.; LEES,M.; SLOANE-STANLEY, G.H.,1957: J. Biol. Chem. 226, 497-509.
GEELEN, S.N.J. LEMMENS, A.G.; TERPSTRA, A.H.M.; WENSING, Th; BEYNEN, A.C., 2001:
Comp. Biochem. Physiol. B Biochem. Mol. Biol. 130, 145-154.
GEELEN, S.N.J.; JANSEN, W.L.; GEELEN M.J.H.; SLOET VAN OLDRUITENBORGH-OOSTERBAAN
M.M., BEYNEN, A.C., 2000: Int. J. Vitam. Nutr. Res. 70, 148-152.
HALLEBEEK, J.M.; BEYNEN, A.C., 2001:Arch. Anim. Nutr. 54, 159-171.
HAMILTON, J.G.; COMAI, K., 1988: Lipids 23,1146-1149.
HARRIS, P.A.; PAGAN, J.D.; CRANDELL, G.; DAVIDSON, N., 1999: Euine vet. J. Suppl. 30,
468-474.
HARRIS, W.S.; CONNOR, W.E.; McMURREY, M.P., 1983: Metabolism 32, 179-184.
KATAN, M.B.; VAN DE BOVENKAMP, P.,1987: Lancet 1(8537), 862-863.
11

Soybean oil versus palmoil
IDF (International Dairy Federation), 1986: International IDF Standard 20A, International
Dairy Federation, Brussels.
KURCZ, E.V;, SCHURG, W.A.; MARCHELLO, J.A; CUNEO, S.P, 1991:Proceedings of the 12th
Equine Nutrition and Physiology Symposium., 253-254.
MARCHELLO, E.V.; SCHURG, W.A.; MARCHELLO, J.A.; CUNEO, S.P., 2000: J. Equine Vet. Sci.
20, 453-458.
METCALFE, L.D.; SCHMITZ, A.A.; PELKA, J.R., 1966: Anal.Chem.318, 514-515.
MEIJER, G.W.; VAN DER PALEN, J.G.; GEELEN, M.J.; VERSLUIS, A.; VAN ZUTPHEN L.; BEYNEN,
A.C., 1992: J. Nutr. 122, 1164-1173.
NESTEL, P.J.; CONNOR, W.E.; REARDON, M.F.; CONNOR, S.; WONG, S.; BOSTON, R., 1984:
J.Clin. Invest. 74, 82-89.
NICOLOSI, R.J.; HAYES, K.C.; LOZY, M.; HERRERA, M.G., 1977: Lipids 12, 936-940.
NICOLOSI, R.J.; HERRERA, M.G.; LOZY, M.el; HAYES, K.C., 1976: J. Nutr. 106, 1279-1285.
ORME, C.E.; HARRIS, C.R.; MARLIN, D.J.; HURLEY, J., 1997: Br. J. Nutr. 78, 443-458.
PAGAN, J.D.; TIEGS, S.G.; JACKSON, S.G.; MURPHY, H.Q., 1993: Procedings of the 13th
Equine Nutrition and Physiology Symposium.pp125-129.
PORTMAN, O.W.; ALEXANDER, M.; TANAKA, M.; ILLINGWORTH, D.R., 1977: Biochim. Biophys.
Acta. 486, 470-482.
SHIMIZU, S.; TANI, Y.; YAMADA, H.; TABATA, M.; MURACHI, T., 1980: Anal.Bioch. 107, 193198.
SWIFT, L.L.; HILL, J.O.; PETERS, J.C.; GREENE, H.L., 1992: Am. J. Clin. Nutr. 56, 881-886.
TERPSTRA, A.H.M.; SANCHEZ-MUNIZ, F.J.; WEST,C.E.; WOODWARD, C.J.H., 1982: Comp.
Biochem. Physiol. 71B, 669-763.
TERPSTRA, A.H.M.; VAN DEN BERG, P.; JANSEN, H.; BEYNEN, A.C.; VAN TOL, A., 2000: Br. J.
Nutr. 83, 151-159.
TERPSTRA, A.H.M.; WOODWARD, C.J.H.; SANCHEZ-MUNIZ, F.J., 1981: Anal. Biochem. 111,
149-157.
WANG, S.T.; Frank, P., 1983: Journal of Chrom.,Biomed.appl. 276, 249-256.
WILKINSON, L., 1990: SYSTAT Inc., Evanston, IL.

12

Chapter 6

13

Chapter 7

Chapter

7

INFLUENCE OF DIETARY BEETPULP ON
THE PLASMA LEVEL OF
TRIACYLGLYCEROLS IN HORSES

J.M. Hallebeek and A.C. Beynen

Department of Nutrition, Faculty of Veterinary Medicine, Utrecht University, The
Netherlands

Submitted

1

Influence of dietary beetpulp on plasma triacylglycerols

Summary

In a cross-over study with 6 adult horses, the effect of isoenergetic
replacement of dietary glucose by beetpulp on the concentration of plasma
triacylglycerols was studied. The test ration contained 25 % beetpulp in the dietary
dry matter. The feeding of beet pulp lowered plasma triacylglycerol concentrations
(P=0.058) in the fasting state and raised the activity of heparin-released lipoprotein
lipase (P=0.059) and the concentration of HDL2 cholesterol (P=0.058). In the
fasting state, the plasma concentrations of free fatty acids (P=0.073) and those of
beta-hydroxy butyrate (P=0.043) were increased after feeding beetpulp. At 3 hours
after feed intake, consumption of beet pulp instead of glucose had produced higher
plasma concentrations of both glucose (P=0.014) and insulin (P=0.040). It is
suggested that beetpulp ingestion activates lipoprotein lipase followed by a drop in
plasma triacylglycerols.
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Introduction

The level of plasma triacylglycerols in horses can be modulated by the
composition of the diet. A high- versus low-fat diet lowers triacylglycerols (GEELEN
et al., 1999) and the feeding of medium-chain triacylglycerols instead of either
soybean oil (HALLEBEEK and BEYNEN, 2001) or glucose or starch (HALLEBEEK and
BEYNEN, 2002a) has an elevating effect. The feeding of palm oil versus soybean oil
did not affect plasma triacylglycerol concentration in horses (HALLEBEEK and
BEYNEN, 2002b). In the course of our studies we found that in horses fed high-fat
diets, dietary cellulose versus an isoenergetoc amount of glucose plus starch raised
the concentration of plasma triacylglycerols (HALLEBEEK and BEYNEN, 2000). It was
reasoned that fermentation of cellulose generates acetic acid in the caecum and
colon which stimulates hepatic fatty acid synthesis, thus raising plasma
triacylglycerols. However, when using low-fat concentrates, the feeding of cellulose
instead of glucose did not influence plasma triacylglycerols in horses (HALLEBEEK
and BEYNEN, 2002a).
The feeding of the non-digestible, highly–fermentable soluble fibres, pectin
and psyllium, may lower plasma triacylglycerol concentrations in hamsters
(TERPSTRA et al., 1998, 2000). Given our interest in dietary control of plasma
triacylglycerol metabolism in horses, we decided to look at the influence of the
feeding of beet pulp, which is rich in pectin. Thus, horses were fed concentrates
containing either beet pulp or an isoenergetic amount of glucose. Based on the
studies in hamsters, it was expected that beet pulp feeding would cause a lowering
of plasma triacylglycerols in horses. In an attempt to explain a possible change in
triacylglycerols, we also measured post heparin plasma lipoprotein lipase activity
and pre- and postprandial plasma concentrations of non-esterified fatty acids, betahydroxy butyrate, glucose and insulin.
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Materials and methods

Animals and experimental design
The experimental design was approved by the animal experiments
committee of the Utrecht Faculty of Veterinary Medicine. Six mature geldings (body
weight: 409-557 kg) were used. The trial had a cross-over design with the six
horses and two dietary treatments. Each experimental period lasted 21 days. The
dietary treatments were concentrates containing either glucose or an isoenergetic
amount of beetpulp (see below). The horses were randomly assigned to each
sequence of feeding on the two experimental diets. The horses were weighed before
the start of the experiment and at the end of each experimental period. During the
experiment, the horses were housed individually in stands with a layer of wooden
shavings as bedding. Natural daylight was the source of lighting. The horses were
walked on a treadmill daily for 1 h.
Rations
The horses were fed at their maintenance level as based on the Dutch net
energy (NE) system for horses (Centraal Veevoederbureau, 1996). Four horses were
fed an amount of energy to maintain a body weight of 480 kg and two horses were
fed for a body weight of 560 kg. The daily amount of energy provided was 388 kJ
NE/ kg of metabolic weight (kg0.75). The daily ration consisted of grass
hay:concentrate in a 1:3 ratio on energy basis. The feed was offered in two equal
portions at 08.00 and 20.00 h. The test concentrates were formulated by
isoenergetic exchange of glucose and beetpulp. The sugar beetpulp contained 23 g
pectin/ 100 g dry matter (I.R.S., Bergen op Zoom, The Netherlands). To avoid
choking or colic caused by stomach distension, the beetpulp containing concentrate
was soaked in three times its own weight in water for at least 12 hours (SNOW and
VOGEL, 1987; MOORE-COLYER et al., 2000). The assessed NE contents of the
glucose and beetpulp were 13.3 and 7.7 MJ NE/kg product, respectively (Centraal
Veevoederbureau, 1998). Table 1 presents the ingredients and analysed
composition of the concentrates. Calculated energy contents of the concentrates
were 9.7 MJ NE/kg for the glucose-rich concentrate and 8.1 MJ NE/kg for the
beetpulp-rich concentrate. The analysed composition of the grass hay (dry matter,

4

Chapter 7

91.4 %) was as follows (g/kg dry matter); crude protein, 90.2 ; crude fiber, 367.1;
crude fat, 13.4 ; ash, 84.6.
Table 1
Composition of the concentrates
Glucose

Beetpulp

Constant components1

624

624

Glucose

215

0

Beetpulp

0

375

Total
Chemical analysis, g/kg

839

999

Dry matter

871

869

Crude protein

117

131

Crude fat

45

47

Crude ash

73

81

Crude fiber

61

96

Ingredients, g

1

The 624 g of constant components consisted of (g): sugar beet molasses 50, glucose, 60,
alfalfa meal (crude protein:140-160 g/kg) 150, soybeanmeal (fat extracted) 100, linseed
expeller 20, wheat 180, soybean oil 30, disodium phosphate 15, sodium chloride 15,
monocalciumphosphate 1.5, and premix 2.5. The premix consisted of 1.9 mg Na2SeO3.5H2O,
0.6 mg KIO3, 100 mg MnSO4.H2O, 68 mg CuSO4.7H2O, 350 mg ZnSO4.H2O, 30 mg (15000 IU)
retinyl acetate, 13.1 mg (1310 IU) cholecalciferol, 600 mg (600 IU) dl-α-tocopherylacetate,
4.5 mg vitamin B1, 4.5 mg vitamin B2, 4.5 mg vitamin B12, 1 mg biotin and 1321.9 mg
cornmeal (carrier).

Collection of samples
Blood samples were taken on the day before last and on the last day of each
experimental period. On the day before last, blood was sampled just before the
morning meal and also three and six hours later. Samples were taken from the
jugular vein and collected in evacuated tubes (Vacuette®, C.A. Greiner & Söhne
GmbH, Austria). Triacylglycerols, non-esterified fatty acids, beta-hydroxybutyrate,
cholesterol in lipoprotein fractions, lipoprotein lipase activity, insulin, glucose, total
cholesterol and phospholipids were determined in blood samples taken before
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feeding. Triacylglycerols, non-esterified fatty acids , beta-hydroxybutyrate, glucose
and insulin were also determined in samples taken at three and six hours after
feeding. The tubes contained either EDTA for the determination of lipoprotein lipase
activity and non-esterified fatty acids, or Na-heparin for the determination of
triacylglycerols, beta-hydroxybutyrate, insulin, glucose, phospholipids and
cholesterol. Serum lipoproteins were isolated by density-gradient ultracentrifugation
(see below) and frozen at -30° C until analysis. The EDTA and heparinized blood
samples were centrifuged for 10 to 15 min at approximately 2700 g, and the plasma
was collected and stored at -18º C until analysis. Before the collection of blood
samples for the determination of lipoprotein lipase, on the last day of the
experimental periods, the horses were injected intravenously with 70 IU heparin/kg
body weight. After 5 min, blood samples were collected in EDTA-containing tubes,
immediately put on ice and stored at -70º C until analysis. The experimental feeds
and hay were sampled weekly during the experiment. The feed samples were
ground and stored at room temperature (18º C).
Chemical analyses
Samples of the grass hay and the concentrates were subjected to the
Weende analysis. Nitrogen in the feedstuffs was measured by the Kjeldahl method
(INTERNATIONAL DAIRY FEDERATION, 1986). Protein (g) was calculated as nitrogen
(g) x 6.25. Ether extracts of the feedstuffs were prepared according to FOLCH et al.
(1957). Plasma glucose, total cholesterol, phospholipids and triacylglycerols were
measured with commercial test combinations (Boehringer Mannheim GmbH
Diagnostica, Mannheim, Germany). Plasma non-esterified fatty acids were also
analysed with a test combination (NEFA C, Wako Chemicals GmbH, Neuss,
Germany). Plasma beta-hydroxybutyrate was analysed with a commercial kit
(Ranbut RB1007, Ranbox Laboratories LTD, UK). Plasma insulin was measured with
a radioimmunoassay test kit (Coat-a-count® Insulin, Diagnostic Products
Corporation, Los Angeles). Serum lipoproteins were isolated by density-gradient
ultracentrifugation (TERPSTRA et al., 1981) at the following densities (d, kg/l):
very-low-density lipoproteins (VLDL), d<1.006; intermediate-density lipoproteins
(IDL), 1.006<d<1.019; low-density lipoproteins (LDL), 1.019<d<1.063; highdensity lipoproteins (HDL2) 1.063<d<1.125; HDL3, 1.125<d<1.210. The postheparin lipolytic activity was measured according to NILSSON-EHLE and SCHOTZ
(1976) and BELFRAGE and VAUGHAN (1969). The activity consists of lipoprotein
6
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lipase and hepatic triacylglycerol lipase. Total lipase activity was measured in the
presence of 0.19 mol/l NaCl and lipoprotein lipase activity was inhibited by the
addition of 2.31 mol/l NaCl. Lipoprotein lipase activity was calculated by subtracting
the hepatic lipase activity from total post-heparin lipolytic activity.
Statistical analyses
All data within dietary treatments were checked for normal distribution
(Kolmogorov-Smirnov test). The data were not significantly affected by the period of
treatment (F-test). All data were evaluated with Student's paired t-test or multiple
measurements test (WILKINSON, 1990). Throughout, statistical significance was
pre-set at P<0.05.

Results

Dietary treatments did not significantly influence body weight. The plasma
level of triacylglycerols before feed intake tended to be lower when beetpulp instead
of glucose was fed (Table 2). In fasting state, the group mean level of free fatty
acids was higher when the beetpulp-rich diet was given (Table 2). The plasma level
of beta-hydroxybutyrate before feed intake was significantly higher after beetpulp
consumption. Plasma glucose, insulin and total cholesterol levels before feeding
were not significantly affected by the dietary treatments. Table 3 shows that fasting
levels of phospholipids and the distribution of cholesterol between plasma
lipoproteins were not significantly influenced by beetpulp versus glucose in the diet.
However, beetpulp feeding tended to raise the concentration of HDL2 cholesterol.
Lipoprotein lipase activity tended to be higher when horses were fed the diet with
beetpulp.
There was a post-prandial rise in plasma glucose and insulin, and a drop in
the concentration of non-esterified fatty acids (Table 2). Plasma triacylglycerol
levels fell when the glucose-containing concentrate was fed, but not when beetpulp
was given. Plasma concentrations of beta-hydroxybutyrate and cholesterol were not
affected by time in relation to feed intake, post-prandial concentrations remaining
significanlty higher when beetpulp instead of glucose was fed. At three hours after
7
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feed intake, the concentration of plasma insulin was almost three-fold higher when
the concentrate with beetpulp was fed.

Table 2
Plasma values for selected variables before and after feeding when the horses were given
beetpulp or glucose.
Measure

Timepoint1

Triacylglycerols (mmol/l)

Non-esterified-fatty-acids (mmol/l)

Beta-hydroxybutyrate (mmol/l)

Glucose (mmol/l)

Insulin (uU/l)

Cholesterol (mmol/l)

1

Hours post feeding
Values are means ± SE for 6 horses

8

Glucose

Beet pulp

P value

0

0.21 ± 0.029

0.17 ± 0.019

0.058

3

0.19 ± 0.046

0.16 ± 0.019

0.500

6
0

0.13 ± 0.032
0.042 ± 0.006

0.17 ± 0.026
0.090 ± 0.019

0.391
0.073

3

0.013 ± 0.002

0.010 ± 0.002

0.440

6

0.007 ± 0.001

0.008 ± 0.001

0.783

0

0.18 ± 0.009

0.22 ± 0.012

0.043

3

0.20 ± 0.011

0.26 ± 0.021

0.033

6

018 ± 0.014

0.24 ± 0.021

0.016

0

5.06 ± 0.05

5.09 ± 0.09

0.705

3

5.15 ± 0.15

5.90 ± 0.13

0.014

6

5.60 ± 0.21

5.43 ± 0.11

0.658

0

2.68 ± 0.77

2.60 ± 0.44

0.918

3

7.45 ± 2.97

20.17 ± 3.48

0.040

6

6.92 ± 2.81

3.80 ± 0.79

0.456

0

2.51 ± 0.14

2.60 ± 0.12

0.653

3

2.50 ± 0.15

2.34 ± 0.11

0.160

6

2.53 ± 0.11

2.61 ± 0.16

0.029
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Table 3
Plasma values for selected variables before feeding when the horses were given beetpulp or
glucose.
Measure

Glucose

Beetpulp

P value

Phospholipids, mmol/l

1.76 ± 0.080

1.77 ± 0.089

0.765

Lipoprotein lipase (µmol fatty acid/ml/h)

5.91 ± 0.24

7.14 ± 0.49

0.059

VLDL cholesterol, mmol/l

0.031 ± 0.009

0.036 ± 0.004

0.528

IDL cholesterol, mmol/l

0.055 ± 0.024

0.041 ± 0.015

0.668

LDL cholesterol, mmol/l

0.89 ± 0.037

0.87 ± 0.083

0.778

HDL2 cholesterol, mmol/l

1.10 ± 0.066

1.26 ± 0.078

0.058

HDL3 cholesterol, mmol/l

0.18 ± 0.027

0.21 ± 0.036

0.553

Values are means ± SE for 6 horses

Discussion

Fat feeding raises the activity of lipoprotein lipase and lowers plasma
triacylglycerols in horses (ORME et al., 1997; GEELEN et al., 1999). In the fasting
state, lipoprotein lipase hydrolyzes triacylglycerols in VLDL so that fatty acids can be
taken up by muscle tissue. Fat feeding depresses hepatic synthesis of
triacylglycerols in equines (GEELEN et al., 2001), but the fat-induced lowering of
plasma triacylglycerols probably is explained by the observed increase in lipoprotein
lipase activity. The situation after feeding beetpulp may resemble that seen after fat
feeding. The plasma level of triacylglycerols was lower when the horses were fed on
the concentrate containing beetpulp instead of glucose, the lowering approaching
statistical significance. Concurrently, the activity of LPL tended to be enhanced after
beetpulp ingestion. The feeding of beetpulp also tended to raise the concentration of
HDL2 cholesterol. The increase in HDL2 cholesterol is explained by the increased
generation of VLDL surface material as a result of the increase in LPL activity. Fat
feeding also raises plasma HDL cholesterol in horses (GEELEN et al., 1999). It is still
obscure how diet composition influences lipoprotein lipase activity.
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The concentration of plasma free fatty acids may be directly related with
hepatic VLDL synthesis (HAAGSMAN and VAN GOLDE, 1981) and thus determine the
level of plasma triacylglycerols. However, when beetpulp instead of glucose was fed,
the horses had a higher group mean concentration of free fatty acids, but a lower
concentration of triacylglycerols in plasma. The major fat sources in the ration were
soybean oil and fat from the grass-hay component so that the relative percentage of
polyunsaturated fatty acids was as high as 85 %. As a consequence, the free fatty
acids in fasting plasma were rich in polyunsaturated fatty acids which may have
been preferentially channeled into the pathway of beta oxidation (BEYNEN and
KATAN, 1985). Indeed, the higher level of free fatty acids, when the horses were
fed beetpulp, was associated with a significantly higher concentration of betahydroxybutyrate.
An interesting finding emerged from this study. At 3 hours after feed intake,
the concentration of plasma insulin was markedly raised when the horses were
given the concentrate containing beetpulp. At the same time point, plasma glucose
was significantly higher after beetpulp consumption. Possibly, the higher glucose
level had caused the higher concentration of insulin. It cannot readily be explained
why beetpulp feeding produced a higher plasma glucose concentration at 3 hours
post-prandially than did glucose feeding. The pectin component of beetpulp might
have slowed down starch digestion, leading not only to dampening of the postprandial glucose peak, but also to a delay of the peak. Alternatively, the
replacement of glucose by beet pulp caused generation of propionic acid in the
caecum and colon (STARK and MADAR, 1993; LUPTON and KURTZ, 1993), resulting
in an extended appearance of glucose in plasma. The high post-prandial level of
insulin seen after beetpulp feeding is expected to depress fatty acid mobilization.
Indeed, after feed intake the concentration of free fatty acids dropped to a larger
extent when the horses were fed beetpulp instead of glucose.
In man and laboratory animals, dietary pectin has been shown to lower
plasma cholesterol concentrations (TRUSWELL and BEYNEN, 1992). The
hypocholesterolaemic eefect of pectin depends on its viscosity (TERPSTRA et al.,
1998). In our horses, the feeding of beetpulp did not affect plasma total cholesterol
concentration. The discrepancy in cholesterolaemic response to pectin between
horses and other species could relate to differences in metabolism and/or the
dietary conditions. In laboratory animals such as hamsters and rats, cholesterol
containing diets are required to elicit a hypocholesterolaemic response (BEYNEN and
10
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WEST, 1989). Furthermore, the effective pectin dose is in the order of 3-5% in the
dietary dry matter, including for humans (TRUSWELL and BEYNEN, 1992). The
ration with beetpulp used in this study contained about 5 % of pectin in the dry
matter, but was cholesterol-free.
In conclusion, this cross-over study with adult, healthy horses has shown
that the feeding of beetpulp at an inclusion level of 25 % in the dietary dry matter
lowered plasma triacylglycerol concentrations in the fasting state and raised the
activity of lipoprotein lipase. The two effects closely approached statistical
significance. It is suggested that beetpulp ingestion activates lipoprotein lipase
followed by a drop in plasma triacylglycerols. This suggestion implies that beetpulp
feeding is associated with a greater demand of fatty acids by muscle tissue while in
the fasting state. Muscle should then lack another energy providing substrate,
possibly glycogen. It is difficult to see how beetpulp feeding would produce lower
glycogen levels in muscle in the fasting state and how this relates to the higher
plasma concentration of free fatty acids.
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A fat-free diet formula for hyperlipaemia in ponies

Summary

A fat-free liquid diet was formulated to be administered by nasogastric tube
as therapy for hyperlipaemia in ponies. The liquid diet provided energy, protein,
minerals, trace elements, and vitamins in accordance with the requirements of
ponies. As sole source of nutrition, the liquid diet fully counteracted fasting-induced
hyperlipaemia in two healthy ponies. The liquid diet was also used in hyperlipaemic
patients, but only in combination with conventional therapy, consisting of
intravenous administration of glucose, insulin, and heparin. Although no patients
were treated with the liquid diet alone, the liquid diet has potential in the treatment
of hyperlipaemia - it is easy to prepare and to administer by nasogastric tube and it
provides energy and nutrients to counteract the negative energy balance and low
nutritional status of patients. Experience is needed with hyperlipaemic patients that
are treated with the liquid diet only.
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Introduction

Hyperlipaemia and fatty liver is a metabolic condition frequently seen in fat
ponies (6, 10,17). The syndrome arises in a state of negative energy balance due to
depression of feed intake associated with conditions such as parasitism, stress, or
transportation (10). Excessive mobilization of fat stores results in the accumulation
of free fatty acids in plasma, causing overproduction of very low density lipoproteins
(VLDL) by the liver (6,14). Common clinical signs are dullness and lethargy
progressing to severe depression. Typical is a patient standing over a bucket of
water while drooling (6). A preliminary diagnosis can be based on the clinical signs
together with the presence of opaque, milk-like plasma. Clinical signs occur when
serum triacylglycerol levels exceed 500 mg/dl (7.14 mmol/l) (6, 11). The prognosis
of these patients is poor: about 65% die (13,19). Autopsy invariably shows a fatty
liver (6,10,13,14,19).
Treatment for ponies with hyperlipaemia consists of intravenous
administration of heparin, insulin, and glucose (1,8). The aim of treatment is to
promote the degradation of the accumulated VLDL particles by heparin-mediated
stimulation of lipoprotein lipase. At the same time, lipolysis in adipose tissue is
depressed by inhibition of hormone-sensitive lipase by administered insulin (1).
Glucose is given to prevent insulin-induced hypoglycaemia. This treatment rapidly
lowers plasma triacylglycerol concentrations in hyperlipaemic ponies, but in spite of
this correction many patients do not start eating again and die (1,4). In this
context, it may be noted that heparin is a potent anticoagulant and the inherent
dangers of its administration should be considered (19).
Gruels prepared from dried grass and mixed feed have been recommended for
nutritional support of anorectic or hyperlipaemic patients. However, gruels and
slurries are quite viscous and may be difficult to prepare and to deliver by tube (9).
The total amount of nutrients that can be delivered in this form is often less than
that required by the patient. For maintenance, a pony of 200 kg needs
approximately 2.5 kg commercial pellets or 3.5 kg grassmeal pellets per day.
Considerable amounts of water are needed to sufficiently dilute these feeds so that
they can be given through a nasogastric tube, which results in large volumes that
have to be given each day, even in a pony. The resultant slurry can easily obstruct a
tube during the feeding period. Alternatives include the more easily administered
3
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commercial liquid diets, which have been used for the nutritional support of
hyperlipaemic and hypo- or dysphagic horses (5,11,16). These include a low-fat,
partially hydrolysed human enteral feeding preparation (Vital HN, Ross Laboratories,
Columbus, Ohio), a high-protein isotonic human liquid diet (Osmolyte HN, Ross
Laboratories, Columbus, Ohio), and complete and balanced diets for growing and
adult horses (NutriFoal and NutriPrime, KenVet, Ashland, Ohio) (5, 11, 16 ). Golenz
et al. (5) and Moore et al. (11) have used such commercial diets as sole nutritional
support for hyperlipaemic horses and concluded that enteral nutritional
supplementation in combination with treatment of the primary disease is successful
in reversing hyperlipaemia in miniature horses and miniature donkeys. The mean
duration of nutritional supplementation in patients that recovered was 11.7 days;
hyperlipaemia resolved after 7 days of supplementation (11). The fat content of the
human enteral feeding preparation used by Golenz et al. (5) was 9% on an air-dry
basis. Moore et al. (11) used products with a fat content of 30, 42 and 15% for
Osmolyte HN, NutriFoal, and NutriPrime, respectively. It is questionable whether fat
administration to animals with a deranged lipid metabolism is appropiate. Fat
feeding may increase the post-prandial plasma level of triacylglycerols whereas the
aim of nutritional support is to decrease this level. Thus, we formulated a fat-free
liquid diet for the treatment of hyperlipaemia. In this article, we describe the effect
of this liquid diet in healthy ponies with fasting-induced hyperlipaemia and we report
preliminary experience with this diet in the therapy of patients with hyperlipaemia.

Materials and methods

The experimental design was approved by the Animal Experiments
Committee of the Utrecht Faculty of Veterinary Medicine. The ingredients of the
supplement are glucose, casein, and a mixture of minerals, trace elements, and
vitamins (Table 1). Glucose is a rapidly usable energy source and triggers the
release of insulin. The daily amounts of the nutritional supplement (Table 2) were
given in relation to the requirements for maintenance. The energy requirements for
ponies were based on the Dutch net energy (NE) system (3) and were 348 kJ NE/kg
0.75
. The protein requirement was set at 3 g digestible crude protein (DCP) per kg
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metabolic weight (3). The vitamin, mineral, and trace element levels of the
supplement were based on the recommendations of the National Research Council
(7). These levels might not be optimal for sick horses, but there is no more
appropiate information. More work in this area needs to be done. The net energy
content of glucose and casein for horses was estimated to be equal to the net
energy in these feedstuffs for swine, i.e. 12.2 and 9.0 MJ NE, respectively (2). It
was also estimated that, as in swine, the ileal digestiblity of casein woul be 95% in
horses. The daily ration was divided into four equal portions. Each portion was
dissolved in water (45 ml/kg of body weight) and given by nasogastric tube. Within
3 days, the amount was increased from 25% to 100% of maintenance
requirements.
Table 1
Composition of the nutritional supplement
Ingredient

g/kg

MJ NE1 / kg

g DCP2 / kg

Glucose3
Casein

828
125

12.2
9.0

798

MgO

3.1

KCl

12.1

11.2

99.8

NaCl
CaPO4
Cornmeal (carrier)
Premix4
Total

6.4
19.9
2.5
3.1
1000

1

NE = net energy
DCP = apparently digestible crude protein
3
Meritose (Amylum, Koog a/d Zaan, The Netherlands)
4
Premix contains per kg: 0.38 g CoSO4.7H2O ; 0.40 g Na2SeO3.5H2O ; 0.20 g KIO3 ; 100.0 g
MnSO4.H2O ; 200.0 g FeSO4.7H2O ; 15.0 g CuSO4.5H2O ; 110.0 g ZnSO4.H2O ; 6.0 g retinyl
acetate preparation (3x106 IU); 3.0 g cholecalciferol (300000 IU); 80 g dl-α-tocopheryl acetate
(4000 IU); 0.9 g vitamin B1 (purity 100%); 0.9 g vitamin B2 (purity 100%); 0.9 g vitamin B12
preparation (purity 0.1%); 0.2 g biotin (purity 100%) ; 482.12 g corn meal (carrier)
2

We tested the supplement in three healthy Shetland ponies. One pony (309
kg BW) was given the diet for 5 consecutive days, by nasogastric tube. No other
5
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food was given. Two other ponies (186 and 260 kg BW) were fasted for 8 and 9
days, during which time they had free access to water. A clinical check-up (rectal
temperature, heart rate, respiratory rate, pulse, clinical signs of colic, diarrhoea and
signs of founder) was performed daily. Blood was sampled daily, sampling being
started 3 days before and continued until the end of the study. Samples were taken
from the jugular vein and collected in evacuated tubes (Venoject R vacuum tubes,
Terumo, Leuven, Belgium). The tubes contained NaF and K-oxalate (6.75 mg of
each per 2 ml blood) for glucose determination or contained no additive. Glucose
was determined immediately after blood collection. Plasma glucose, bilirubin,
triacylglycerols, phospholipids, and cholesterol concentrations were analysed in
plasma with commercial test combinations (Boehringer Mannheim GmbH
Diagnostica, Mannheim, Germany). After the fasting period, the ponies were given
the liquid diet through a nasogastric tube until the plasma triacylglycerol levels
normalized. No feed other than the liquid diet was provided.
Table 2
Daily amount of nutritional supplement and water for ponies with hyperlipaemia
Body weight

Supplement1

Water

kg

g/kg BW/day

ml/kg BW/day

< 150
150 - 250

9
8

45
45

> 250

7

45

1

The total amount should be divided into four portions that are given during the day.

The liquid diet was also used as part of the conventional therapy for 20
patients with hyperlipaemia. Conventional therapy consisted of intravenous
administration of Ringer’s solution and glucose (5 g/l), protamine zinc insulin (80 IU
i.v. and 80 IU i.m.), and heparin (20000 IU i.v.) (12,18). The amount of Ringer’s
solution and glucose given depended on the hydration status of the patient.
Unfortunately, it was not possible to treat the patients with nutritional support
alone.
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Results

The pony that received the liquid diet as sole source of nutrition for 5
consecutive days remained in good health. The amount of faeces produced was
slightly reduced, but the consistency was normal. Feeding the liquid diet did not
result in any apparent detrimental clinical, behavioural, or biochemical effects in the
pony. All plasma values measured remained within the normal range.
After 8 and 9 days of fasting, the plasma triacylglycerol levels of the two
ponies had increased from 0.15 to 8.5 and 3.4 mmol/l, respectively. Administration
of the dietary supplement resulted in a rapid decrease to normal values of the
plasma triacylglycerol level within 1 day (Figure 1). After 2 or 3 days of the dietary
supplementations it was stopped and only good quality hay was given.
Subsequently, there was a rapid, relatively small increase in plasma level of
triacylglycerols followed by a decrease. The plasma glucose level fell after fasting
and increased after refeeding (Table 3). Plasma bilirubin levels increased
dramatically after fasting and cholesterol levels increased slightly.
Table 3
Plasma levels of glucose, total bilirubin, and cholesterol in two Shetland ponies, before and
after fasting for 8 or 9 days and after re-feeding.

Glucose, mmol/l
Total bilirubin, µmol/l
Total cholesterol, mmol/l

Before fasting

After fasting

After re-feeding

Pony 1

4.6

3.6

4.7

Pony 2

4.8

3.7

4.4

Pony 1

10.6

70.8

27.5

Pony 2

11.6

76.1

53.9

Pony 1

2.3

4.5

3.3

Pony 2

2.4

3.3

2.8

Of the 20 patients treated with conventional therapy plus the nutritional
supplement, 12 died within 3 days of hospitalization. Causes of death were fatty
degeneration of organs, ruptured liver, acute colitis, and myocardial necrosis. In
several patients a considerable amount of sand was found in the caecum and colon.
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Figure 1
Time course of plasma triacylglycerol concentrations in two healthy ponies during fasting
followed feeding of a liquid diet and hay.
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On arrival, plasma total lipid levels in the 20 patients varied between 13 68 g/l (normal level 3-7 g/l). The 12 patients that died had lipid concentrations of
43 - 68 g/l and the remaining eight patients had lipid concentrations of 16.3 g/l
(12.7 – 22 g/l). These levels decreased within several days after conventional
treatment in combination with the liquid diet. The duration of nutritional
supplementation in the eight patients that recovered ranged from 3 to 17 days.
However, even after normalization of the plasma triacylglycerol level, five patients
did not start eating and nutritional support had to be continued. In four patients
recovery was accomplished after nutritional support for another 5-7 days. In one
patient, a mini-Shetland mare (80 kg BW), the supplement was administered for a
period of 13 days. This patient had a plasma level of total lipids of 15 g/l and of
triacylglycerol of 30 mmol/l (normal level is 0.4 ± 0.2 mmol/l; 15) on arrival in the
clinic, therapy with glucose, insulin, and heparin plus the nutritional support was
started. On the first day 50% of the energy requirement was supplied and then
increased in two days to 100%. On day 1, 90 g of supplement/ 900 ml water was
administered 4 times; on day 2, 126 g / 900 ml water was administered 4 times;
and on day 3, 180 g / 900 ml water was administered 4 times. Six days after
arrival, the plasma triacylglycerol level was 2.6 mmol/l; however, the mare refused
to eat.
Table 4
Liver enzymes of a patient with hyperlipaemia before and during treatment.
Enzyme

Arrival

Day 4

Day 12

AP (mmol/l)

6327

6169

3931

LDH (mmol/l)

1439

2987

1601

γ GT (mmol/l)

144

144

99

GOT (mmol/l)

nd

412

314

AP, alkaline phosphatase; LDH, lactate dehydrogenase; γ GT, γ-glutamyl transferase; GOT,
aspartate aminotransferase.
nd = not determined
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The liver enzymes were elevated at arrival and remained high after 4 days
(Table 4). Nutritional support was given for 13 days. After 12 days the liver
enzymes had declined. To stimulate eating, the supplement was stopped 1 day
later. Another 2 days later the pony started to eat by herself and a few days later
she was sent home.

Discussion

The succesfull treatment of hyperlipaemia requires reversal of the negative
energy balance that has developed. This can be achieved by offering fresh grass or
allowing the animal to graze. Those animals that are too ill to eat can be fed by
stomach tube. Nutritional support reverses the negative energy balance, increases
serum glucose concentrations, promotes endogenous insulin release, and inhibits
mobilization of fatty acids from peripheral adipose tissue (11).
Our studies with the three Shetland ponies showed that the new dietary
supplement was well accepted, easy to prepare, readily administered via a small
nasogastric tube, and caused no side effects. In experimentally induced
hyperlipaemia plasma triacylglycerol levels are not as high as those seen in
hyperlipaemic patients. Moreover, clinical manifestations of hyperlipaemia, such as
depression and food refusal, are not seen in ponies with experimental
hyperlipaemia; they are alert and willing to eat when food is offered. Thus, the
efficacy of the liquid diet can only be tested in patients. In practice, there is
reluctance to replace conventional therapy by an alternative therapy, and only
under specific conditions. We have no experience with hyperlipidaemic patients
treated with the conventional therapy and different diets or the liquid diet only. Our
formula is currently used in the clinic and is preferred to previously used slurries
made of horse- and grass pellets because the formula is easy to prepare and to
administer. Because the slurry is likely to obstruct the nasogastric tube, a relatively
small-diameter tube can be used, resulting in less discomfort and resistance to the
procedure, which facilitates the feeding process. The survival of the hyperlipaemic
horse depends for a great deal on when treatment is started after the beginning of
the hyperlipidaemic state. Hyperlipidaemic patients arriving at the clinic are sent by
their local veterinarians and most have been hyperlipaemic for several days. This
10
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may explain the high number of patients that died during our survey. We advise
giving patients with hyperlipaemia nutritional support as soon as possible after the
onset of hyperlipaemia not only to decrease the plasma level of triacylglycerols, but
also to counteract the negative energy balance and prevent further tissue
breakdown.
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General conclusions

In this section the main conclusions from this thesis are listed and briefly
discussed.

Chapter 2

Dietary fats and lipid metabolism in relation to equine health,
performance and disease.

A review is given on the role of fats in equine nutrition. The intake of extra fat at
the expense of carbohydrates may be advantageous as to athletic performance
and the treatment and prevention of recurrent rhabdomyolisis, digestion
disorders and founder. Fat feeding has a pronounced impact on lipid metabolism
as illustrated by an increase in plasma cholesterol, a decrease in plasma
triacylglycerols and an increase in the plasma activity of heparin-released
lipoprotein lipase. The influence of the type of dietary fat on lipid metabolism
has not been well described, with the exception of medium chain triacylglycerols
(MCT). MCT feeding raises the concentration of plasma triacylglycerols, which is
explained by an enhanced production of triacylglycerols.

Chapter 3

The feeding of MCT raises plasma triacylglycerol levels in horses
when compared to soybean oil, but the MCT-induced increase in
plasma triacylglycerol levels is not greater when the diet
contains starch plus glucose instead of cellulose.

MCT feeding versus the feeding of soybean oil probably generates more acetylCoA in the liver which in turn activates de novo fatty acid synthesis, leading to
enhanced VLDL secretion and the observed increase in plasma triacylglycerols.
Unlike the hypothesis advanced, there was no interaction between fat source
and carbohydrate source with regard to plasma triacylglycerol concentrations.
Thus, it seems unlikely that the increase in plasma triacylglycerols as induced by
MCT is caused by a glucose sparing action and channeling of glucose into the
pathway of de novo fatty acid synthesis. In horses, probably both glucose and
acetate are used for de novo synthesis of fatty acids, depending on the
composition of the ration. Cellulose versus starch or glucose would yield more
acetate, thereby also raising the concentration of plasma triacylglycerols.
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Chapter 4

Isoenergetic amounts of either cellulose or MCT in the diet of
horses have a differential triacylglycerolaemic effect.

In horses fed concentrates rich in soybean oil it was found in the study described
in Chapter 3 that dietary cellulose versus glucose raises plasma triacylglycerols.
However, when using low-fat concentrates, the feeding of cellulose instead of
starch did not influence plasma triacylglycerols. A possible explanation goes as
follows. On a high-fat diet containing soybean oil, hepatic de novo synthesis of
fatty acids will be depressed. If cellulose feeding would supply significant
amounts of acetic acid to the liver, the acetyl-CoA derived from acetic acid in the
cytoplasma may stimulate de novo fatty acid synthesis by providing extra
substrate even though the activities of the lipogenic enzymes are low. In
contrast to acetic acid, glucose cannot act as a precursor. Glucose can be
transformed to acetyl-CoA in the mitochondria, and subsequently into citrate,
but the transport to the cytoplasma by the citrate carrier could be depressed on
a high-fat diet. When the diet is low in fat, both acetyl-CoA derived from glucose
in the mitochondria and from acetic acid in the cytoplasma can be used for de
novo fatty acid synthesis. This speculative reasoning would explain that starch
and cellulose, when incorporated into a low-fat diet, did not differentially
influence the concentration of plasma triacylglycerols.

Chapter 5

Feeding a diet containing MCT instead of soybean oil to ponies
causes an increase in the production of plasma triacylglycerols.

In this study plasma triacylglycerol production was assessed using the Triton
method and clearance with the use of Intralipid infusion. The rate of
triacylglycerol clearance was on average about two-fold higher than the
calculated rate of triacylglycerol production. This difference can be explained by
underestimation of triacylglycerol production. The LPL activity was lower when
the ponies were given MCT, this lower activity being found both before and after
administration of Triton. The activity measured 5 hours after Triton
administration was still about 50% of the baseline activity. For both treatments
the calculated production of triacylglycerols was underestimated and this was
probably more so when the ponies were fed the ration with soybean oil. It is
concluded that MCT versus soybean oil causes an increase in triacylglycerol
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production, leading to an elevation of plasma triacylglycerol concentration and
eliciting an increase in plasma triacylglycerol clearance as a secondary feature.

Chapter 6

There is no differential effect on the concentration of plasma
triacylglycerols when horses are fed diets containing either
soybean oil or palm oil.

In man and experimental animals, the replacement of dietary saturated by
polyunsaturated fatty acids causes a decrease in plasma triacylglycerol
concentrations. The suggested mechanism is that the liver preferentially
converts polyunsaturated fatty acids into ketone bodies instead of into VLDLtriacylglycerols may not hold for horses. The feeding of soybean versus palm oil
did not affect the plasma level of betahydroxy butyrate and that of VLDLcholesterol. Thus, dietary soybean oil probably did not affect the hepatic
secretion of VLDL-triacylglycerols. Apparently, plasma triacylglycerol
concentrations in horses are not sensitive to the degree of saturation of dietary
fatty acids.

Chapter 7

When horses are fed on a concentrate containing beetpulp
instead of glucose, the plasma level of triacylglycerols is lower
and the activity of LPL is higher.

The data indicate that beetpulp ingestion activates lipoprotein lipase followed by
a drop in plasma triacylglycerols. This situation after feeding beetpulp may
resemble that seen after fat feeding, and this suggestion implies that beetpulp
feeding leads to a greater demand of fatty acids by muscle tissue while in the
fasting state.

Chapter 8

A fat-free liquid diet has potential in the treatment of
hyperlipaemia in ponies.

It is questionable whether fat administration to animals with a deranged lipid
metabolism is appropiate, and a fat-free liquid diet was formulated for the
treatment of hyperlipaemia in ponies. The ingredients of the supplement were
glucose, casein, and a mixture of minerals, trace elements, and vitamins. A
study with three healthy Shetland ponies showed that the dietary supplement
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was well accepted and caused no side effects. The efficacy of the liquid diet was
tested in a small number of patients, but in combination with the conventional
therapy. It is concluded that the liquid formula is easy to prepare and to
administer by nasogastric tube and it provides energy and nutrients to
counteract the negative energy balance and low nutritional status of patients.
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The study of this thesis concerns the dietary influence on lipid
metabolism in horses. The main issue is the effect of dietary medium chain
triacylglycerols (MCT) on triacylglycerol metabolism.
In certain conditions high-fat diets can be beneficial for horses. [Chapter
2] The intake of extra fat at the expense of carbohydrates may be advantageous
as to athletic performance and the treatment and the prevention of recurrent
rhabdomyolisis, digestion disorders and founder. Standard horse rations are low
in fat (2-5% in the drymatter), but horses are capable to digest fat in diets with
fat levels as high as 10-15% without problems. Because of a decrease in
palatability, more than 10-15% fat in the diet is not advisable under practical
conditions. Diets rich in long-chain polyunsaturated fatty acids in the form of
soybean oil decrease plasam triacylglycerol concentrations and increase the
activity of heparin-released lipoprotein lipase activity in horses. The metabolic
adaptation to fat supplementation in the horse appears to proceed in a manner
similar to that seen in response to training.
MCTs are laboratory-made and contain saturated fatty acids with 8 or 10
carbon atoms. Dietary MCTs are rapidly absorbed and carried through the portal
vein directly to the liver. Unlike long-chain fatty acids medium chain fatty acids
(MCFA) pass the mitochondrial membrane without carnitine. The acetyl-CoA
generated by β-oxidation of MCFAs can enter the Krebs cycle or ketogenesis
within the mitochondria or its C2 units can be transported to the cytosol and be
used for de novo synthesis of fatty acids.
In monogastric species the feeding of MCT raises the concentration of
plasma triacylglycerols. In fasting state the plasma level of triacylglycerols is
determined by the rate of hepatic secretion and by its clearance which relates to
the activity of lipoprotein lipase (LPL). The increase in plasma triacylglycerols in
rats seen after MCT feeding instead of corn oil feeding is explained by the
observed MCT-induced stimulation of hepatic de novo fatty acid synthesis.
Dietary MCT did not affect plasma triacylglycerol concentrations in ruminants.
Possibly, oxidation of MCT in the liver spares glucose which is then converted
into fatty acids. In ruminants the supply of glucose is limited due to
fermentation of dietary non-structural carbohydrates in the rumen.
Our first hypothesis tested was that dietary MCT will raise the plasma
level of triacylglycerols in horses when glucose is abundant but not when little
glucose is available. [Chapter 3] The feeding of MCT versus soybean oil raised
the plasma level of triacylglycerols. There was no significant effect of
carbohydrate source and no fat-carbohydrate interaction. Thus, the hypothesis
was rejected. However, when diets contained soybean oil, cellulose versus
glucose produced significantly greater increase in plasma triacylglycerols. A
major product of cellulose fermentation is acetic acid. In the liver acetic acid can
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be converted into Acetyl-CoA in the cytosol and be use for in de novo fatty acid
synthesis.
The hypothesis tested in Chapter 4 was that the effect on plasma
triacylglycerols when horses are fed isoenergetic amounts of MCT or cellulose
would be similar. During three weeks horses were fed diets rich in MCT, cellulose
or starch. MCT elevated plasma levels of triacylglycerol. But the hypothesis was
rejected because intake of cellulose did not increase the triacylglycerol
concentrations in plasma. It was speculated that on both low-fat diets and highfat diets with MCT, glucose and acetic acid can be used for de novo fatty acid
synthesis, resulting in a similar effect on triacylglycerol concentrations.
However, when feeding high-fat diets with soybean oil, de novo fatty acid
synthesis will be depressed as well as the citrate carrier so that cellulose but not
glucose will raise plasma triacylglycerol levels (Chapter 3).
The hypothesis tested in Chapter 5 was that feeding of MCT instead of
soybean oil would increase the production of plasma triacylglycerols together
with an increase in the clearance rate of triacylglycerols. Ponies were used and
the production of plasma triacylglycerol was indirectly measured after
administration of Triton WR1339. Triton inhibits LPL. In fasting state, Tritoninduced accumulation of triacylglycerol would thus reflect net triacylglycerol
secretion by the liver. The clearance of plasma triacylglycerol was measured
after the infusion of Intralipid. The rate of triacylglycerol clearance was on
average about two-fold higher than the calculated rate of triacylglycerol
production. This difference can be explained by underestimation of
triacylglycerol production. The LPL activity measured 5 hours after Triton
administration was still about 50% of the baseline activity. The LPL activity was
lower when the ponies were fed MCT. It was concluded that MCT versus soybean
oil causes an increase in the triacylglycerol production, leading to an elevation of
plasma triacylglycerol concentration and eliciting an increase in plasma
triacylglycerol clearance as a secondary feature.
In this thesis the effects of MCT are compared to soybean oil. Soybean
oil contains a large amount of the long-chain polyunsaturated fatty acid, linoleic
acid. In man and experimental animals, the replacement of dietary saturated by
polyunsaturated fatty acids causes a decrease in plasma triacylglycerol
concentrations. In the experiment described in Chapter 6 horses are fed high-fat
rations with either soybean oil or palm oil. There was no difference in plasma
triacylglycerol levels between the two diets. Thus, dietary soybean oil probably
did not affect the hepatic secretion of very-low-density-lipoproteins with
triacylglycerols. Apparently, plasma triacylglycerol concentrations in horses are
not sensitive to the degree of saturation of dietary fatty acids.
Because of our interest in the dietary influence on triacylglycerol
metabolism in horses pectin was used in the experiment described in Chapter 7.
The feeding of the non-digestible highly fermentable pectin may lower plasma
triacylglycerol concentrations in some laboratory animals. In a cross-over study
with 6 adult horses, the effect of isoenergetic replacement of dietary glucose by
beetpulp on the concentration of plasma triacylglycerol was studied. The test
ration contained 25% beetpulp, with 5% pectine in the dietary dry matter. The
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feeding of beetpulp lowered the plasma concentration of triacylglycerol in fasting
state and raised the activity of heparin-released LPL. The situation after feeding
beetpulp may resemble that seen after feeding high-fat diets with soybean oil. It
is suggested that beetpulp ingestion activates lipoprotein lipase followed by a
drop in plasma triacylglycerols.
Hyperlipaemia is a condition in ponies associated with a dysfunction in
lipidmetabolism. The syndrome arises in a state of negative energy balance due
to depression of feed intake. Excessive mobilization of fat stores results in
accumulation of free fatty acids in plasma, causing overproduction of very low
density lipoproteins by the liver. A fat-free liquid diet was formulated for the
treatment of hyperlipaemia. The supplement contained glucose, casein and a
mixture of minerals, trace elements and vitamins. As sole source of nutrition the
liquid diet fully counteracted fasting-induced hyperlipaemia in two healthy
ponies. Although no patients were treated with the liquid diet alone, the liquid
diet has potential in the treatment of hyperlipaemia – it is easy to prepare and
to administer by nasogastric tube and it provides energy and nutrients to
counteract the negative energy balance and low nutritional status of patients.
This thesis shows that MCT-rich rations increase the plasma level of
triacylglycerols in horses by increasing de novo fatty acid synthesis in the liver.
The effect on triacylglycerol metabolism is different than when diets rich in
soybean oil are fed to horses and indicates that MCT is not suitable for
performance horses. Possibly MCT can be used in special diets for horses with
problems in the digestibility of long chain fatty acids. Another result from this
thesis is that the intake of beetpulp has similar effects on lipid metabolism than
soybean oil.
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Het onderzoeken in dit proefschrift heeft betrekking op de nutritionele
beïnvloeding van de vetstofwisseling bij paarden. Met name de effecten van
triacylglycerolen met middel-keten vetzuren (MCT) op de
triacylglycerolstofwisseling komen aan de orde.
Onder bepaalde omstandigheden kunnen paarden baat hebben bij de
opname van een vetrijk rantsoen. [Hoofdstuk 2] Een vetrijk rantsoen kan de
prestatie van sportpaarden positief beinvloeden. Het kan aanvallen van
spierbevangenheid, verteringsstoornissen en hoefbevangenheid voorkomen. Een
verhoging van het vetgehalte van 3% naar 10-15% in de droge stof levert geen
verteringsproblemen op. Een praktisch bezwaar van een vetrijke voeding kan
zijn dat sommige paarden het minder smakelijk vinden. Een sojaolie-rijk
rantsoen, met veel meervoudig onverzadigde vetzuren, induceert aanpassingen
in de stofwisseling bij paarden. Het cholesterolgehalte in het plasma stijgt, het
triacylglycerolgehalte daalt en de activiteit van het enzym lipoproteïne lipase
stijgt. De omzetsnelheid van triacylglycerolen gaat omhoog en meer vetzuren
worden door de spieren opgenomen en als brandstof gebruikt. Deze
veranderingen lijken op aanpassingen in de stofwisseling geïnduceerd door
training.
Middel-keten vetzuren zijn verzadigd en bevatten 8 of 10 koolstof
atomen. De relatief korte ketenlengte maakt MCT meer wateroplosbaar dan
langketen vetzuren. De specifieke eigenschappen van MCT zijn deels hierdoor te
verklaren. MCT’s worden na absorptie door de dunne darm opgenomen in het
bloed en direkt via de poortader naar de lever getransporteerd in tegenstelling
tot langketen vetzuren. In de lever passeren middel-keten vetzuren, zonder hulp
van carnitine, de mitochondriënmembraan. In de mitochondriën worden middelketen vetzuren in de β-oxidatie afgebroken, waarbij acetyl-CoA vrijkomt. Bij
voldoende intermediairen van de citroenzuurcyclus kan acetyl-CoA in de
citroenzuurcyclus verwerkt worden. Anders kan acetyl-CoA omgezet worden in
ketonlichamen. Echter, acetyl-CoA kan ook gebruikt worden voor de
vetzuursynthese, maar hiervoor moet het acetyl-CoA van de mitochondriën naar
het cytoplasma getransporteerd worden. Dit vindt plaats door de citraat-carrier
na omzetting in citraat.
MCT-opname leidt tot een stijging van het triacylglycerolgehalte in het
plasma bij de mens en éénmagige diersoorten. De plasma-spiegel van
triacylglycerol wordt in de nuchtere toestand bepaald door de secretie van
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triacylglycerol door de lever en de opname in de weefsels. Dit laatste is
afhankelijk van de activiteit van het enzym lipoproteïne lipase (LPL). Bij ratten is
gevonden dat MCT-opname de vetzuursynthese stimuleert in de lever. Vetzuren
worden als triacylglycerolen in de vorm van very-low-density-lipoproteins (VLDL)
uitgescheiden. In tegenstelling tot éénmagigen stijgt het triacylglycerolgehalte in
het plasma niet bij de herkauwer. Het zou kunnen zijn dat de door MCT
gestimuleerde vetzuursynthese vetzuren produceert uit glucose dat gespaard
wordt tijdens de preferentiële oxidatie van MCT in de lever. Aangezien
herkauwers weinig glucose opnemen als gevolg van de fermentatie van de
voedingstoffen in de pens zou daarom bij deze diersoort geen stijging van het
triacylglycerolgehalte worden waargenomen.
De eerste hypothese die is getoetst luidde dat bij paarden een MCT-rijke
voeding met veel glucose een grotere stijging veroorzaakt van het
triacylglycerolgehalte in het plasma dan een MCT-rijke voeding met weinig
glucose. [Hoofdstuk 3] Na opname van MCT steeg het triacylglycerolgehalte in
het plasma ten opzichte van sojaolie. De koolhydraat bron gaf geen significant
effect en er was geen interactie tussen de vet- en de koolhydraatbron. Kortom,
de hypothese werd verworpen. Echter, na opname van het soyaolie rijke
rantsoen werd een significant hoger triacylglycerol gehalte in het plasma
gevonden bij cellulose in het voer vergeleken met glucose. De fermentatie van
cellulose levert acetaat. Acetaat kan na opname in de lever direkt in het
cytoplasma omgezet worden in acetyl-CoA en gebruikt worden voor de synthese
van vetzuren.
Het lipogene potentieel van acetaat werd getoetst in de volgende studie.
[Hoofdstuk 4] De hypothese luidde dat een isoenergetische uitwisseling tussen
cellulose en MCT in het rantsoen niet resulteert in een verschil in triacylglycerol
in het plasma. Een MCT-rijk krachtvoer, een zetmeelrijk krachtvoer en een
cellulose-rijk krachtvoer zijn gedurende een periode van 3 weken aan paarden
gevoerd. Verwacht werd dat het triacylglycerolgehalte in het plasma voor de
MCT- en cellulose-rijke rantsoenen hoger zou zijn dan voor het zetmeelrijke
rantsoen. Dit was echter niet het geval. Opname van MCT gaf wel een stijging
van het triacylglycerolgehalte in het plasma, maar er was geen verschil tussen
de twee andere rantsoenen. Een mogelijke verklaring voor het feit dat cellulose
het triacylglycerolgehalte niet beinvloedde terwijl dat in de voorgaande studie
met vetrijke rantsoenen wel het geval was is het volgende. Een vetrijk rantsoen
remt de citraat carrier in de mitochondriën. Acetyl-CoA gevormd uit glucose kan
in die situatie dus niet getransporteerd worden naar het cytoplasma en
bijdragen aan de vetzuursynthese. Acetyl-CoA afkomstig van acetaat is reeds in
het cytoplasma aanwezig en kan dus bij een vetrijke voeding wel in vetzuren
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worden omgezet. Uit de resultaten van Hoofdstuk 3 blijkt dat een vetrijk
rantsoen met sojaolie en cellulose resulteert in hogere triacylglycerolgehalten in
het plasma dan sojaolie met glucose. Bevat het rantsoen echter weinig vet dan
kunnen zowel het acetyl-CoA uit glucose als dat gevormd uit acetaat gebruikt
worden voor de vetzuursynthese en onstaat er geen verschil in het
triacylglycerolgehalte in het plasma. [Hoofdstuk 4]
De produktie en de verdwijning van triacylglycerol in het plasma werd bij
ponies bepaald na opname van een MCT-rijke en een sojaolie-rijke voeding.
[Hoofdstuk 5] Door met behulp van Triton WR1339 de activiteit van lipoproteïne
lipase te blokkeren is de produktie van triacylglycerol in de nuchtere toestand
bepaald. De verdwijning van triacylglycerol uit het bloed is geschat met behulp
van het toedienen van exogeen triacylglycerol in de vorm van Intralipid. De
verdwijning van triacylglycerol was ongeveer twee maal zo groot als de
berekende produktie. Waarschijnlijk komt dit doordat de activiteit van LPL na
toediening van Triton nog ongeveer 50% van de initiële waarde was. Daardoor is
de berekende produktie van triacylglycerol voor beide behandelingen,
verstrekking van sojaolie of MCT, onderschat. Zowel de produktie als de
verdwijning van triacylglycerol is hoger na opname van MCT ten opzichte van
sojaolie. Door een verhoogde synthese van triacylglycerol in de lever stijgt het
triacylglycerolgehalte in het plasma totdat de verdwijning van triacylglycerol zich
aanpast en er een nieuwe evenwichts situatie ontstaat.
De effekten van MCT zijn in dit proefschrift vergeleken met sojaolie.
Sojaolie is een vetsoort met veel langketen meervoudig onverzadigd vetzuur in
de vorm van linolzuur. Uit onderzoek bij mensen en andere diersoorten blijkt dat
wanneer verzadigde vetzuren in de voeding vervangen worden door
onverzadigde vetzuren het triacylglycerolgehalte in het bloed daalt. Om bij
paarden het effect van onverzadigde vetzuren op de triacylglycerolstofwisseling
te toetsen zijn rantsoenen gevoerd met sojaolie of met palmolie. [Hoofdstuk 6]
Palmolie is in ketenlengte vergelijkbaar met sojaolie maar is meer verzadigd.
Klaarblijkelijk is de triacylglycerolstofwisseling van paarden niet gevoelig voor de
saturatiegraad van vetzuren in de voeding, want er werd geen verschil
gevonden in het triacylglycerol gehalte in het plasma.
Gezien de interesse in de nutritionele beïnvloeding van het
triacylglycerolgehalte in het plasma is besloten de invloed van pectine te
onderzoeken. [Hoofdstuk 7] Pectine is een onverteerbare, snel fermenteerbare
vezel en verlaagt bij enkele andere diersoorten het plasma
triacylglycerolgehalte. Paarden kregen een rantsoen gevoerd met 25%
bietenpulp, en derhalve 5% pectine in de droge stof. Ten opzichte van een
glucoserijk rantsoen was het triacylglycerolgehalte gedaald en de activiteit van
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LPL gestegen. Deze effekten lijken op de situatie na voedering van een sojaolierijk rantsoen. Waarschijnlijk verhoogt de opname van pectine de activiteit van
LPL en zorgt daarmee voor een verlaging van het triacylglycerolgehalte in het
plasma. Deze resultaten impliceren dat opname van bietenpulp leidt tot een
verhoogde opname van vetzuren in het spierweefsel bij paarden in de nuchtere
toestand.
Een bekende stoornis in de vetstofwisseling bij ponies is hyperlipaemie.
Een patiënt met hyperlipaemie heeft extreem hoge triacylglycerolgehalten in het
bloed en weigert water en voedsel. Door voedsel te weigeren verergert de
situatie. Voor deze patienten is een formule voor een vloeibare sondevoeding
ontwikkeld. Gezien de gestoorde vetstofwisseling was deze vloeibare voeding
vetvrij gemaakt. Het voedingssupplement bestond uit glucose, caseïne en een
mix van mineralen, spoorelementen en vitaminen. Uit onderzoek met gezonde
ponies bleek deze sonde-voeding goed te worden geaccepteerd, makkelijk te
bereiden en toe te dienen en geen negatieve effecten te veroorzaken. Bij een
aantal patiënten met hyperlipemie is dit voedingssupplement toegediend naast
de conventionele therapie. De plasma triacylglycerolgehalten daalden binnen
enkele dagen. Toch bleven enkele patienten ondanks een normalisering van de
triacylglycerolwaarden voedsel weigeren. Tot een periode van 17 dagen is het
mogelijk geweest om zonder problemen ponies met deze sondevoeding te
voorzien van voldoende voedingsstoffen. De overlevingskansen stijgen als zo
spoedig mogelijk gestart wordt met de sondevoeding na constatering van de
hyperlipaemie. Niet alleen ter verlaging van het triacylglycerolgehalte maar ook
om de negatieve energiebalans op te heffen en verdere weefselafbraak te
voorkomen.
Uit het onderzoek dat in dit proefschrift beschreven staat blijkt dat een
MCT-rijk rantsoen het triacylglycerolgehalte in het plasma van paarden verhoogt
hetgeen veroorzaakt wordt door een verhoogde vetzuursynthese in de lever. Dit
effect verschilt van de veranderingen in de vetstofwisseling van paarden na
opname van sojaolie en suggereert dat MCT een ongeschikte vetbron voor
sportpaarden is. Toepassingen voor MCT in paardenrantsoenen zijn er nog niet.
Mogelijk kan MCT gebruikt worden in speciale diëten, bijvoorbeeld voor paarden
met een verstoring van de vetvertering. Verder blijkt uit het onderzoek dat
bietenpulp een goede aanvulling op een vetrijk rantsoen met sojaolie kan zijn
gezien de vergelijkbare effecten op de vetstofwisseling.
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