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Insulin Sensitivity and Postprandial Insulin Response in Equines

Abstract

A metabolic syndrome in equines was first proposed in 2002, describing a cluster
of clinical abnormalities including obesity, insulin resistance (IR), fasting- and
postprandial hyperinsulinemia and a predisposition for laminitis. It has been
established that intake of grain-based diets rich in non-structural carbohydrates
(NSC) contribute to development of IR and hyperinsulinemia. A causal link
between hyperinsulinemia and laminitis in horses has also been proven. A correct
diagnosis of IR requires the use of complex and expensive tests, which complicates
clinical identification of horses at risk for laminitis. The overall aim for this thesis
was to study factors that influence insulin sensitivity (IS) in horses and to study the
relationship between IS and the postprandial insulin response. In addition, a simple
field test for identification of horses with postprandial hyperinsulinemia was
evaluated. By feeding horses increasing amounts of a forage-based diet low in
NSC, a 9% increase in body weight was obtained, but there was no decrease in the
horses’ IS. This indicates that the dietary content of NSC has a greater impact on
alterations in IS in horses than short-term weight gain. An oral sugar test (OST)
was developed and was found to be practical for diagnosis of postprandial
hyperinsulinemia in horses under field settings. A hyperbolic relationship was
found between OST-derived indices of B-cell response (based on postprandial
insulin data) and quantitative measures of IS in horses. This implies that the B-cell
response depend on the prevailing IS. Results also confirm that the OST primarily
is a test that estimates the P-cell response rather than IS. The postprandial insulin
response was evaluated using forage diets differing in NSC content. It was found
that the postprandial insulin response depended on both the NSC content in forage
and the horse’s IS, but the effect of IS was diminished when the forage NSC
content was low. This indicates, that horses with IR and an augmented p-cell
response should be a fed forage diet with low content of NSC, in order to attenuate
the postprandial insulin response and thereby decrease the risk for laminitis. This
work adds to the knowledge about the pathophysiology, clinical management and
recognition of horses with IR and hyperinsulinemia.
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1 Introduction

1.1 Laminitis

Laminitis is a painful condition in equines in which there is a failure of the
laminar tissue between the inner hoof wall and the pedal bone (Obel, 1948;
Pollitt, 1996). Laminitis can result in permanent lameness in horses and has
major economic and welfare implications. In a survey performed by the United
states Department of Agriculture in 2000, it was found that 13% of horse farmers
had at least one case of laminitis during the previous year and 5% of these horses
died or were euthanized. There are no published results on the prevalence of
laminitis in horses in Sweden. However, by extrapolation of insurance data
based on an approximated horse population of 360,000 individuals, it was
estimated that 15 horses per day develop laminitis and that two horses per day
are euthanized due to laminitis'.

There are several pathological conditions implicated in the development of
laminitis including grain overload, mechanical overload, systemic inflammatory
responses (colitis, enteritis and acute metritis) and endocrine disorders (insulin
resistance and pituitary pars intermedia dysfunction) (Bailey et al., 2004; Geor,
2013b). Insulin resistance (IR) and hyperinsulinemia (elevated insulin
concentrations in blood) are frequently associated with laminitis in horses and
ponies (Treiber et al., 2006a; Treiber et al., 2006b; Bailey et al., 2008; Geor,
2008; Carter et al., 2009c). A causal link between hyperinsulinemia and
laminitis has also been proven, by induction of laminitis in healthy horses and
ponies by experimentally induced continuous hyperinsulinemia (Asplin et al.,
2007; De Laat et al., 2010). Laminitis often occur during pasture periods when
horses have unlimited access to grass rich in non-structural carbohydrates

1. Personal Communication, Dr. Ove Wattle, Senior Lecturer at the Department of Clinical
Sciences, Swedish University of Agricultural Sciences, Uppsala, Sweden.
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(NSC), giving rise to the definition “pasture associated laminitis” (Treiber et al.,
2006b; Carter et al., 2009¢).

1.2 Insulin sensitivity and insulin resistance

Insulin is a peptide-hormone synthesized and secreted by B-cells in the islets of
Langerhans in response to elevated plasma glucose concentrations. The main
metabolic action of insulin is to maintain whole-body glucose homeostasis, but
insulin also exercises regulatory effects on lipid and protein metabolism as well
as on vascular endothelial function (Wilcox, 2005). Insulin sensitivity (IS) is
defined as the ability of insulin to enhance glucose utilization by promoting
glucose uptake into skeletal muscle and adipose tissue and by increasing hepatic
glycogen storage and reducing hepatic glucose production. Insulin resistance
defines a state in which physiological concentrations of insulin fail to induce a
normal response in the target tissues (Kahn, 1978; Bergman et al., 1985; Trout
et al., 2007). To maintain euglycemia, the B-cells compensate for IR by
increasing the secretion of insulin into the blood stream resulting in
hyperinsulinemia (Wilcox, 2005). Hyperinsulinemia can also develop as a
consequence of decreased hepatic insulin clearance, as part of the compensatory
response to IR (Mittelman et al., 2000; Erdmann et al., 2008; Toth et al., 2010;
Ader et al., 2014).

In humans, this compensated state of IR almost inevitably progresses towards
decompensated IR, resulting in impaired glucose tolerance and type II diabetes
mellitus (Wallace & Matthews, 2002; Wilcox, 2005). In horses, type 11 diabetes
mellitus is rare and the B-cells’ appear to fully compensate for the IR over a long
time period, i.e., the horse remains in a state of compensated IR. Although the
most accepted theory is that hyperinsulinemia, as part of the p-cells’
compensatory response, is related to the prevailing IR (Bergman et al., 2002;
Hoffman et al., 2003; Wilcox, 2005; Toth et al., 2010), it has been suggested
that hyperinsulinemia is the primary requisite and IR the compensatory or
adaptive response (Shanik et al., 2008; Corkey, 2012b; Corkey, 2012a). In
horses, it has recently been proposed that postprandial hyperinsulinemia might
occur without an adaptive decrease in IS (Frank & Tadros, 2014).

1.3 Equine metabolic syndrome

A metabolic syndrome in equines, the “equine metabolic syndrome” (EMS) was
first proposed in 2002 and refers to a cluster of clinical abnormalities
predisposing horses and ponies for laminitis (Johnson, 2002). The characteristics
and the name of the syndrome were adopted from the human metabolic
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syndrome, which is a collection of risk factors including central (visceral)
obesity, elevated blood pressure, IR, hyperinsulinemia and dyslipidemia
associated with type II diabetes mellitus and cardiovascular disease (Fulop et al.,
2006). In 2010, a consensus statement on EMS was published in which general
obesity and/or regional adiposity, IR, fasting hyperinsulinemia, abnormal insulin
responses to oral or intravenous glucose administration and a predisposition for
laminitis were described as the key components. Dyslipidemia, hypertension and
increased systemic inflammation were also discussed as potential additional
components of the syndrome (Frank et al., 2010). Through the years, the
definition of which metabolic characteristics that should be included in the EMS
phenotype have varied and it is still debated which metabolic traits that are
important for the development of laminitis. Lately, the role of postprandial
hyperinsulinemia has been in focus. A new term, insulin dysregulation (ID), was
proposed in 2014, based on the hypothesis that postprandial hyperinsulinemia
may occur in horses without concurrent IR (Frank & Tadros, 2014). Insulin
dysregulation has since then been used to describe horses expressing any
combination of fasting hyperinsulinemia, elevated insulin response to oral or
intravenous glucose administration or IR.

Anecdotally, certain breeds of ponies and horses (e.g. New Forest, Shetland
and Welsh Mountain ponies as well as Icelandic, Morgan and Andalusian
horses) more commonly exhibit the EMS phenotype compared to light-bred
horses (e.g. Thoroughbreds and Standardbreds). These EMS predisposed horses
are often referred to as “easy-keepers”, indicating that they require a lower intake
of energy compared to normal or ‘“hard-keepers” to maintain their body
condition. An inherited predisposition for EMS has been proposed, which is
based on the assumption that ponies and certain breeds of horses genetically have
adapted to survival under conditions with low or limited feed availability
(Treiber et al., 2006b; McCue et al., 2015). In support of this, several studies
have found differences in IS and postprandial insulin responses between healthy
horses of different breeds (Brojer ef al., 2013; Bamford et al., 2014; Manfredi,
2016; Jacob et al., 2017).

Figure 1. Shetland pony (left), Icelandic horse (middle) and Standardbred (right). Two EMS
predisposed breeds (Shetland pony and Icelandic horse) and one breed (Standardbred) that does not
commonly exhibit the EMS phenotype. Photos: S. Lindase., K. Nostell.
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1.4 Effects of obesity on insulin sensitivity

Obesity is a pathological condition that anecdotally has been described as a
growing problem in horses worldwide. Between 45 and 51% of horses have been
reported to be overweight or obese in different population studies, which
confirms a high prevalence of obesity in the equine population (Wyse et al.,
2008; Pratt-Phillips et al., 2010; Thatcher et al., 2012). The most common
method for assessment of general obesity in horses is body condition scoring
(BCS), using a scale between 1 and 9 (Henneke et al., 1983). This subjective
scoring system was originally developed for Quarter horses and is therefore not
adjusted for use in other breeds or in ponies. Currently, there is no clear
definition of what is considered as obesity in horses and ponies. Different studies
have used different cut-off limits on the 9-point BCS scale to define general
obesity, starting at grade 6 and above (Treiber et al., 2006b; Vick et al., 2006;
Bailey et al., 2008; Carter et al., 2009a; Thatcher et al., 2012).

Obesity has been considered a key feature of EMS (Johnson, 2002) and an
important risk factor for development of laminitis (Treiber et al., 2006b; Carter
et al., 2009¢c). In a study of 107 horses and ponies with pasture associated
laminitis, treated at a first opinion hospital in the UK, it was found that 83%
were overweight or obese (Menzies-Gow et al., 2010). Several studies have also
found an association between obesity and IR/hyperinsulinemia in horses and
ponies (Hoffman et al., 2003; Frank et al., 2006; Vick et al., 2006). However,
hyperinsulinemia has also been detected in lean ponies (Bailey et al., 2008;
Borer ef al., 2012) and obesity has been observed in horses and ponies with
normal IS (Carter et al., 2009a; Ungru et al., 2012). This implies that obesity is
not always related to hyperinsulinemia and IR in horses.

The potential effect of obesity eliciting IR has been explored in weight gain
and weight loss studies of horses and ponies. A 20% weight gain in Arabian
geldings was associated with decreased IS (Carter et al., 2009b), whereas a 15%
weight gain in Thoroughbred geldings did not alter IS (Quinn et al., 2008). A
7% (McGowan et al., 2013) or 14% (Ungru et al., 2012) reduction in body
weight (BW) improved IS in obese and IR ponies and horses. However, ponies
and horses in theses weight loss studies were also subjected to a low intensity
exercise program, which might have influenced IS.

Increased regional adiposity, especially when deposited along the crest of the
neck of horses and ponies has also been suggested to be associated with IR and
laminitis (Johnson, 2002; Frank et al., 2006; Treiber et al., 2006b). During 2009,
a cresty neck scoring system (CNS) was developed for assessment of local fat
deposition on the neck of horses and ponies (Carter et al., 2009a). The CNS has
a scale of 0 to 5, where a score of > 3 is defined as a “cresty neck”, i.e., an
abnormal fat accumulation in the neck area.
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1.5 Effects of diet on insulin sensitivity and postprandial
insulin response

Dietary management provides the core in the control and prevention of IR,
hyperinsulinemia and laminitis in horses and ponies. Several studies in horses
have shown an association between adaptation to diets rich in NSC and
postprandial hyperinsulinemia (Williams et al., 2001; Pratt et al., 2006; Vervuert
et al., 2009; Suagee et al., 2013; Pratt-Phillips et al., 2014) and decreased IS
(Hoffman et al., 2003; Treiber et al., 2005a; Pratt et al., 2006). Postprandial
hyperinsulinemia is often observed in ponies with a previous history of laminitis
during pasture periods when the NSC content of grass is high (Hess et al., 2005;
Treiber et al., 2006b; Bailey et al., 2008; Treiber et al., 2008). The major
problem with the grazing period is that feed intake is not restricted and feed is
consumed on an almost continuous basis (McIntosh, 2007).

The frequent occurrence of clinical cases of laminitis during pasture has been
attributed to the effect of unlimited intake of grass rich in NSC, causing further
deterioration in IR and postprandial hyperinsulinemia in horses with a chronic
state of IR (Hess et al., 2005; Treiber et al., 2006b; Treiber et al., 2008; Carter
et al., 2009¢). One previous study has shown that ponies with recurrent episodes
of laminitis were hyperinsulinemic and IR during summer but not during winter
compared to control ponies (Bailey et al., 2008). Both groups of ponies had
normal BCS, which supports the proposed effect of NSC rich diets on alterations
in IS in the absence of obesity.

There is mounting evidence supporting the avoidance of grain-based
concentrate feeds and unlimited access to pasture grass in the management and
prevention of laminitis in horses and ponies. However, the available information
about the effect of NSC content in forage on postprandial insulin response in
horses is limited. This is of interest as NSC content in forage may vary widely
(Virkajarvi et al., 2012) and as forage constitutes the major part of the ration, a
large proportion of daily NSC intake may originate from the forage. Based on
clinical experience, a forage diet with < 10 — 12% NSC of dry matter (DM) is
currently recommended for horses and ponies with IR and recurrent episodes of
laminitis (Geor, 2013a). The use of this arbitrary cut-off value is supported by
results from one previous published study (Borgia et al., 2011) in which healthy
quarter horses and horses with polysaccharide storage myopathy were fed hay
diets with different NSC content. Results showed that the five healthy horses
had a minimal insulin response to hay containing 4 and 11% NSC of DM
compared to a moderate insulin response to hay containing 17% NSC of DM.
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1.6 Assessment of insulin sensitivity and postprandial
insulin response

Horses rarely progress from compensated to decompensated IR (i.e. B-cell
dysfunction) and glucose homeostasis is maintained by an adequate insulin
secretion from the B-cells. Measurements of basal plasma glucose concentrations
is therefore an unreliable method to detect IR in horses (Treiber et al., 2005b).
Fasting hyperinsulinemia can be observed in horses with IR (Frank et al., 2006)
and measurement of basal plasma insulin concentrations is a simple method to
use in clinical practice. However, factors such as diet, stress and pain might
influence the basal secretion of insulin (Frank ef al, 2010). Only a weak to
moderate negative correlation between basal insulin concentrations and IS
quantified using the frequently sampled intravenous glucose tolerance test
(FSIGTT; r =-0.52) and the EHC (r = -0.32) has been found in previous studies
(Treiber et al., 2005b; Vick et al., 2007). Decreased IS in response to a diet rich
in NSC has also been observed in horses without a concurrent increase in basal
insulin concentration (Pratt et al., 2006). Furthermore, basal serum insulin
concentrations, using the arbitrary cut-off value > 20 pIU/mL for diagnosis of
IR (Frank, 2011), did not differ between horses defined as IS and IR using the
FSIGTT (Dunbar et al., 2016).

Only quantitative tests such as the EHC and the FSIGTT can accurately
measure IR. As glucose is administered intravenously, this avoids confounding
stimulatory effects on insulin secretion by incretin hormones secreted in
response to a meal (Monzillo & Hamdy, 2003). However, as these tests are time
consuming, labor-intensive and expensive to perform, they are impractical to use
in clinical settings. The combined glucose-insulin tolerance test (CGIT) (Eiler et
al., 2005) is a dynamic non-quantitative intravenous test recommended for
diagnosis of IR in a clinical setting (Frank et al., 2010). This test requires
placement of intravenous catheters followed by repeated blood sampling for 150
min and is thus a test that is limited to use in hospital settings.

Dynamic tests that involve oral administration of glucose more closely mimic
a physiological situation of grazing pasture compared to the intravenous tests.
The insulin secretion pattern after oral glucose administration reflects the
combined response to several physiological factors such as gastric emptying,
rate of intestinal glucose absorption, degree of hepatic glucose trapping and
incretin effects (Pacini & Mari, 2003; Kronfeld ez al., 2005). As a result, these
oral glucose tests do not per se measure IS but rather estimates the B-cell
response. In horses, an oral glucose tolerance test (OGTT) (Pratt-Phillips ef al.,
2015; Smith et al., 2016) or an oral sugar test (OST) (Schuver et al., 2014) can
be used to measure the postprandial insulin response and estimates of the B-cell
response can be calculated.
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1.6.1 Euglycemic hyperinsulinemic clamp

The EHC provides a measure of the peripheral IS during steady-state conditions
and is the gold standard for diagnosis of IR in humans (DeFronzo et al., 1979;
Muniyappa et al., 2008). The method has also been adapted for use in horses
(Powell et al., 2002; Annandale et al., 2004; Pratt et al., 2005). The EHC
procedure involves a constant rate infusion of insulin resulting in a steady-state
level of hyperinsulinemia. At the same time, blood glucose is held constant
within the normal range (i.e. around 5 mmol/L) by infusion of glucose at a
variable rate. The glucose infusion rate is adjusted based on plasma glucose
concentrations that are analyzed at regular intervals (5 to 10 min) throughout the
EHC (DeFronzo et al., 1979; Wallace & Matthews, 2002). The procedure
usually takes 180 min and the final 60 min are considered to represent steady-
state conditions (Pratt er al, 2005). During steady-state conditions of
hyperinsulinemia and euglycemia it is assumed that endogenous hepatic glucose
production is completely suppressed. Under these circumstances, the quantity of
the exogenous glucose infusion rate equals the amount of glucose utilized in the
peripheral tissue (i.e. the glucose disposal rate, M-value). Thus, a higher
exogenous glucose infusion rate is required to maintain euglycemia during an
EHC in individuals with high compared to low IS.

To adjust for small variations in the steady-state glucose concentration during
an EHC, a correction factor referred to as the space correction is incorporated in
the calculation of the M-value (DeFronzo et al., 1979). When M is related to the
steady-state insulin concentration (M/I), this provides a measure of IS in the
peripheral tissue. The metabolic clearance rate for insulin (MCR) can be
calculated as the constant rate infusion of insulin divided by the increase in
plasma insulin concentration above the basal concentration during steady-state
(DeFronzo et al., 1979; Monzillo & Hamdy, 2003). This measure provides
interesting information as decreased hepatic insulin clearance arises as a
compensatory mechanism along with decreased IS (Toth et al., 2010; Ader et
al.,2014).

The rate of insulin infused during the EHC determines the level of
hyperinsulinemia. Different insulin infusion rates have been used among studies
of horses with 3 mIU/kg/min being most commonly used (Annandale et al.,
2004; Firshman et al., 2005; Pratt et al., 2005; Pratt et al., 2006; Tiley et al.,
2008; Banse & McFarlane, 2014; Pratt-Phillips et al., 2015). It is important to
emphasize that comparisons of EHC-derived IS measures among individual
horses and between studies are only valid as long as the same infusion rate of
insulin is used (Urschel et al., 2013).
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1.6.2 Frequently sampled intravenous glucose tolerance test

The minimal model analysis of an FSIGTT was first developed in dogs by
Bergman and associates in 1979. The test involves intravenous administration of
a bolus dose of glucose followed by repeated blood sampling (Bergman et al.,
1979). The minimal model of glucose and insulin dynamics relies on the glucose
disappearance rate in response to insulin. An adequate insulin secretion is thus a
prerequisite, which limits the reliability of the test when performed in patients
with reduced B-cell function (Wallace & Matthews, 2002). To increase the
precision of the IS estimates in human subjects, modified variants of the FSIGTT
were developed including administration of either Tolbutamide (to stimulate
endogenous insulin secretion) or exogenous insulin 20 min after the intravenous
glucose bolus (Beard et al., 1986; Yang et al., 1987; Finegood et al., 1990).
Tolbutamide can only be applied to patients with preserved B-cell function
(Wallace & Matthews, 2002). In contrast, the insulin-modified FSIGTT can be
used to ensure adequate insulin concentrations during the testing procedure in
patients with B-cell dysfunction and type Il diabetes mellitus (Quon ef al., 1994;
Muniyappa et al., 2008).

Hoffman and colleagues were the first to use the insulin-modified FSIGTT
for assessment of IS in horses (Hoffman et al., 2003). Since then, the majority
of studies performed in horses have used a glucose dose of 300 mg/kg BW and
an insulin dose of 20 mIU/kg BW for the insulin-modified FSIGTT (Carter et
al., 2009b; Carter et al., 2010; George et al., 2011; Tinworth et al., 2011b;
Bamford et al., 2014; Bamford et al., 2016b; Jacob et al., 2017). Plasma glucose
and plasma insulin data derived from blood sampling performed during the
FSIGTT are then mathematically interpreted using the minimal model analysis
(MinMod Millennium software, version 6.02; University of Pennsylvania,
Kennett Square, PA, USA). The following parameters are derived: Insulin
sensitivity index (Si), glucose effectiveness (Sg), acute insulin response to
glucose (AIRg) and disposition index (DI). Si is a measure of the capacity of
insulin to promote glucose disposal and inhibit hepatic glucose production and
is calculated as the change in glucose per unit change in insulin. Sg estimates the
capacity of glucose to mediate its own disposal and inhibit hepatic glucose
production when insulin is at a basal level. The AIRg quantifies the endogenous
insulin secretion in response to the glucose dose during the first 10 min of the
FSIGTT and provides an estimate of the B-cell response. The DI is a measure of
the pancreas functionality and is calculated as Si « AIRg (Bergman et al., 2002;
Hoffman et al., 2003; Monzillo & Hamdy, 2003).

A moderate to high (r = 0.70 to 0.91) correlation between IS measures
derived from the EHC and the FSIGTT (standard or insulin-modified) has been
reported in several species including cats, dogs, humans and horses (Finegood
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et al., 1984; Saad et al., 1997; Petrus et al., 1998; Pratt-Phillips et al., 2015).
Advantages with the minimal modelling of FSIGTT compared to the EHC
include the ability to estimate insulin-dependent glucose utilization (Si), insulin-
independent glucose utilization (Sg) as well as the B-cell responsiveness to
glucose (AIRg) using one single method. The FSIGTT is also technically
simpler to perform compared to the EHC. However, as the mathematical models
are based on several assumptions about glucose and insulin dynamics, this can
result in systematic errors that affect interpretation of test results (Monzillo &
Hamdy, 2003; Muniyappa et al., 2008).

For example, the estimates derived from the minimal modelling are defined
as steady-state indices but are calculated during dynamic conditions. In addition,
the model is unable to separate the effects of insulin to inhibit hepatic glucose
production and to promote peripheral glucose uptake. Thus, the estimate for IS
(Si) provides an aggregated measure of hepatic and peripheral IS. Since the
relative contribution of hepatic glucose production to Si varies with IS, estimates
of Si are less reliable for IR individuals compared to IS individuals (Muniyappa
et al., 2008). Moreover, a higher mean coefficient of variation (CV; 23.7 vs
14.1%) has been reported for Si derived from an FSIGTT compared to M/I
derived from an EHC for repeated tests performed in horses with normal IS
(Pratt et al., 2005).

1.6.3 Dynamic oral glucose tests

The OGTT is a simple test commonly used for diagnosis of diabetes mellitus in
humans (American Diabetes Association, 2014). The original OGTT procedure
for horses was developed during the early 1970s as a test for determination of
small intestinal malabsorption and pancreatic -cell dysfunction (Roberts & Hill,
1973). The standard OGTT involves administration of 1 g glucose/kg BW via a
nasogastric tube (Pratt-Phillips et al., 2015). Blood samples are obtained at
regular intervals (commonly every 30 min) for 4 — 6 hours post administration
of glucose. The in-feed OGTT is a variant of the test in which glucose at a dose
of 0.75 — 1.5 g is mixed with a small amount of a highly palatable concentrate
feed (Bamford et al., 2014; Smith et al., 2016; De Laat & Sillence, 2017).

Administration of glucose via nasogastric tubing during a standard OGTT
requires trained personnel and the procedure can potentially induce stress in the
horse. The in-feed OGTT is easier to perform during field settings. However, the
amount and type of concentrate used in the feed ration can affect the rate of
gastric empting and intestinal glucose absorption, complicating comparison of
results between studies. Furthermore, feed refusal has been observed in horses
using a dose of 1 g glucose/kg BW (De Laat & Sillence, 2017).

19



The OST was developed and introduced for use in horses in 2010 in the USA
(Schuver et al., 2010; Schuver et al., 2014). This test uses commercially
available sugar syrup, Karo® light corn syrup, which is composed of different
unspecified carbohydrates. The Karo® light corn syrup is syringed orally at a
dose of 0.15 ml/kg BW and blood sampling is performed at regular intervals
(commonly every 15 to 30 min) for 2 — 3 hours post syrup administration.

A study comparing the in-feed OGTT with the OST in a group of 13 horses
and ponies found an 85% agreement in test interpretation between tests when a
binary outcome was used (healthy vs ID) (Smith et al., 2016). It is, however, not
possible to determine which of the tests (in-feed OGTT or OST) that most
correctly identifies ID, as IS was not quantified in these ponies and horses. The
main advantage with the OST is that it is easy to perform, which makes it an
appropriate test to use under field conditions. Administration of sugar syrup can
be performed by the horse owner, which significantly reduces the time spent on
sampling and thus the costs for the test. Unfortunately, Karo® light corn syrup is
not available in Scandinavian grocery stores, preventing the use of this test in
Scandinavian countries.

A standardized meal tolerance test can be used to evaluate the postprandial
insulin response in human subjects with diabetes mellitus (Hovorka et al., 1998;
Muniyappa et al., 2008; Besser et al., 2013). In horses, there is no available
standardized meal tolerance test protocol, but the insulin response to different
meals (forage-based, grain-based etc.) has been investigated in different studies
(Williams et al., 2001; Borgia et al., 2011; Jacob et al., 2017). The advantage of
evaluating the insulin response to a meal compared to an oral bolus of glucose
or glucose syrup is that it reflects a more physiologic digestive process and
response to dietary sugars.

1.6.4 Insulin sensitivity indices from oral glucose tests

Even though the dynamic OGTT and OST does not measure IS per se, different
indices can be calculated based on data from these tests in order to estimate IS.
Indices such as the composite whole-body insulin sensitivity index (ISIcomp)
(Matsuda & DeFronzo, 1999), Gutt index (Gutt et al., 2000), Stumvoll index
(Stumvoll et al., 2000) and Belfiore index (Belfiore et al., 1998) have been used
in different studies in humans. A moderate to high linear correlation
(r=10.63 to 0.73) between the most commonly used index in humans, ISIcomp
(Matsuda & DeFronzo, 1999), and quantitative measurements of IS obtained by
the EHC has been shown in humans and in horses (Matsuda & DeFronzo, 1999;
Pratt-Phillips et al., 2015).
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1.7 Non-linear inverse relationship between insulin
sensitivity and B-cell response

In humans, a non-linear inverse relationship between B-cell response and IS was
first described in the early 1980s (Bergman et al., 1981). This finding implies
that the B-cell response and IS are dependent on each other, where changes in
one feature is mirrored by a reciprocal adaptation in the other (Kahn, 2003). Due
to the nature of this non-linear inverse relationship, the magnitude in B-cell
response that follows a change in IS will depend on the prevailing IS. This means
that individuals with high IS will have small increases in their $-cell response
following large decreases in IS, whereas individuals with markedly decreased IS
will have large changes in their B-cell response along with small changes in IS
(Figure 2).

A non-linear inverse relationship between the peak insulin concentration (an
estimate of f-cell response) derived from an in-feed OGTT and IS measures
from an FSIGTT has previously been reported in horses (Bamford et al., 2014).

B-cell A

response

0

f n L >
oDecreased Normal Insulin
sensitivity

Figure 2. Schematic diagram illustrating the characteristics of a non-linear inverse relationship
between insulin sensitivity (IS) and B-cell response. State 1: An individual with high IS and normal
f-cell response. State 2: The same individual after a large decrease in IS resulting in a small increase
in B-cell response. State 3: An individual with low IS. State 4: The same individual after a small
decrease in IS resulting in a large increase in f3-cell response.

Under specific circumstances, this non-linear inverse relationship between the
B-cell response and IS can be described by a rectangular hyperbolic function
(y = constant * 1/x, or y * x = constant) (Bergman et al., 1981; Kahn et al., 1993).
The rectangular hyperbolic function can be re-expressed as a linear model by
log-transformation of data producing the following equation: Ln (y) = constant
+ B« Ln (x), where B is the regression coefficient. The B-cell response is defined
as the dependent variable (y) whereas IS is defined as the independent
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variable (x). The criterion for a rectangular hyperbolic relationship is that the
slope of the regression coefficient is equal to -1. A hyperbolic relationship
between B-cell response and IS has, during the last few decades, been described
in several species including rodents, dogs and humans (Kahn et al., 1993;
Mittelman et al., 2000; Pacini et al., 2001). This relationship has, to the author’s
knowledge, not previously been elucidated in horses.

For a relationship that fulfills the criterion for a rectangular hyperbola, the
product of B-cell response (y, dependent variable) and IS (X, independent
variable) is constant for a given degree of glucose tolerance. This constant is
called DI. The DI can be considered a measure of pancreas functionality (i.e. a
measure of the B-cells’ ability to compensate for decreased IS). A decrease in DI
is thus an indication of B-cell dysfunction, resulting in inability to compensate
for decreased IS (i.e. impaired glucose tolerance and type II diabetes mellitus)
(Bergman et al., 2002). During development of IR there is an adequate
compensatory increase in the B-cells release of insulin (i.e. normal glucose
tolerance) and DI remains constant (Kahn et al., 1993; Bergman et al.,
2002).When the B-cells’ release of insulin becomes inadequate in relation to IR,
glucose intolerance and type II diabetes mellitus develop. This is associated with
a decrease in DI represented by deviation of the hyperbolic curve closer towards
the origin (Figure 3) (Ahrén & Pacini, 2004; Pacini, 2006).

B-cell 4
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Figure 3. Schematic diagram illustrating the characteristics of the rectangular hyperbolic
relationship between B-cell response and insulin sensitivity (IS) and the product of the two
parameters, the disposition index (DI). State 1: An individual with normal IS and normal B-cell
response. State 2: The same individual with an adequate increase in B-cell response in compensation
for decreased IS. The DI is unchanged and remains on the same hyperbolic curve. State 3: The same
individual that fails to compensate for decreased IS, the -cell response remains normal whiles the
DI is decreased, i.e., a deviation of the hyperbolic curve towards origin.
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1.7.1 Disposition index

The use of DI is only valid for a non-linear inverse relationship that fulfills the
criterion for a rectangular hyperbola. Originally, DI was calculated from the
FSIGTT (Bergman et al., 1981; Kahn et al., 1993). This is a convenient way to
calculate DI as it requires only one test protocol. Since the introduction of DI in
1981, it has been calculated from IS measured by the EHC, the FSIGTT and the
OGTT in conjunction with measurements of B-cell response obtained from the
hyperglycemic clamp, the FSIGTT or the OGTT (Kahn ef al., 1993; Ahrén &
Larsson, 2002; Utzschneider et al., 2006; Retnakaran et al., 2008; Sjaarda et al.,
2013).

Not only the measurement of IS and the way in which the B-cell response has
been determined, but also the time frame during which the insulin secretion has
been evaluated (i.e. early insulin response, total insulin response etc.) has varied
between studies. These calculated DIs are therefore not identical and a specific
DI is only valid for comparison as long as the same test protocols and analytical
methods are used.
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2 Aims of the thesis

The overall aim for this thesis was to study factors that influence IS in horses
and to study the relationship between IS and the postprandial insulin response.

The specific objectives were:

» To evaluate the effect of weight gain induced by a forage-based diet low
in NSC and subsequent pasture turnout on IS in moderately IR horses.

» To develop and evaluate a modified OST for determination of the
postprandial glucose and insulin response in healthy horses and horses
with EMS and to study the response in three different breeds.

» To evaluate the relationship between indices of B-cell response derived
from the modified OST and quantitative measures of IS.

» To study the postprandial glucose and insulin response to a meal tolerance
test using haylage diets with different content of NSC in horses of two
different breeds and to evaluate the relationship between the postprandial
insulin response and quantitative measures of IS.
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3 Comments on materials and methods

This section provides a brief summary on materials and methods used in the
separate studies (I — IV) included in this thesis. More detailed descriptions are
found in each of the papers.

3.1 Horses

All studies were approved by the Ethical Committee for Animal Experiments,
Uppsala, Sweden. The Standardbreds used in study I — IV were owned by the
Department of Clinical Sciences, SLU, Uppsala, Sweden. The healthy Icelandic
horses and Gotland ponies used in study III were owned by the Swedish Horse
Industry Foundation, Wéangen, Sweden. All other horses and ponies were
privately owned.

All horses included in study I — IV were clinically healthy, had no ongoing
episode of laminitis and had negative test results for pituitary pars intermedia
dysfunction (plasma ACTH concentrations within the normal reference range
for the season). Specific inclusion criteria are reported in each paper.
Summarized data for the horses investigated in each of the studies are reported
in Table 1. All horses in the EMS group of study II were included in the ID group
of study III. The EMS/ID horses were tested during hospitalization after 48 hours
of acclimatization to the new environment, whereas all other horses (including
four Standardbreds in the ID group of study IIl) were tested in their home
environment.
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3.2 Study designs

Two different quantitative methods to determine IS were used, the EHC and the
FSIGTT. Glucose and insulin response to orally administered sugars was
evaluated using the modified OST (developed as part of study II) and the meal
tolerance test using haylage diets.

Feed was withheld for 12 hours overnight prior to all testing procedures. In
humans, an overnight fast prior to both intravenous and oral glucose testing has
been recommended (DeFronzo et al., 1979; Stumvoll et al., 2000; Muniyappa et
al., 2008). In horses, the time of feed withdrawal has varied widely (i.e. 2 — 13
hours) between studies using dynamic oral glucose tests and intravenous tests
for IS (Pratt ez al., 2005; Banse & McFarlane, 2014; De Laat ez al., 2016; Dunbar
et al., 2016; Smith et al., 2016). Time of feed withdrawal will effect gastric
retention time after oral administration of sugars. In order to obtain consistent
results in the glucose dynamics it is therefore important to empty the stomach
prior to oral glucose testing. Recently, a smaller study suggested that a 3-hour
period without feed was sufficient, prior to testing with an OST (Bertin et al.,
2016). The most optimal time of feed withdrawal prior to testing with oral and
intravenous glucose tests needs to be further investigated.

Insertion of intravenous catheters (Intranule, 2.0 x 105 mm, Vygon, Ecouen,
France) was performed under local anesthesia (EMLA, AstraZenica AB,
Sodertélje, Sweden) the night before the different test procedures (i.e. OST,
EHC, FSIGTT and meal tolerance test). Two catheters were used for the EHC
and the FSIGTT procedures, one for infusion of glucose and insulin and one for
blood sampling. For the OST and the meal tolerance test, one single catheter for
blood sampling was used. Body weight, general body condition (BCS, scale 1 to
9) (Henneke et al., 1983) and local adiposity (CNS, scale 0 to 5) (Carter et al.,
2009a) were assessed in all hoses. The study protocols for study [ - IV are briefly
described below.

3.2.1 Study |

Study I was performed as a longitudinal study lasting for 30 weeks divided into
five different periods, P1 to P5. After a maintenance period (P1), weight gain
was induced by a continuous increase of energy intake through a diet consisting
of haylage (amount adjusted to voluntary intake of each individual horse),
supplemented with pelleted Iucerne and rapeseed oil (P2). This was followed by
a steady-state period (P3), where horses were fed the same diet at an average of
2.5 times their daily maintenance requirement of metabolizable energy (ME)
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(NRC, 2007). This feeding period was followed by adaptation to pasture for one
week (P4) and subsequently a 4-week period at pasture during the most intensive
growing season of pasture grass (P5).

All horses were examined with an EHC before weight gain (end of P1), after
weight gain (end of P3) and after four weeks at pasture (end of P5). Fasting (P1
to P5) and postprandial (P5) blood samples were collected at a regular basis to
monitor changes in concentrations of plasma insulin and other metabolites. Body
weight, BCS and CNS were recorded at the start of the study and regularly
during the 30 week long study period.

3.2.2 Study Il and 1lI

All horses in study II and III were examined with an OST in which Dansukker
glykossirap was administered orally at a dose of 0.2 ml/kg BW. Blood samples
were collected immediately before (-5 min) and at 30, 60, 90, 120, 150 and 180
min after oral administration of glucose syrup, for subsequent determination of
plasma glucose and plasma insulin. To assess the repeatability of the OST in
study II, the Icelandic horses and Shetland ponies in the healthy group were
examined with the OST twice with 8 days in between. All horses in study 111 and
the EMS group in study II were examined with an EHC the day after the OST.

Figure 4. Administration of Dansukker glycossirap during an oral sugar test. Photos: J. Brojer.
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3.2.3 Study IV

The experiment in study IV was designed as a replicated 3 x 3 Latin square to
determine the effects of three different haylage diets with low (LW), medium
(MW) and high (HW) water soluble carbohydrate (WSC) content on the
postprandial glucose and insulin response. Within breed, horses were assigned
to one of three groups with three horses in each group. Each group was fed the
three different haylage diets in three periods (P1, P2 and P3). Each period was
seven days long. Both breeds were studied in parallel and the order of haylage
diets were randomized among groups. The median and range of daily haylage
rations during P1 to P3 were 1.2 (1.0 — 1.3) kg DM/100 kg BW, depending on
the ME requirement of the individual horse (maintenance only or maintenance
and light exercise calculated according to NRC, 2007) and the content of ME in
each haylage (LW, MW and HW).

In the morning of the last day of each period, a meal tolerance test was
performed in which horses were fed 0.6 kg DM haylage/100 kg BW. This
amount was chosen as it represented approximately half of the total daily forage
allowance for each horse and was expected to elicit a physiological glucose and
insulin response but still allow for two more feedings later during the same day.
Blood samples were collected before (-30 and -1 min) feeding and every 30 min
post feeding for 5 hours, for subsequent determination of plasma glucose and
plasma insulin concentrations. Within two weeks after the last meal tolerance
test, all horses were subjected to an FSIGTT.

3.3 Quantitative measures of insulin sensitivity

3.3.1 Euglycemic hyperinsulinemic clamp (1, 11, Il

The EHC technique requires skilled and experienced personnel in order to
establish clamps with steady-state situations. Therefore, the same persons
performed all 49 clamps. Baseline blood samples were collected after which a
continuous rate infusion of glucose (Glucose Fresenius Kabi 500 mg/ml,
Fresenius Kabi AB, Uppsala, Sweden) and recombinant human insulin
(Humulin Regular, Eli Lilly Sweden AB, Solna, Sweden) was initiated through
one of the jugular catheters, using a multi-channel volumetric infusion pump
(Colleague, Volumetric infusion pump, Baxter Healthcare SA, Zurich,
Switzerland). The infusion rate for insulin was held constant at 3 mIU/kg/min
and a variable rate of glucose was infused, to maintain blood glucose
concentration at euglycemia (5 mmol/L) during the 3-hour infusion. The glucose
infusion rate was adjusted if the concentration deviated by more than 0.2 mmol/L
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from euglycemia. Blood samples were obtained every 5 min for immediate
analysis of blood glucose concentration using a handheld glucometer (Accu-
Check Aviva, Roche Diagnostics Scandinavia AB, Bromma, Sweden) and every
10 min throughout the EHC, for subsequent determination of plasma glucose (10
min intervals) and plasma insulin (20 min intervals) concentrations. Plasma
glucose and plasma insulin from the final 60 min of the EHC were used for
calculation of:

- Mean glucose disposal rate (M)

- Mean glucose disposal rate per unit of insulin (M/I)

- Metabolic clearance rate for insulin (MCR)

In study III, the M was corrected for non-insulin-mediated glucose uptake
(NIMGU) to avoid a confounding factor in the measurement of IS. The relative
contribution of NIMGU to total M is small in individuals with normal IS but
larger in individuals with IR (Bergman et al., 1989). This situation creates some
technical difficulties when it comes to determination of IS in populations with a
wide range of IS. In study III, NIMGU accounted for approximately 10% of total
M in horses with normal IS, whereas in most IR horses NIMGU accounted for
between 55 and 69% of total M. It is therefore important to correct for this error
since it is not homogenous.

The NIMGU has been shown to have a linear relationship with blood glucose
concentrations in both humans and dogs since it is driven by a mass action effect
of glucose (Edelman et al., 1990; Ader et al., 1997). This linearity is constant as
long as there is no increase in non-insulin-dependent glucose uptake. Alterations
in non-insulin-dependent glucose uptake has been observed in humans with type
II diabetes mellitus (Capaldo et al., 1986) and in critically ill patients (Van den
Berghe, 2004). Neither of these situations are applicable for the horses used in
study III.

The value for NIMGU was obtained by extrapolating data from NIMGU
calculated from hyperglycemic clamps in healthy Standardbreds with
somatostatin induced insulinopenia (Geor et al., 2010). A weakness is, thus, that
NIMGU was calculated rather than measured in the present study. The NIMGU
could have been established for the individual horses by performing stepwise
hyperglycemic clamps with simultaneous suppression of insulin release from
pancreas. This was not possible to achieve, as the cost would have increased
significantly and the addition of another clamp would have generated a too labor-
intensive study.
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Figure 5. Euglycemic hyperinsulinemic clamp procedure. Photos: S. Lindase., K. Nostell.

3.3.2 Frequently sampled intravenous glucose tolerance test (1V)

Baseline blood samples were collected. Thereafter, glucose (Glucose Fresenius
Kabi 500 mg/ml, Fresenius Kabi AB, Uppsala, Sweden) at a dose of 300 mg/kg
BW was infused intravenously. After 20 min, 20 mIU/kg BW of recombinant
human insulin (Humulin Regular, Eli Lilly Sweden AB, Solna, Sweden) diluted
into 5 ml of sterile saline (0.9% NaCl) was administered intravenously using the
same catheter. Blood samples were collected at 1, 2, 3,4, 5, 6, 7, 8, 10, 12, 14,
16, 19, 22, 23, 24, 25, 27, 30, 35, 40, 50, 60, 70, 80, 90, 100, 120, 150 and 180
min in relation to completion of the glucose infusion (corresponding to 0 min),
for subsequent analysis of plasma glucose and plasma insulin.

Plasma glucose and plasma insulin data were analyzed using the minimal
model method (MinMod Millennium software, version 6.02; University of
Pennsylvania, Kennett Square, PA, USA) which provides estimates for:

- Acute insulin response to glucose (AIRg)

- Insulin sensitivity index (Si)

- Glucose effectiveness (Sg)

- Disposition index (DI)

3.4 Response variables from the oral sugar test and the
meal tolerance test (l1, 111, 1V)

Glucose and insulin response to orally administered sugars was evaluated using
the OST (study II, III) and the meal tolerance test with haylage diets (study IV).
Postprandial glucose and insulin concentrations were used to calculate different
response variables listed in Table 2. Some of the response variables were used
as indices to estimate the B-cell response or the IS.
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Table 2. Variables calculated from postprandial plasma glucose and plasma insulin concentrations
in response to orally administered sugars

Response variable Test Study Index of
B-cell response IS

Peakcru MTT v

Peakins OST, MTT 11, 1L, IV X

T-Peakins OST 11, 111

AUCGLu; GLU-60* OST, MTT I, IV

AUCINS; INs-60; INS-180* OST, MTT 1L, 1101, IV X

AUCINS/GLU-30; INS/GLU-120; INs/GLU-180%  OST I X

INSiNDEX OST 11 X

ISIcomp OST 11, TIT X

ISIpeak OST I X

ISI60; 90 OST 111 X

IS, insulin sensitivity; MTT, meal tolerance test; Peakgryu, peak concentration for glucose; Peakins, peak
concentration for insulin; T-Peakys, time (min) to peak concentration for insulin; AUCgLu; GLu-60, total or 60
min area under the curve for glucose; AUC|xs; ins-60; INs-180, total, 60 or 180 min area under the curve for insulin;
AUCINS/GLU-SO; INS/GLU-120; INS/GLU-180, 30, 60 or 180 min area under the curve for insulin/glucose; INSINDEX,
insulinogenic-index; ISIcomp, composite whole-body insulin sensitivity index; ISIpeak, peak insulin sensitivity
index; ISIso; 90, 60 or 90 min insulin sensitivity index. ¥*Reported as incremental AUC in study III and IV.

3.5 Blood sample collection and analysis

Evacuated tubes containing lithium heparin (Vacuette 9 ml, Greiner Bio-One
GmbH, Kremsmiinster, Austria) were used for blood sampling during testing
with the OST, the EHC, the FSIGTT and the meal tolerance test with haylage
diets. Sample tubes were instantly placed on ice for 5 min before centrifugation
(10 min, 2700 * g). The supernatant was removed and aliquots of plasma were
separated, frozen immediately and stored at -80 °C until later analysis of plasma
glucose and plasma insulin concentrations.

Figure 6. Blood sample collection and sample handling during field experiment. Photos: S. Lindase.
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3.5.1 Analysis of plasma insulin

Plasma insulin concentrations from EHC and FSIGTT procedures were
determined using a commercial human ELISA (Mercodia Insulin ELISA,
Mercodia AB, Uppsala, Sweden) and a commercial kit (Mercodia Diabetes
Antigen Control (Low, High)/Human, Mercodia AB, Uppsala, Sweden) was
used as a control. Endogenous equine plasma insulin concentrations from the
OSTs, the meal tolerance tests and the fasting and postprandial blood sampling
were determined using a commercial equine-optimized ELISA (Mercodia
Equine Insulin ELISA, Mercodia AB, Uppsala, Sweden) and insulin
concentrations were controlled with a commercial kit (Mercodia Animal Insulin
Control (Low, Medium, High), Mercodia AB, Uppsala, Sweden). All analyses
of plasma insulin concentrations were performed in duplicate. Mean intra-assay
CVsranged between 2.2 and 2.7% for equine insulin (equine-optimized ELISA)
and between 2.7 and 3.6% for human insulin (human ELISA).

The equine-optimized ELISA has previously been evaluated in our
laboratory (Clinical Pathology Laboratory, University Animal Hospital,
Uppsala, Sweden) with intra-assay CVs of 2.0 — 6.5% and an inter-assay CV of
10.7% reported (Oberg et al., 2012). Higher intra-assay CVs of 8.4 — 10.6% and
an intra-assay CV of 9.0% has been reported for the equine-optimized ELISA in
other studies (Tinworth et al., 2011a; Borer-Weir ef al., 2012). A recently
performed study showed insulin concentration-dependent differences in CV's for
the equine optimized ELISA, with higher intra-assay CV (4.6 vs 1.9%) for low
(2.3 pIU/mL) insulin concentrations compared to high (109 pIU/mL) insulin
concentrations. Also the inter-assay CV was higher (7.3 vs 4.8%) for low insulin
concentrations compared to high insulin concentrations (Warnken et al., 2016).

Insulin concentrations analyzed using the equine-optimized ELISA have
been reported in the quantitative unit ng/L. Insulin assays optimized for human
insulin (e.g. the Mercodia Human Insulin ELISA or Coat-A-Count insulin RIA)
typically report insulin concentrations in plU/mL. During May 2017, the
manufacturer (Mercodia AB, Uppsala, Sweden) of the equine optimized insulin
ELISA changed the unit of the calibrator curve from ng/L to ulU/mL, to
facilitate comparisons between studies using different assays. Data analyzed
using the equine-optimized ELISA prior to May 2017 can be converted from
ng/L to plU/mL, using a factor of 1 plU/mL = 8.7 ng/L. Equine insulin
concentrations are reported as ng/L in study I and II and as pIU/mL in study 111
and IV as well as in this thesis.
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3.5.2 Analysis of plasma glucose

In study I — III, plasma glucose concentrations were measured enzymatically
with an automated clinical chemistry analyzer (YSI 2300 Stat Plus Analyzer,
YSI Incorporated, Yellow Spring, Ohio). In study IV, plasma glucose
concentrations from the meal tolerance tests were determined with a
fluorometric method (KC4 program in BIO-TEK FL600, BIO-TEK instruments
INC, Wilrijk, Belgium) (Lowry & Passoneau, 1973), whereas plasma glucose
concentrations from the FSIGTT procedures were measured using an automated
clinical chemistry analyzer (Architect c4000, Abbott Scandinavia AB
Diagnostics, Solna, Sweden). All analyses of plasma glucose were performed in
duplicate or triplicate. The mean intra-assay CVs for plasma glucose analyzed
using the YSI 2300 range between 0.4 and 0.6%. The mean intra-assay CV for
glucose analyzed using the BIO-TEK FL600 was 4.0% and the intra-assay CV
for glucose measured with the Architect c4000 was 0.6% based on 10 replicates
of the same sample.

3.6 Feed sample collection and analysis

In study I, samples of haylage and pelleted lucerne were obtained three times
during P1 through P3 and samples of pasture grass were collected every fourth
day during P4 and P5. In study IV, samples of haylage were collected at the end
of each period (P1, P2 and P3), from the same part of the haylage bale that was
fed to the horses during the meal tolerance tests. All feed samples were frozen
and stored at -80 °C until chemical analyses were performed.

Analyses of contents of free glucose, free fructose, sucrose, fructans and
starch in feed samples were performed using an enzymatic-spectrophotometric
method (Udén, 2006). Total NSC content was calculated as the sum of WSC and
starch. Total WSC content was calculated as the sum of free glucose, free
fructose, sucrose and fructans. The content WSC - fructans (WSC-f) comprises
the sum of free glucose, free fructose and sucrose.

3.7 Statistical analysis

All data were analyzed in JMP® Pro version 11.0.0, 11.2.0 or 13.0.0 (SAS
Institute Inc., Cary, North Carolina, USA). Values where P < 0.05 were
considered as statistically different in all analyses. All data were analyzed for
normality by visual assessment of residual plots prior to analysis. If residuals
were not normally distributed, data were either presented as median and
interquartile range (study III) or log-transformed. Log-transformed data were
either expressed as the geometric mean + 95% CI on the original scale after back
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transformation (study I, Il and IV) or presented as log-transformed data in scatter
plots (study III and IV). All other data were presented as least square means +
SEM (study IV) or mean = SD (study I — IV) and range (study II).

Differences in physical characteristics (age, BCS, CNS and BW), OST-
derived glucose and insulin variables (AUCgru, AUCins, ISIcomp, Peakins and
T-peakins), EHC data (M and M/I) and minimal model variables (Si, Sg, AIRg
and DI) were compared between breeds (study II, IV) and between the
healthy/NIR and EMS/ID groups (study II and III) by use of an independent t-
test, a one-way ANOVA or a nonparametric test (Wilcoxon rank-sum test) as
appropriate.

In study I, a one-way ANOVA for repeated measures was used to study
differences in BCS, CNS, BW and EHC-derived IS measures over time during
the 30 week long experimental period. Because time points were not equidistant,
a spacial power covariance structure was used to model the within-horse
covariance over time. In study 11, a two-way ANOVA for repeated measures was
used to study differences in plasma glucose and plasma insulin concentrations
over time during the OST, between the healthy and the EMS group. In study IV,
atwo-way ANOVA with co-variance structure was used to investigate the effect
of breed and haylage diet on response variables for glucose and insulin
(AUCGLu, AUCGLU.Go, PeakGLU, AUCINs, AUCINS-éO and PeakINs) calculated
from the meal tolerance tests. A one-way ANOVA was used to identify
differences in chemical composition between the different haylage diets (LW,
MW and HW). All ANOVAs were run using the mixed model procedure and
the Tukey-Kramer post-hoc test was used to identify simple effect differences.
Variables were tested for homogeneity of variances by use of the Levene’s-test.

In study II, the repeatability of the OST was determined using mean CVs,
intraclass correlation coefficients (ICCs) and repeatability coefficients (RCs)
calculated for the glucose and insulin response variables (AUCgLy, AUCins,
Peakins ISIcomp, T-Peakins). Paired t-tests were used to compare mean values
for the glucose and insulin variables obtained from the repeated OSTs. In this
thesis, mean CVs were calculated for glucose and insulin concentrations for all
individual time points during the OST. Bland-Altman analyses (Bland &
Altman, 2010) were performed for determination of the mean differences
between repeated tests and the RCs for plasma glucose and insulin
concentrations for all individual sampling time points during the OST. The
differences between repeated tests were checked for normal distribution using
histogram plots. The RC was calculated as 2 times the SD of the differences of
the repeated glucose and insulin measurements (Bland & Altman, 2010). The
differences between repeated tests (measurement error) for insulin
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concentrations at 60 and 90 min sampling were plotted against the mean value
(estimates the true value) for each subject.

In study III, simple linear regression analyses were used to study the
correlation between indices of IS derived from the OST (ISIcomp, ISIpeak, ISIso
and ISlop) and quantitative measures of IS (M and M/I) derived from the EHC.
Data were log-transformed prior to analysis to correct for skewed distribution of
residuals. Simple linear regressions were also used in study IV, to evaluate the
relationship between response variables for insulin (Peakins, AUCins-¢o and
AUCns) obtained from the meal tolerance tests and quantitative measurements
of IS derived from the FSIGTT. Data were log-transformed prior to analysis in
order to test if a negative linear relationships was evident. In study 111, a variant
of linear regressions was used to study the relationship between OST-derived
indices of B—cell response (Peakms, INSINDEx, AUC1N5.180 AUCINS/GLU_30,
AUCs/Gru-120 and AUCs/crLu-180) and EHC-derived IS measures (M and M/I).
These regressions were analyzed using the fit orthogonal command in the
bivariate platform because this model adjusts for measurement errors in both the
y (dependent: B-cell response) and x (independent: IS) variables. Data were log-
transformed prior to analysis in order to test if a rectangular hyperbolic
relationship was evident.
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4 Main results

This section summarizes the main results from the separate studies. More
detailed descriptions are presented in each of the papers (I —1V).

4.1 Effects of obesity and pasture turnout on insulin
sensitivity (I)

Mean daily intake of ME increased from 97 to 242% of maintenance
requirements from P1 to the end of P2 (Figure 7). During the same time period
the mean consumption of WSC-f increased from 48 to 127 g/100 kg BW. During
P3, the mean intake of ME was 250% of maintenance requirements and mean
consumption of WSC-fwas 117 g/100 kg BW during the same time period. The
mean WSC and WSC-f content in samples of pasture grass (n = 7) collected
during P4 — P5 was 12 and 8% of DM respectively.
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Figure 7. Daily intake of: ME as a percentage of maintenance requirements (black circles); NSC
(orange + white bars) and WSC-f (orange bars), during maintenance (P1) and weight gain (P2, P3)
of study I. Data are mean + SD for intake on the first day of each week. ME, metabolizable energy;
NSC, non-structural carbohydrates; WSC-f, water soluble carbohydrates - fructans.
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From the start to the end of weight gain (P1 — P3) horses had a mean increase in
BW 0f 9.2% (P < 0.001). The weight gain was accompanied by an on average
0.4 unit (P = 0.002) and 1.6 unit (P < 0.001) increase in CNS and BCS
respectively. There was no further increase (P > 0.17) in BW, CNS or BCS
during the four week long period at pasture (P4 and P5).

There was no further decrease in M/l and MCR during weight gain, whereas
four weeks at pasture increased both M/I and MCR (Figure 8). Thus, the horses’
IS were comparable before and after weight gain but improved after the pasture
period. The magnitude of the postprandial insulin concentrations at pasture (P5)
was comparable with fasting insulin concentrations at the end of weight gain

(P3).
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Figure 8. Measures of insulin sensitivity: M/I (A) and MCR (B) derived from EHC procedures
performed in nine Standardbreds before weight gain (P1), after weight gain (P3) and after four

weeks at pasture (P5) during study 1. Data are presented as mean + SD. **Means with different
superscript letters differ at P < 0.05. M/I, mean glucose disposal rate per unit of insulin; MCR,

metabolic clearance rate for insulin; EHC, euglycemic hyperinsulinemic clamp.

4.2 Evaluation of the oral sugar test (Il)

Calculated glucose and insulin response variables (AUCgru, AUCis, Peakins,
ISIcomp and T-peakins) were not different between repeated tests performed in a
group of 15 healthy horses (P >0.3). Mean CVs for calculated response variables
and for individual time points during the OST ranged between 6.7 and 10.7% for
glucose and between 13.5 and 44.4% for insulin. The lowest and highest mean
CV for insulin was found at the 60 and 180 min sampling time point respectively
(Table 3). The ICCs were comparable between glucose and insulin response
variables ranging between 0.64 and 0.91.

Mean differences for plasma glucose and plasma insulin concentrations
between repeated OSTs were all close to 0 (Table 3). The differences were
normally distributed and Bland-Altman analyses could be used to calculate RCs
for glucose and insulin for individual sampling time points during the OST. The
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RCs were larger for insulin compared to glucose for all single time points during
the OST (Table 3) as well as for calculated response variables (data reported in
paper 11, page 60, Table 4). Bland-Altman plots for plasma insulin showed a
tendency towards heteroscedasticity at 60 min, whereas a tendency of a negative
relationship between the differences and the mean concentration was seen at 90
min (Figure 9).
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Figure 9. Bland-Altman plots showing the paired differences against the mean value for plasma
insulin concentrations measured at 60 (A) and 90 (B) min during repeated oral sugar tests in 15
healthy horses in study II. Solid line represents the mean difference between insulin values obtained
at repeated testing.

Table 3. Mean difference and repeatability coefficient (RC) obtained from Bland-Altman analyses
and mean coefficient of variation (CV) of plasma glucose and plasma insulin for individual
sampling time points during repeated oral sugar tests in 15 healthy horses in study Il. Data are
presented as mean + SD

Test 1* Test 2* Mean difference* RC* CV %
Glucose - 5min ~ 5.5+0.9 52+0.6 0.3 1.6 6.7
Glucose 30 min 6.7+ 1.0 6.9+0.8 -0.3 24 8.7
Glucose 60 min 7.5+ 1.0 75+1.1 0.0 2.4 8.4
Glucose 90 min 7.1+ 1.1 7.1+13 0.0 24 104
Glucose 120 min 6.3+ 1.3 64+1.1 0.0 1.6 7.8
Glucose 150 min 5.8 +1.2 55+09 0.3 1.7 7.9
Glucosel80 min  5.3+0.9 5.1+1.1 0.2 1.0 10.7
Insulin- 5min ~ 5.4+3.8 5.0+2.6 0.4 5.9 26.2
Insulin 30 min ~ 28.0+£22.1 24.4+143 3.6 27.6 255
Insulin 60 min 30.7+19.0 313+17.7 -0.7 21.0 13.5
Insulin 90 min ~ 24.6 +£10.2 27.4+18.1 2.8 24.5 255
Insulin 120 min ~ 17.0£10.6 20.0+15.2 -3.1 16.6 33.7
Insulin 150 min ~ 10.7+7.2  11.7+8.0 -1.1 11.0 27.8
Insulin 180 min 7.1 +£4.5 83+72 -1.1 14.9 444

*Data are reported as mmol/L for glucose and pIU/mL for insulin.
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There was no difference (P > 0.2) between breeds (Shetland ponies, Icelandic
horses and Standardbreds) for any of the glucose and insulin response variables
(AUCgLu, AUCns, Peakins and T-peakins) calculated from the OST.

In the comparison between the healthy and the EMS horses, there was a main
effect of group during the OST for insulin (P < 0.0001) but not for glucose
(P=0.178). An interaction between group (healthy vs EMS) and time was
identified for both glucose (P = 0.003) and insulin (P < 0.0001). There was a
large variation in the magnitude and shape of the insulin response in the EMS
horses whereas the healthy horses had a more homogeneous response. There was
a large overlap in glucose response between the healthy and the EMS group
(Figure 10). The EMS group (92 £ 27 min) had a delayed mean time to peak
concentration for insulin (T-Peakins) compared to the healthy group (P = 0.007;
69 £ 25 min). Geometric means for postprandial insulin response variables
(Peakmns and AUCs) were 6 — 7 times higher (P < 0.0001) in the EMS
compared to the healthy group.
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Figure 10. Plasma glucose (A) and plasma insulin (B) concentrations measured during an oral sugar
test in healthy horses (n = 23) and horses with EMS (n = 20) in study II. Individual horse data
(healthy horses, pale blue open circles; EMS horses, pale orange open circles) and mean (glucose)
or geometric mean (insulin) for the healthy (blue circles) and the EMS (orange circles) group.
*Groups differ at P <0.0001. #Groups differ at P < 0.004. EMS, equine metabolic syndrome.

4.3 Insulin sensitivity indices from the oral sugar test (ll,
1))

Linear regression analyses (study I1I) demonstrated that both the more advanced
ISIcomp and the simpler IS indices calculated from one single blood sample
during the OST (i.e. ISIprak, ISIso and ISIog) were in good agreement with
quantitative measures of IS (M and M/I) from the EHC (P <0.0001;
r=0.811t0 0.86). Selected scatter plots showing the correlation between IS
indices from the OST and M/I are shown in Figure 11.
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Figure 11. Scatter plots showing a linear correlation between log-transformed data for insulin
sensitivity indices: ISIpeak (A) and ISIcomp (B) derived from an OST and M/I derived from an EHC
in NIR (black circle) and ID (blue triangle) horses of study III. The solid line is the regression line
(line of best fit) and the dashed lines are the 95% CI of the best fit. ISIprak, peak insulin sensitivity
index; Slcomp, composite whole-body insulin sensitivity index; OST, oral sugar test; M/I, mean
insulin dependent glucose disposal rate per unit of insulin; EHC, euglycemic hyperinsulinemic
clamp; NIR, normal insulin regulation; ID, insulin dysregulation.

There was no difference (P = 0.6) in geometric means for ISIcomp between
Shetland ponies, Icelandic horses and Standardbreds in study II. However, the
geometric mean for ISlcomp was 8 times lower in the EMS group compared to
the healthy group (P < 0.0001).

4.4 Relationship between insulin sensitivity and indices
of B-cell response from the oral sugar test (llI)

Using indices of B—cell response (PeakINs, INS]NDEx, AUCINs.lgo, AUCINS/GLu.30,
AUCws/cLu-120 and AUCs/Gru-1so) derived from the OST as dependent
variables and quantitative measures of IS (M and M/I) as independent variables
in the regression model: Ln (y) = constant + ¢ Ln (x), demonstrated a negative
linear relationship for all 12 comparisons (P < 0.05; r = -0.73 to -0.87). This
verifies that a non-linear inverse relationship exist between the p-cell response
and IS in horses.

The criterion for a rectangular hyperbolic relationship (established if the
regression coefficient () was equal to -1) was fulfilled for all 6 comparisons
between indices of B-cell response against M/I. In contrast, only 3 out of 6
indices of B—cell response (INSINDE)(, AUCINS/GLU.30 and AUCINS/GLU.120)
demonstrated a hyperbolic relationship when IS was determined by the M-value.
Selected scatterplots showing a rectangular hyperbolic relationship between
indices of B-cell response and M/I are presented in Figure 12.
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Figure 12. Scatter plots of individual horse data (n = 49) illustrating a rectangular hyperbolic
relationship between indices of B-cell response: Peakms (A), AUCws-1s0 (B), AUCNs/GLu-120 (C)
and AUCws/GLu-1s0 (D) derived from an OST and M/I derived from an EHC in NIR (black circle)
and ID (blue triangle) horses of study III. A solid line (line of best fit) represents data fitted to a
rectangular hyperbolic curve based on the function (y = constant ¢ 1/x), where the constant =
disposition index. Peakins, peak concentration of insulin; AUCs-1s0, area under the curve for
insulin at 180 min; AUCNs/GLU-120, area under the curve for insulin/glucose at 120 min; AUCins/GLU-
180, area under the curve for insulin/glucose at 180 min; M/I, mean insulin dependent glucose
disposal rate per unit of insulin; EHC, euglycemic hyperinsulinemic clamp; NIR, normal insulin
regulation; ID, insulin dysregulation.

4.5 Postprandial glucose and insulin response from the
meal tolerance test (V)

The mean WSC and WSC-f content of DM was 4 and 3% for LW haylage, 13
and 11% for MW haylage and 18 and 11% for HW haylage respectively. The
content of WSC-f was comparable between MW and HW haylage (P = 0.5) but
higher for both MW and HW haylage compared to LW haylage (P = 0.0001 for
both comparisons). The fructan content was higher in HW haylage compared to
both LW and MW haylage (P = 0.02 and 0.006 respectively).

All glLICOSG (AUCGLU, AUCGLU_(,(), PeakGLU) and insulin (AUCINs, AUCINS_
0 and Peakins) response variables were higher after a meal of both MW and HW
haylage in comparison to LW haylage (P = 0.0001 — 0.043) when both breeds
were combined. There was no difference between breeds in IS (Si; P = 0.75),
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but the early postprandial glucose (AUCgru-60) and insulin (AUCins-60) response
was higher in Icelandic horses in comparison to Standardbreds (P = 0.004 and
0.003 respectively) when all haylage diets were combined.

4.6 Relationship between insulin sensitivity and

postprandial insulin response from the meal
tolerance test (1V)

Insulin response variables (Peakmns, AUCws and AUCns60) from the meal
tolerance tests as dependent variables and Si from the FSIGTT as independent
variable were evaluated in the regression model: Ln (y) = constant + 3 * Ln (x).
This demonstrated a negative linear correlation between the insulin response
variables and Si after feeding horses a meal of MW and HW haylage (P < 0.02;
r=-0.55 to -0.72). This relationship was, however, not found when the horses
were fed LW haylage (P > 0.054; Figure 13). Thus, a non-linear inverse
relationship between IS and the postprandial insulin response was only present
when haylage with WSC content of > 13% of DM was fed.
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Figure 13. Scatter plots showing the correlation between log-transformed data for Peakins obtained
after feeding haylage with 4% (A), 13% (B) and 18% (C) water soluble carbohydrate content of dry
matter and Si derived from an FSIGTT in Icelandic horses and Standardbreds (n = 18) of study IV.
The solid line is the regression line (line of best fit) and the dashed lines are the 95% confidence
interval of the best fit. Peakins, peak concentration of insulin; Si, insulin sensitivity index; FSIGTT,
frequently sampled intravenous glucose tolerance test.
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5 General discussion

5.1 Effects of obesity, diet and breed on insulin
sensitivity and postprandial insulin response (I, 11, 1V)

Obesity has been implicated as a contributing factor for development of IR and
hyperinsulinemia in several different species including humans, dogs, rabbits
and horses (Peiris et al., 1988; Hoffman et al., 2003; Gayet et al., 2004; Frank
et al., 2006; Vick et al., 2007; Erdmann et al., 2008; Zhao et al., 2008). During
recent years, the effect of diet-induced obesity on IR in horses has been
investigated in several studies.

In one study horses were fed a concentrate supplemented diet rich in NSC
during 16 weeks, which resulted in a 20% weight gain and a decrease in IS
(Carter et al., 2009b). The experimental protocol used in study I was similar to
the one used by Carter and coworkers (2009b), but a diet low in NSC and high
in fat was used in order to induce obesity. In addition, the horses were already
in a state of reduced IS at the start of the study. The 22 week long weight gain
period induced a 9.3% increase in BW but there was no effect on the horses’ IS.
This is in agreement with results of studies on horses fed a diet low in NSC and
high in fat for 20 or 32 weeks, where an approximate weight gain of 12 — 17%
was observed but no decrease in IS was identified (Quinn et al., 2008; Bamford
et al., 2016a; Bamford et al., 2016b). These results suggest that other factors,
such as the dietary composition, has a greater impact on alterations in IS than
short-term weight gain. However, it is important to emphasize that in the
different studies discussed, the degree of weight gain varied and horses were
only overweight or obese for a short period of time. It is conceivable that a more
chronic state of pronounced obesity might play a role in the pathogeneses of IR
and hyperinsulinemia in horses. Moreover, studies have shown that weight
reduction in IR horses improves IS (Ungru et al., 2012; McGowan et al., 2013;
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Morgan et al., 2016), which verifies a causal association between obesity and
IR.

Postprandial hyperinsulinemia and decreased IS has been observed in non-
obese horses adapted to diets rich in NSC (Hoffman et al., 2003; Treiber et al.,
2005a; Pratt et al., 2006). Thus, dietary management should be considered as a
key-stone in the control and prevention of IR and laminitis in horses and ponies.
At present, based on clinical experience, a forage diet with < 10 — 12% NSC of
DM is recommended for horses and ponies with IR and postprandial
hyperinsulinemia (Geor, 2013a). However, sufficient scientific evidence to
determine if the upper limit of 10 — 12% NSC of DM is the most optimal cut-off
is lacking.

In study IV, we evaluated the glucose and insulin response in clinically
healthy horses after intake of haylage diets with different content of WSC.
Analysis of the content and components of WSC in haylage showed that MW
and HW haylage had a comparable content of WSC-f (glucose, sucrose and
fructose), whereas the fructan content was higher in HW compared to MW
haylage. Fructans are not degraded by mammalian enzymes (Johnson et al.,
2013) and are typically fermented in the hindgut of horses. It has been claimed
that some fructans might undergo degradation prior to the large intestine of
horses (Coenen et al., 2006) and thereby contribute to the postprandial insulin
response (Bailey et al., 2007). Despite a higher fructan content of HW compared
to MW, the overall insulin response did not differ between the two diets. This
indicates that the influence of fructans on the postprandial insulin response was
low in the present study. It is therefore more interesting to study the insulin
response in relation to the content of WSC-f.

All three haylages used in study IV caused a postprandial insulin response in
the horses and the response was approximately 1.5 — 2 times higher after feeding
haylage with high (11% of DM) compared to low (3% of DM) WSC-f content.
This is in agreement with results from a previous study (Ringmark & Jansson,
2013) in which the insulin response to haylage with 9% WSC-f of DM was
roughly 1.5 times higher compared to haylage with 4% WSC-f of DM. However,
in the study (Borgia et al., 2011) that has been used as support of the current
arbitrary cut-off limit < 10 — 12% NSC of DM in forage, clinically healthy horses
had an almost absent insulin response to hay with 2% WSC-f of DM and the
insulin response was almost 5 times higher when the horses were fed hay with
12% WSC-f of DM compared to hay with 2% WSC-f of DM. The large variation
in insulin response to forage diets with comparable content of WSC-f indicates
that other factors besides the forage content of NCS contribute to the insulin
secretion from the B-cells in horses.
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One important factor that determines the postprandial insulin response is the
horse’s prevailing IS. This was demonstrated in study III, where a non-linear
inverse relationship between B-cell response and IS was found. To study this
relationship further, we investigated the relationship between insulin response
variables derived from the meal tolerance tests and quantitative measures of IS
in study IV. The postprandial insulin response was inversely related to the
horses’ IS when MW (13% WSC of DM) or HW (18% WSC of DM) haylage
was fed. This relationship was however not found when the horses were fed LW
haylage (4% WSC of DM). This demonstrates that the postprandial insulin
response after a meal of haylage is affected not only by the content of simple
sugars but also depends on the horse’s IS. However, the influence of IS on the
postprandial insulin response appears to be diminished when the content of WSC
in forage is low. Together these results highlight the difficulties of establishing
a safe upper cut-off limit for NSC content in forage, applicable for all laminitis
prone horses. However, the results indicate that horses with severe IR and highly
upregulated B-cell response should be fed a forage diet with lower content of
NSC than what is currently recommended. In addition, future recommendations
should be based on the content of WSC-f instead of total NSC or WSC, since
the postprandial insulin response is more related to the content of simple sugars.

Hyperinsulinemia has been observed in horses and ponies when grazing
pasture with high NSC content (Hess et al., 2005; Treiber et al., 2008). In study
I, obese horses with reduced IS and a decreased metabolic clearance rate for
insulin were examined with an EHC after four weeks of unlimited exposure to
pasture grass. Contrary to the expected results, continuous access to pasture did
not cause a further decrease in IS, but instead IS was improved, which was
accompanied by a proportional increase in the metabolic clearance rate for
insulin. Furthermore, the horses did not develop postprandial hyperinsulinemia
during the pasture period.

A study (McIntosh, 2007) of grazing Thoroughbred mares revealed a
variation in postprandial insulin concentrations and simple indices of IS during
the pasture period. Hyperinsulinemia and decreased IS was apparent when the
content of WSC was 19% of DM but not when the WSC content was < 10% of
DM (McIntosh, 2007). In the present study, the mean WSC content of pasture
grass was 12% of DM, which might have been too low to have an effect on IS.
The total feed intake for each individual horse during pasture is difficult to
predict. However, as the horses did not continue to increase in BW or BCS at
pasture, a decrease in nutrient intake compared to the weight gain period is
likely. This could possibly explain why a further decrease in IS was not
observed, but it is harder to clarify why IS was improved. Improved IS in horses
has been reported in response to adaptation to diets rich in NSC
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(1.5-2.0 g’lkg BW) fed to horses once or twice daily (Bamford et al., 2016b;
Jacob et al., 2017). Interestingly, in one of these studies (Bamford et al., 2016b)
the IS increased in response to the high NSC diet despite a concurrent increase
in BW of approximately 12%.

Several factors such as the dose and the chronicity of the stimulus (i.e.
feedings /day, duration of high NSC intake) and, possibly more important, a
metabolic predisposition for IR, thus likely contribute to whether or not horses
develop IR in response to high NSC diets. An inherited predisposition for EMS
has been suggested (Treiber et al., 2006b), as certain breeds of horses and ponies
more commonly exhibit the EMS phenotype (Frank et al., 2006; Bailey et al.,
2008; Bamford et al., 2014). The breed used in study I, Standardbreds, is a breed
that does not commonly exhibit the EMS phenotype, thus results might have
been different if a breed with a genetic predisposition for IR had been used.

Breed related differences in IS and postprandial insulin responses have been
identified in several studies. Higher insulin response to an in-feed OGTT or a
NSC rich meal, as well as lower IS, has been found in a group of ponies and
Andalusian horses when compared to Standardbreds (Bamford et al., 2014;
Bamford ef al., 2015; Bamford et al., 2016b). Lower IS and higher postprandial
OST insulin response has also been reported for breeds such as Arabian horses
and Welsh Mountain ponies when compared to Quarter horses (Manfredi, 2016).
When a group of native British ponies were compared to a group of mixed horse
breeds, the postprandial insulin response was higher in ponies compared to
horses after both an OST and an in-feed OGTT (Smith et al., 2016).

In contrast to these previous studies, no differences in glucose and insulin
response variables derived from the OST were found between Shetland ponies,
Icelandic horses and Standardbreds in study II. One explanation might be that
the OST is not sensitive enough to detect small differences in postprandial
insulin response between the different breeds. However, in addition to this, no
differences between Icelandic horses and Standardbreds were found for
quantitative measures of IS derived from the FISGTT in study IV. A small
sample size in combination with a relatively large within-breed variation could
explain why no effect of breed was found in study II and IV. There was also a
difference in physical activity between the breeds in both studies. As exercise
enhances IS in horses (Powell et al., 2002; Pratt ef al., 2006; Stewart-Hunt ez al.,
2006; Morgan et al., 2016), it is possible that the outcome would have been
different if the degree of activity had been similar between breeds. Increased
physical activity might also have contributed to the improved IS seen in
Standardbreds after four weeks at pasture in study I.

Despite similar IS (Si) between the Icelandic horses and Standardbreds in
study IV, the early postprandial glucose (AUCgLu-60) and insulin (AUCins-60)
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response was higher in the Icelandic horses compared to the Standardbreds. This
indicates that breed related variations linked to gastrointestinal factors such as
incretin effects and glucose absorption might be present. Identification of breed
related features in glucose and insulin dynamics is challenging, as other factors
such as age, sex, season, diet and exercise might influence the insulin response
and IS (Stewart-Hunt et al., 2006; Treiber et al., 2008; Vervuert et al., 2009;
Borer-Weir et al., 2013; McCue et al., 2015; Jacob et al., 2017). Thus, it might
be necessary to study larger populations of horses under controlled conditions to
account for these factors.

5.2 Evaluation of the oral sugar test (ll, 111)

Dynamic tests that involve oral administration of sugars mimic the feeding
situation and makes it possible to study postprandial insulin responses under
controlled conditions. In 2010, an OST was developed and evaluated in horses
in the USA using a commercially available glucose syrup, Karo® light corn
syrup (Schuver et al., 2010; Schuver et al., 2014). The Karo® light corn syrup
is not available on the Scandinavian market. Our research group therefore
decided to develop a modified OST using a Scandinavian commercially
available glucose syrup, Dansukker glykossirap (study II).

For the Corn syrup OST, a dose of 0.15 ml Karo® light corn syrup/kg BW is
used (Schuver et al., 2014), providing approximately 150 mg saccharides/kg
BW. The composition of the saccharides included in the Karo® light corn syrup
is withheld by the manufacturer, but it is assumed that the saccharides, other than
glucose, have the potential to be degraded to glucose in the small intestine. A
dose of 0.2 ml Dansukker glykossirap/kg BW was selected for the modified
OST, which provides 216 mg saccharides’kg BW. The Dansukker glykossirap
is produced from wheat starch and the composition of glucose, maltose and
maltotriose is known. In addition, this glucose syrup contains oligo- and
polysaccharides that consist of glucose units. The total dose of saccharides
(glucose units) provided to the horses using the modified OST is higher
compared to the Corn syrup OST (216 vs 150 mg saccharides). The content of
saccharides of both the Corn syrup OST and the modified OST is, however,
much lower than the glucose dose used in an OGTT (1 — 1.5 g glucose/kg BW).
Recently, a higher dose of Karo® light corn syrup (0.25 ml/kg BW), providing
approximately 250 mg saccharides/kg BW, has been used in order to elicit an
insulin response in very insulin sensitive horses (Manfredi, 2016; Jacob et al.,
2017). This higher dose of Karo® light corn syrup provides a similar dose of
glucose units as the modified OST (250 vs 216 mg saccharides). However, the
most optimal dose of sugar syrup for the diagnosis of ID still needs to be
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established. The administration of sugar syrup becomes less manageable with
increasing doses, which also has to be take into consideration if a higher dose
should be recommended in the future.

For the Corn syrup OST, peak insulin concentrations generally occurred at
60 — 90 min after syrup administration in both healthy horses and in horses with
EMS (Schuver et al., 2010; Schuver et al., 2014). This time interval has been
used for sampling in clinical practice since then. In contrast, healthy British
native ponies reached their peak insulin concentration already at 30 min post
syrup administration (Knowles et al., 2017). In study II, we did not find any
breed differences in time to peak insulin concentration during the OST, while
the EMS horses had a longer time to peak insulin compared to the healthy horses
(92 £ 27 min vs 69 £ 25 min). Plasma insulin concentrations were higher at all
time points during the OST in the EMS group compared to the healthy group.
The largest difference in plasma insulin concentrations occurred between 60 and
150 min post syrup administration. In agreement with our results, a recent study
performed on a larger population of horses subjected to the Corn syrup OST
showed that horses and ponies defined as IR based on an FSIGTT, had higher
insulin concentrations between 60 and 120 min post syrup administration
compared to IS horses (Manfredi, 2016). This suggests that the time frame for
single blood sampling during an OST could be extended to include 120 min,
which makes the test protocol more time flexible.

An arbitrary cut-off limit for insulin of > 60 uIU/mL for blood sampling at
60 — 90 min has been recommended for diagnosis of ID using the Corn syrup
OST (Frank, 2011; Frank & Tadros, 2014). This cut-off value for insulin is
reported in plU/mL, while our insulin results from study II are reported in ng/L.
A conversion factor of 10 (1 pIU/mL = 10 ng/L) (Oberg et al., 2012) was used
in study II for comparisons between test results. The cut-off insulin
concentration of 60 plU/mL corresponded to 600 ng/L in study II. A lower
arbitrary cut-off value for insulin of > 45 pIU/mL for blood sampling at 60 — 90
min has recently been suggested for the Corn syrup OST (Equine Endocrinology
Group, 2016) and this cut-off value has been used to define ID in some other
studies (Restifo et al., 2016; Frank et al., 2017; Frank & Walsh, 2017). Using
the conversion factor of 8.7 (1 pIU/mL = 8.7 ng/L) provided by the manufacturer
of the equine-optimized ELISA (Mercodia AB, Uppsala, Sweden) and re-
examining the results from study II shows that out of the horses in the healthy
group 91% at the 60 min sampling and 100% at the 90 min sampling had plasma
insulin concentrations of <45 plU/mL. For the EMS horses, 100 and 95% had
insulin concentrations of > 45 pIU/mL at 60 and 90 min sampling respectively.
The cut-off concentration for insulin of 45 plU/mL is currently being used in
our laboratory (Clinical Pathology Laboratory, University Animal Hospital,
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Uppsala, Sweden) for diagnosis of ID using the modified OST. This cut-off
value was also used to define horses with ID in study III. An even lower cut-off
limit for insulin of approximately 30 puIU/mL using the Corn syrup OST has
recently been proposed to be indicative of IR based on results from ROC-curves
with the FSIGTT as gold standard method for IR (Manfredi et al., 2016;
Manfredi, 2016). Thus, the most optimal cut-off OST insulin concentration for
diagnosis of ID is yet to be established.

A higher repeatability (i.e. lower mean CVs and lower RCs) was found for
glucose compared to insulin for the individual sampling time points during the
OST in study II. Higher repeatability for glucose compared to insulin dynamics
of the Corn syrup OST has been found in a previous study reporting mean CVs
of 6.4% for AUCgru and 45.1% for AUCs (Schuver et al., 2014). In spite of
lower variability, the glucose dynamics during an OST has a poor ability to
separate healthy horses from horses with ID, visualized by the large overlap in
glucose response between the healthy and the EMS group (Figure 10).

The overall repeatability of the insulin dynamics during the OST was
considered as moderate based on RCs, ICCs and mean CVs. For insulin
concentrations at individual time points during the OST, the best combination of
low RC and low mean CV was found at the 60 min sampling. It is not surprising
that the insulin dynamics during an OST shows a moderate repeatability as the
results are influenced by several physiological factors such as gastric emptying,
intestinal glucose absorption and incretin effects (Ferrannini & Mari, 2004;
Kronfeld et al., 2005), which all can contribute to the within-horse variability in
OST results. The inter- and intra-assay variability for insulin are other factors
that can affect the repeatability of the test. Previous studies have reported CVs
0f 22.6% (Brojer et al., 2013) and 23.7% (Pratt et al., 2005) for insulin dynamics
during repeated testing using the CGIT and the FSIGTT methods respectively.
Thus, the repeatability of the OST appears to be comparable to these more
specific intravenous methods used for determination of IS.

Mean differences for plasma glucose and plasma insulin concentrations for
repeated OSTs derived from Bland-Altman analyses were all close to 0. This
indicates that no systemic differences between results from repeated tests were
present. Bland-Altman plots for plasma insulin showed a tendency towards
heteroscedasticity at 60 min, whereas a tendency of a negative relationship
between the differences and the mean concentration was seen at 90 min.
Considering the few horses included in this analysis (n = 15) no conclusions of
this effect can be drawn, as samples sizes of at least 100 are generally
recommended for Bland-Altman analysis (Bland, 2004). The mean values for
insulin at 60 and 90 min for the repeated OSTs in healthy horses were 31 and 25
plU/mL respectively and the RCs for the same time points were 21 and 25
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plU/mL respectively. A healthy horse with insulin concentrations of 31 and 25
plU/mL at 60 and 90 min sampling of an OST can thus with 95% confidence be
expected to have insulin concentrations of 21 and 25 plU/mL above or below
these results at re-testing. In horses with ID, the RCs at 60 and 90 min samplings
(calculated from data retrieved from Frank & Walsh, 2017) are higher compared
to healthy horses. Due to the higher RC in ID horses, test results should only be
interpreted as improved if the insulin concentration during a repeated OST
decreases with at least 39 plU/mL. This variation in absolute insulin
concentrations between repeated tests emphasizes that clinicians must be careful
when interpreting test results that are close to the cut-off concentration 45
plU/mL at 60 and 90 min sampling. However, when a binary outcome is used
to defined horses as healthy or ID based on insulin concentrations of < 45 or
<60 plU/mL at 60 — 90 min sampling, the repeatability of the OST is higher
(k=0.65—-0.80) (Frank & Walsh, 2017; Knowles et al., 2017). Moreover, when
the OST was used to compare healthy horses and horses with EMS in study II,
insulin concentrations differed between groups for all individual time points
during the OST as well as for calculated insulin variables. This indicating that
the OST is a valuable test to differentiate normal horses from horses with ID.

It has been suggested that the dynamic oral glucose tests, i.e., the OGTT and
the OST, more closely mimic glucose and insulin dynamics during physiological
conditions than the EHC or the FSIGTT. The OGTT and the Corn syrup OST
have previously been evaluated against different intravenous tests, but only a
few studies have used quantitative methods to determine IS (i.e. the FSIGTT or
the EHC). A poor agreement as well as a lack of linear relationship between
insulin dynamics derived from the OST and quantitative measures of IS obtained
from an FSIGTT or an EHC have been reported (Banse & McFarlane, 2014;
Dunbar et al., 2016). One explanation for the discrepancy in results might be a
lower sensitivity of the OST compared to the quantitative methods. The
assumption of a linear relationship between postprandial insulin response data
and quantitative measures of IS might be another explanation. In study III, a non-
linear inverse relationship was shown between indices of B-cell response derived
from the OST and quantitative measures of IS in horses defined as IS to severely
IR. Similar results were found in another study in horses with variable IS where
insulin data from an in-feed OGTT were compared with Si derived from the
FSIGTT (Bamford et al., 2014). This implies that the insulin response derived
from oral glucose tests depend on the horse’s prevailing IS, even though the tests
do not measure IS per se. As a consequence of the non-linear inverse relationship
between the B-cell response and IS, large changes in IS for horses with high IS
will only result in small changes in postprandial insulin secretion. For horses
within the range of normal IS the relationship between the B-cell response and
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IS thus might appear as linear, which could explain why a linear relationship has
been found between insulin data from an OGTT and quantitative measures of IS
in horses with normal IS (Pratt-Phillips ef al., 2015). The opposite situation with
more pronounced insulin secretion occurs when the horse become IR. This
verifies that the OST is not an ideal diagnostic method for identification of
horses close to developing IR or with mild IR, i.e., the horses that can be
predicted to fall close to the cut-off insulin concentration of 45 plU/mL during
an OST. However, the OST is better suited to detect changes in the postprandial
insulin response in horses with marked IR where the insulin secretion is
pronounced.

Although the dynamic oral glucose tests does not measure IS per se, different
indices based on data from an OGTT have been used both in humans and in
horses to estimate IS (Matsuda & DeFronzo, 1999; Gutt et al., 2000; Stumvoll
et al., 2000; Pratt-Phillips et al., 2015). These IS indices are mathematical
variants of data used for estimating the B-cell response, which by inversion have
been transformed to correlate linearly to quantitative measures of IS. A moderate
to high linear correlation (r = 0.63 to 0.73) between the most commonly used
index in humans, ISIcomp (Matsuda & DeFronzo, 1999), and IS obtained by the
EHC have been determined in both humans and horses (Matsuda & DeFronzo,
1999; Pratt-Phillips et al., 2015). In agreement with these previous studies, we
found a high correlation between all OST indices (ISIcomp, ISIpeak, ISIso and
ISIo) and IS measures from the EHC in study III. The ISlcomp could also be
used to differ healthy horses from horses with EMS in study II. The results thus
verify that OST-derived IS indices can be used to estimate IS in horses.
However, as these indices of IS are mathematical variants of data used for
estimating the B-cell response, the bias of these data will be propagated to the
indices of IS. Thus, the OST-derived indices of IS will not accurately determine
IS in horses with mild IR, but becomes valuable for the assessment of
improvements or deteriorations in IS in horses with pronounced IR and
upregulated B-cell response.

5.3 Non-linear inverse relationship between insulin
sensitivity and 3-cell response (lll, 1V)

Insulin sensitivity and B-cell response have been shown to be inversely related
in humans and dogs (Kahn et al., 1993; Mittelman et al., 2000; Bergman et al.,
2002). In study I1I, we showed that a similar relationship also exists in horses.
Moreover, a rectangular hyperbolic relationship was found for 9 of the 12
comparisons between indices of B-cell response derived from the OST and
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quantitative measures for IS, which verifies that the OST is a test that can be
used to estimate the B-cell response.

In a rectangular hyperbolic relationship, the product of the -cell response
and IS is constant for a given degree of glucose tolerance. This product, DI
(Bergman et al., 1981; Kahn et al., 1993; Bergman et al., 2002), can be
considered as a measure of pancreas functionality (i.e. a measure of the B-cells’
ability to compensate for decreased IS). During development of IR, the B-cells’
release of insulin is increased and compensation will be adequate as long as DI
remains constant (i.e. compensated IR with normal glucose tolerance). When the
insulin release from the f-cells becomes inadequate in relation to IR
(decompensated IR), glucose intolerance and type 1l diabetes mellitus develop,
which is associated with a decrease in DI. In horses, type Il diabetes mellitus is
rare and the B-cells appear to fully compensate for the IR over a long time period.
Thus, there are fewer clinical applications for the use of DI in horses compared
to humans. Disposition index was originally developed from the minimal
modeling of FSIGTT data and is calculated as Si « AIRg (Bergman et al., 1979).
During recent years, DI has been reported in several studies of horses subjected
to an FSIGTT (Treiber et al., 2005b; Carter et al., 2009b; Bamford et al., 2014;
Pratt-Phillips et al., 2015; Dunbar et al., 2016; Jacob et al., 2017). A rectangular
hyperbolic relationship between the indices of B-cell response (AIRg) and the
measure of IS (Si) derived from the FSIGTT has not yet been demonstrated in
horses. Therefore, the use of these DIs as a measure of the pancreas functionally
are not justified in the horse.

Even if there is a non-linear inverse relationship between B-cell response and
IS, the relationship may not always fulfill the mathematical criterion for a
rectangular hyperbolic relationship (Ferrannini & Mari, 2014). Results from
study III and IV showed that a non-linear inverse relationship can be described
between IS and indices of B-cell response using postprandial insulin data from
both the OST and the meal tolerance test with haylage diets. However, only
indices of B-cell response derived from the OST correlated hyperbolically to IS.
Prior to evaluation of a rectangular hyperbolic relationship between indices of
B-cell response and IS, data is log-transformed to fit a linear relationship. A
linear regression model is then used that adjusts for measurement errors in both
the y (dependent = B-cell response) and x (independent = IS) variables. The
criterion for a rectangular hyperbolic relationship is that the regression
coefficient (B) is equal to -1.

The error estimates (CVs) for insulin response variables derived from the
meal tolerance test using haylage diets were not known prior to the performance
of study IV. These error estimates could have been established by repeated meal
tolerance tests with the haylage diets used in study IV. This was, however, not
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possible due to costs and work load. Therefore, we could not use the model that
interprets measurement errors in the dependent and independent variables for
data in study IV. Instead, simple linear regressions (accounting for
measurements error in the dependent variable only) were used to evaluate the
relationship between log-transformed insulin data derived from the meal
tolerance test against IS. The data were not tested for a rectangular hyperbolic
relationship per se. However, the regression coefficients () for MW and HW
haylage, when correlated to measures of IS, were -0.39 and -0.34 respectively,
which is far from -1. Thus, the meal tolerance test using haylage diets provides
less accurate estimates of the B-cell response than the OST. This difference
between tests could be related to a larger impact of physiological factors such as
gastric emptying and incretin effects when feeding a forage diet, compared to
administration of an oral bolus of sugar syrup.

Impaired function of the enteroinsular axis related to defect secretion and
action of the incretin hormone glucagon-like peptide 1 (GLP-1) has been shown
in humans with type II diabetes mellitus (Nauck ez al., 1986; Toft-Nielsen et al.,
2001; Vilsbell e al., 2001). Glucagon-like peptide 1 has been analyzed in horses,
but the insulinogenic effect is poorly characterized. Concentrations of GLP-1
have been found to correlate to postprandial insulin concentrations in response
to a meal rich in NSC (Bamford et al., 2015) or an in-feed OGTT in horses with
ID (De Laat et al., 2016). In contrast, a recently performed study failed to
demonstrate differences in GLP-1 concentrations during an OST between
healthy horses and horses with EMS, in spite of differences in postprandial
insulin response between groups (Chameroy et al., 2016). It has been suggested
that postprandial hyperinsulinemia might occur in horses due to alterations in
the enteroinsular axis, without presence of IR (Frank & Tadros, 2014; De Laat
etal.,2016). In contrast, the data from study III and IV verifies that postprandial
insulin response to oral glucose is highly related to the horse’s IS. Pronounced
hyperinsulinemia after an oral glucose load in horses with normal IS will cause
hypoglycemia. Therefore, it is likely that an abnormal postprandial insulin
response will be accompanied by an compensatory decrease in IS to prevent the
occurrence of hypoglycemia (Corkey, 2012a; Corkey, 2012b). Whether or not
IR in horses is the primary requisite or the adaptive response to postprandial
hyperinsulinemia is yet to be established.
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6 Concluding remarks

This thesis contributes to increased knowledge about the pathophysiology,
clinical management and recognition of horses with IR and hyperinsulinemia.
The following specific conclusions can be drawn from the present work:

» The dietary composition has a larger impact than short-term weight gain
on alterations in IS in horses, which suggests that obesity is not a
prerequisite for development of IR in horses.

» The OST is an easy and practical test that can be used in field settings for
diagnosis of horses with postprandial hyperinsulinemia. The test can also
be used to monitor IS in response to clinical interventions in horses with
severe IR. No breed related differences in OST responses were detected.

» A rectangular hyperbolic relationship was found between indices of B-cell
response derived from the OST and quantitative measures of IS from the
EHC. This justifies the use of DI as a measure of pancreas functionality
in horses under specific conditions. The results also confirm that the OST
primarily is a test that estimates the B-cell response rather than IS.

» The postprandial insulin response depends on both the NSC content in
forage and the horse’s IS, but the effect of IS is diminished when the
forage NSC content is low. This implies that horses with IR and an
augmented B-cell response should be fed a forage diet with low content
of NSC, in order to decrease the risk for laminitis. Breed related
differences in the early postprandial glucose and insulin response were
found.
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7 Future considerations

Through the work of this thesis, we have elucidated aspects of equine IR and
postprandial insulin response. However, several questions remain to be
answered in future studies. Our results show that short-term obesity per se does
not decrease IS in horses in agreement with results from other studies. If a
chronic state of obesity has implications in the pathogeneses of IR in horses
warrants further investigation. The OST can be used to estimate the P-cell
response in horses and appears to be a valuable field test for identification of
horses with ID. However, further refinements of the OST must be considered
including assessment of optimal dose of glucose syrup, optimal diagnostic cut-
off concentration as well as breed related characteristics in the response. Future
research on diagnostic methods for ID in horses should be aimed at identify
methods that recognize individuals that are close to developing IR and
hyperinsulinemia better than the current OST. It is also necessary to investigate
if a rectangular hyperbolic relationship between the FSIGTT derived AIRg and
Si can be found in horses, to justify the use of DI derived from the FSIGTT as a
measure of pancreas functionality.

There are still several questions to be answered on the pathogenesis of equine
hyperinsulinemia and IR, including the role of gastrointestinal factors such as
alterations in the intestinal glucose absorption and incretin effects. To elucidate
the potential role of incretin hormones in the pathogenesis of ID in horses,
evaluation of equine specific assays as well as measurements of the incretin
effect are warranted. Increased knowledge about these underlying mechanisms
of ID in horses is necessary to decide which diagnostic methods most accurately
identify these horses. Thus, if the primary deficiency is related to an altered
incretin effect, the OST, a test that estimates the -cell response, is perhaps not
the most ideal field test for identification of laminitis-prone individuals.
Possibly, other oral glucose tests that more efficiently stimulate the incretin
effect, such as meal tolerance tests, could prove more beneficial.
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The EMS-phenotype is more frequently recognized in certain breeds of
horses and ponies and several previously performed studies have identified
breed related differences in insulin dynamics. However, in the presence of
confounding innate (e.g. age) and environmental factors (e.g. diet and exercises),
it appears that studies on larger populations of horses evaluated under controlled
conditions are necessary to enable identification of breed related metabolic
features in insulin dynamics. One final interesting aspect that requires further
consideration is that horses for some reason appear to be protected from B-cell
exhaustion/dysfunction, as they seldom progress from compensated to
decompensated IR. This is in contrast to humans and cats that commonly suffer
from decompensated IR, impaired glucose tolerance and type Il diabetes
mellitus. Studies investigating the function of the pancreas in different breeds
and species could possibly increase the understanding of IR and [-cell
dysfunction in a larger context.
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Popularvetenskaplig sammanfattning

Fang éar ett tillstind som drabbar hdstens hov och som i ménga fall leder till
bestdende smaérta, hilta och i vérsta fall avlivning. Fang kan uppsta till f6ljd av
manga olika sjukdomar hos hést men en av de vanligaste orsakerna &r en obalans
i hdstens insulinreglering, ndmligen insulinresistens och hyperinsulinemi.
Insulin dr ett hormon som reglerar blodsockret efter intag av foda. Vid normal
insulinkénslighet stimuleras kroppens celler att ta upp glukos och blodsockret
forblir ddrmed stabilt efter fodointag. Vid insulinresistens svarar inte kroppens
celler normalt pa det insulin som utsondras efter fodointag. For att forma cellerna
att ta upp glukosen fran blodet kompenseras den nedsatta insulinkansligheten av
en 6kad utsondring av insulin till blodet. Detta skapar ett tillstind av onormalt
hoga insulinkoncentrationer i blodet, kallat hyperinsulinemi. Genom att i studier
tillféra insulin i hdga koncentrationer till hdstens blod har man inducerat fang
hos tidigare friska individer. Detta visar att det finns en koppling mellan
hyperinsulinemi och utveckling av fing. Metabolt syndrom hos hést, dven kallat
ekvint metabolt syndrom (EMS), dr ett samlingsbegrepp som anvinds for att
beskriva héstar med en 6kad risk for att utveckla fang. Bade insulinresistens och
hyperinsulinemi liksom fetma har beskrivits som huvudkomponenter i
sjukdomskomplexet EMS. Man har under arens lopp noterat att ponnyraser s
som russ och shetlandsponnyer samt ursprungliga héstraser sa som islandshéstar,
oftare drabbas av EMS jamfort med t.ex. trav- och galopphéstar. Det finns darfor
teorier om en genetisk bakgrundsorsak till EMS. I dagsldget dr kunskapen
begransad om relationen mellan de olika komponenterna som ingéar i EMS.

Det 6vergripande malet med denna avhandling var undersoka faktorer som
paverkar histens insulinkénslighet samt att undersoka relationen mellan
insulinresistens och hyperinsulinemi. Ett ytterligare mal var att utveckla ett
enkelt diagnostiskt test for EMS.

Fetma &r ett vanligt forekommande problem hos histar 6ver hela vérlden och
antalet feta héstar tycks oka i takt med att vélfardssamhillet breder ut sig. Hos
minniska har man visat att fetma &r starkt bidragande till utvecklande av
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insulinresistens och typ II diabetes mellitus. Hos hést har man noterat att de
individer som litt drabbas av insulinresistens och fang i stor utstrickning &ven
ar overviktiga eller feta. Genom att banta dessa individer har man visat att
insulinresistensen minskar, dvs. insulinkédnsligheten forbéttras. Séledes finns det
vetenskapliga bevis for att fetma ar kopplat till insulinresistens dven hos hist,
men om fetma &r grundorsaken till att histar utvecklar insulinresistens &r inte
ként. Att utfodra héstar med en diet som innehéller stora mingder socker och
stirkelse kan leda till insulinresistens och hyperinsulinemi. Hoga nivéer av
socker och stirkelse finns framforallt i olika typer av kraftfoder. Vi studerade
hur viktuppgang paverkar insulinkénsligheten hos hist genom att utfodra en diet
med lagt innehall av socker, bestdende av ett vallfoder (hosilage), lusernpellets
och olja. Denna diet utfodrades i mdngder som motsvarade 2,5 ganger héstarnas
ndringsbehov. Malet var att undersoka effekten av fetma, utan en samtidig
paverkan av en diet med hogt socker- och starkelseinnehall. Alla hdstar i studien
O6kade med ca 9% i vikt under experimentet utan att insulinkdnsligheten
forsdmrades.

Att mita graden av insulinresistens hos hést &r komplicerat och det krivs
avancerad utrustning, mycket tid och véltrdnad personal. Mgjligheterna att
diagnostisera hdstar med insulinresistens och en 6kad risk for fang i falt har
dérfor historiskt sett varit begransade. For att fa en indikation pa om hésten ar
insulinresistent har man tidigare anvént sig av enkla faste-prover (blodprov som
tas innan morgonutfodring) fér méitning av glukos- och insulinkoncentrationer.
Informationen man erhaller fran ett sddant prov ar dock mycket begridnsad och
det finns risk for att insulinresistens och hyperinsulinemi hos individen missas.
For att battre kunna identifiera individer med risk for fang pa grund av nedsatt
insulinkdnslighet skapade vi ett test dir man ger en sockersirap i héstens mun,
foljt av blodprovstagning, kallat oralt sockertest (OST). Ett OST hirmar en
utfodringssituation och ger alltsd information om huruvida héisten far
hyperinsulinemi efter intag av foda. Djurdgaren ger sjilv histen sockersirap i
munnen pd morgonen efter fasta under natten, vartefter veterindren kommer och
tar ett blodprov som analyseras for glukos- och insulinkoncentrationer. Denna
metod var redan utvecklad i USA men den sockersirap man anvidnder déir gar
inte kopa 1 Sverige. Den sockersirap vi valde till vart test (Dansukker
glykossirap) finns att kdpa i de flesta mataffirer. Genom att jimfora resultat frin
en OST mellan friska héstar och histar med EMS kunde vi konstatera att denna
enkla metod kan anvidndas for att sérskilja friska hdstar fran hastar med
insulinresistens och hyperinsulinemi.

For att oOka fOrstdelsen for relationen mellan insulinresistens och
hyperinsulinemi hos hést jimforde vi insulinkoncentrationer frin OSTn med en
avancerad diagnostisk métmetod for insulinresistens. Vi kunde genom denna
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studie bekrifta att insulinresistens och hyperinsulinemi ér beroende av varandra,
och att graden av insulinresistens kommer vara avgorande for om hésten far
hyperinsulinemi efter utfodring. Detta innebdr att en hist som har kraftig
insulinresistens ocksd kommer ha en kraftig hyperinsulinemi, men férhéllandet
ar inte linjart. Om man hos denna individ kan uppné endast en liten forbéttring
av insulinkdnsligheten (t.ex. genom dietatgirder) s4 medfor detta en markant
sinkning av hyperinsulinemin. Detta minskar saledes risken for att hésten ska
drabbas av fing eftersom fang uppstar till foljd av hyperinsulinemi.

Som tidigare diskuterats dr insulinresistens och hyperinsulinemi kopplat till
intag av fodermedel med hogt innehall av socker och stirkelse. Genom att
utfodra en vallfoderdiet utan tilligg av socker- och stirkelserika kraftfoder
minskar man ddrmed histens totala sockerintag. Dock innehaller dven vallfoder
socker, och det finns i dagsldget begrinsad information om hur sockerinnehallet
i vallfoder paverkar héstens insulinreglering. Den nuvarande rekommendationen
ar att utfodra hdstar med risk for hyperinsulinemi och fing ett vallfoder med
maximalt 10 — 12% socker och stirkelse i torrsubstansen (ts). Vallfoder
producerade i Sverige innehéller inte stirkelse, varfor griansen for svenska
forhéllanden motsvara 10 — 12% socker (mer specifikt kallat WSC) i ts. Vi
undersokte insulinkoncentrationerna hos friska hastar efter utfodring med tre
olika hosilage med lagt (4%), medel (13%) och hogt (18%) innehall av WSC.
Vi undersokte dven histarnas insulinkédnslighet med en avancerad diagnostisk
maitmetod. Resultaten visade att insulinkoncentrationerna efter utfodring med
hosilage med medel eller hogt sockerinnehall var hogre jamfort med nér hosilage
med ligt sockerinnehll utfodrades. Aven histens insulinkiinslighet var
betydande for hur hog insulinkoncentrationen var efter utfodring med hosilage
med medel och hogt sockerinnehall. Denna effekt kunde dock inte ses nér
hosilage med lagt sockerinnehall utfodrades. Detta innebér att om man utfodrar
en redan insulinresistent hdst med ett vallfoder med lagt sockerinnehall, sa
minskar risken for att hyperinsulinemi och fang ska utvecklas.

Sammanfattningsvis har detta projekt 6kat kunskapen om relationen mellan
fetma, utfodring, insulinresistens och hyperinsulinemi hos hist, samt skapat ett
diagnostiskt test som kan identifiera individer med EMS under faltmissiga
forhédllanden. Resultaten indikerar att fetma inte dr den primédra orsaken till att
héstar utvecklar insulinresistens, samt att insulinresistens dr avgdrande for om
hyperinsulinemi uppstar efter utfodring. For insulinresistenta héstar dr det en
viktig atgédrd att ha en lag halt av socker (och stérkelse) i foderstaten for att
minska risken for hyperinsulinemi och ddrmed dven for fang.
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