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ABSTRACT 

 
Equine laminitis is a multifactorial condition leading to the rotation of the distal phalanx. It is widely 

accepted that endocrinopathic is the most common form of the condition and that Equine Metabolic 

Syndrome (EMS) is a common predisposing factor associated with laminitis, of which, the pony is 

often more susceptible than the horse. Recent studies have shown that hyperinsulinaemia plays a 

significant role in the development of endocrinopathic laminitis, however the direct causal link 

between hyperinsulinaemia and laminitis is still not fully understood. The aim of the studies presented 

in this thesis aimed to further investigate this link and to determine what other factors may contribute 

to hyperinsulinaemia in the horse. 

The in vitro studies presented in this thesis have shown that as the concentration of insulin increases, 

so does the rate of cellular proliferation of the equine lamellar epithelial cells. It was shown that 

whilst there are no insulin receptors present at the site of the pathological lesions associated with 

laminitis, the insulin-like growth factor-1 (IGF-1) receptor (IGF-1R) is present. And due to the 

structural similarities between IGF-1 and insulin, insulin can act on the IGF-1R causing similar 

cellular cascades mediated through the ERK 1/2 pathway, namely proliferation. This activity was 

confirmed through western blotting techniques and also through blocking of the IGF-1R which led to 

a decrease in the proliferation of lamellar epithelial cells.  

Circulating IGF-1 levels were also measured in three different equine breeds, two of which have been 

shown in the past to be predisposed to the development of EMS, the pony and the Andalusian horse, 

as well as the particularly insulin sensitive Standardbred horse. The levels of IGF-1 were measured 

during periods of obesity and weight and whilst it was shown that ponies had higher IGF-1 

concentrations than Standardbreds, there was no significant difference in IGF-1 concentration 

between the Andalusian and Standardbred. This suggests that not all breeds of horse predisposed to 

endocrinopathic laminitis will have increased IGF-1 concentrations and thus, circulating IGF-1 may 

not play a significant role in the development of endocrinopathic laminitis. 

Finally, the studies presented in this thesis have shown that the enteroinsular axis may be an important 

mechanism to consider in the development of hyperinsulinaemia. The studies presented in this thesis 

show that GIP did not correlate strongly with insulin release, however previous studies by our group 

found that GLP-1 did. Further to these findings, the studies of this thesis, that localise the incretin 

releasing L and K cells in the intestinal tract of horses, suggest that incretin release and thus, insulin 

release may be heightened in response to NSCs digestion, the fermentation of fructans and/or volatile 

fatty acid increases.  
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CHAPTER 1 - Literature Review 

1.1 General Introduction 

This thesis investigates insulin like growth factor-1 and associated receptor as well as the 

incretin hormones and their potential role in equine laminitis and the relationship between 

these factors in response to obesity, diet and exercise in horses and ponies (Equus caballus). 

Equine laminitis is a multifactorial condition leading to the rotation of the distal phalanx. The 

condition is painful and as there are currently no effective treatments, it is difficult to manage 

with many horses requiring ongoing veterinary attention or euthanasia. Further investigation 

into the factors involved in the development of laminitis is required so that effective 

treatments can be identified. This literature review examines the current understandings of 

laminitis and considers the potential role of the factors mentioned above. 

1.2  The Structure and Function of the Hoof 

There is incredible variation in the morphology of the distal limb across mammals (Hamrick, 

2002). Diversification of mechanisms and adaptive developments have contributed to this 

variation, from nails and claws to hooves (Hamrick, 2002). This is apparent in the hooved 

ungulates such as the porcine, bovid, camelid, giraffa and equid where the distal limb has 

lengthened to allow for increases in stride length (Brown and Yalden, 1973; Solounias et al., 

2018). These hooved ungulates have evolved a thick unguis or hoof, covering the metacarpal 

and metatarsal digits (Hamrick, 2002), and whilst there are similarities of the hoof shared 

across species, there are also vast differences.  

The Perissodactyla or the odd-toed ungulate, including the horse, donkey, zebra and 

rhinoceros, are distinct from the Artiodactyla or even-toed ungulate, such as the pig, cattle, 

giraffe and hippopotamus (Janis, 1988). In the Artiodactyla, the first digit may be lost or 

reduced, with the axis of the foot passing through the III and IV digit and both of these digits 

remaining functional (Brown and Yalden, 1973). In the Perissodactyla, the side toes are 

reduced significantly, this is found in the extreme in the monodactyl horse, where the middle 

toe remains and the weight of the animal is balanced around the III digit only (Brown and 

Yalden, 1973; Solounias et al., 2018), essentially, standing on their “tip-toes”. Interestingly, 

in the horse, the two lateral metacarpal or metatarsal digits, II and IV remain, although 
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significantly reduced, and are known as the splint bones, running down the length of the 

medial and lateral aspect of the cannon bone, terminating above the fetlock (Solounias et al., 

2018).         

The differences in the anatomical structure of the Artiodactyla and Perissodactyla lower 

limbs leads to obvious differences in the anatomy of the hoof, the keratinised structure that 

forms a sheath around the distal phalanges (Brown and Yalden, 1973). The Artiodactyl 

ungulates, for example bovines, have two main phalangeal digits, digits III and IV, giving 

rise to two distal phalanges (Budras et al., 2011), whereas in the Perissodactyl equine 

ungulates, only the III phalangeal digit remains with only one distal phalanx (Budras et al., 

2012). The embryonic development of the hooves is however, conserved between the 

ungulates and occurs in three stages. Firstly, with the thickening of the epithelium on the 

dorsal surface called a placode, during the second phase, a transverse groove appears 

proximal to the placode and as the epidermal matrix expands, this groove forms a deep fold 

(Hamrick, 2002). And finally, during the third stage, the cells of the epidermal germinal 

matrix differentiate, forming a keratinised layer that extends dorsally around the distal 

phalanges (Hamrick, 2002). 

The structure of the equine hoof is comprised of three main parts, the wall, the sole and the 

frog (Chapman, 1986). The epidermal wall of the hoof is made up of three epidermal layers; 

the stratum externum makes up the hard external hoof wall, the middle and thickest layer 

known as the stratum medium and the internal layer of the wall, the stratum internum or 

stratum lamellatum (Chapman, 1986). The collagen fibres of the suspensory apparatus of the 

distal phalanx (SADP) extend linearly, from the parietal surface of the distal phalanx and 

span the neurovascular dermal region of the hoof known as the laminar corium (Pollitt and 

Collins, 2016). The laminar corium gives rise to the primary and secondary dermal lamellae 

(PDL and SDL) that interdigitate with the primary and secondary epidermal lamellae (PEL 

and SEL) of the stratum internum (Figure 1) (Budras et al., 2012). The bovine hoof structure 

is similar to the equine hoof however, the bovine hoof has no secondary lamellae with 

narrower primary lamella (Chapman, 1986).    
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Figure 1: The histological appearance of the lamellae.  

Cross-section of the primary epidermal lamellae (PEL) and primary dermal lamellae (PDL). Red 

arrow show the secondary epidermal lamellae that interdigitates with the secondary dermal lamellae 

(black arrow).  

In the horse, the junction where the hoof and the hairline meet is called the coronary band, 

beneath the coronary band lies the coronary groove. Around 600 PEL extend vertically from 

the coronary groove to the surface of the ground with around 100-150 interlocking SEL on 

the surface of each PEL (Pollitt, 1992). The hoof wall has been described as growing distally 

from the coronary groove; by breaking and reforming desmosomal connections, keratinised 

PEL cells can slide past the stationary SEL cells which are firmly locked in place by the 

basement membrane (BM) (Pollitt, 1992).  The BM is the key structure that attaches the 

connective tissue of the distal phalanx to the hoof epidermis (Pollitt, 1999). 

The BM of the hoof is a critically important structure between the basal cells of the SEL and 

the connective tissue of the lamellar dermis (Pollitt, 1996) lining the entire hoof wall, sole 

and frog (Pollitt, 1994). The hoof BM, is similar to the BM of other dermal-epidermal 

junctions however, in the horse, this structure must be strong and resilient not only due to the 

horses athleticism, but also due to the weight of the animal being entirely supported, at times 

during gallop, by the single digit (Pollitt, 1994). The BM of the horse has been studied most 

extensively and is composed of three layers; from the plasmalemma of the basal cells of the 

SEL to the connective tissue of the lamellar dermis these are: the lamina lucida, the lamina 

PEL 

PDL 
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densa and the pars fibro reticularis (Pollitt, 1994). The attachment of the SEL basal cells to 

the BM is reliant on cellular hemidesmosomes whose anchoring filaments bridge the 

plasmalemma and anchor to the lamina lucida (Pollitt, 1994). The extensions of the lamina 

densa intermesh with connective tissue from the lamellar dermis through collagen fibrils and 

high magnification transmission electron micrographs have shown that numerous anchoring 

filaments are found through the lamina lucida that bridge the gap between the 

hemidesmosomes and the lamina densa (Pollitt, 2004).           

1.3  Laminitis  

Laminitis is characterised by a pathological change to the basement membrane of the hoof 

lamellae (French and Pollitt, 2004). This pathological change leads to the detachment of the 

dermis and epidermis causing the separation of the distal phalanx from the inner hoof wall 

(French and Pollitt, 2004). The disease can be acute or chronic and phalangeal separation can 

range in severity from mild to severe, severe forms of the condition associated with 

significant distal phalangeal separation to such an extent, the distal phalanx rotates and can 

perforate through the sole of the animals hoof (Wiedner et al., 2014).  

Whilst laminitis has been characterised mostly in cattle and horses, it has been noted in other 

ungulates, a recent study reporting laminitis in four zoological ungulates, the Sichuan takin, 

greater Malayan chevrotain, giant eland, and a Masai giraffe (Wiedner et al., 2014). Other 

species affected include the antelope, camel, elk, moose, muskox and rhinoceros (Wiedner et 

al., 2014). The mechanisms of laminitis in other species appears to be variable. In a study of 

cattle, laminitis was induced in four of the six study subjects after oligofructose overload 

(Thoefner et al., 2004), and cattle also appear to develop the condition in response to bacterial 

toxaemia (Boosman et al., 1991). Interestingly however, whilst diabetes mellitus has been 

reported in cattle, it is rare, and the role of insulin resistance (IR) in the development of 

bovine diabetes mellitus seems largely unknown (De Koster and Opsomer, 2013). Whilst 

there have been studies characterising IR in cattle (Hayirli, 2006; De Koster and Opsomer, 

2013), to the author’s knowledge, there have been no studies linking IR to laminitis 

development in the cow. 
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1.4 Equine Laminitis  

Laminitis in the horse can cause continuous pain and severely affect the animal’s quality of 

life (Geor, 2009). Laminitis is multifactorial, and has been linked to a number of conditions 

including, sepsis, starch overload, pituitary pars intermedia dysfunction (PPID) and metritis 

as well as supporting limb laminitis in response to mechanical pressures, described most 

often in horses post orthopaedic corrections (Redden, 2004; Patterson-Kane et al., 2018). The 

condition has also been described in horses after prolonged exposure to hot ground (Main, 

2011), and was described in horses following the Black Saturday bushfires in Australia. It is 

also widely accepted among horse owners and researchers that obesity is one of the most 

common predisposing factors associated with the development of equine laminitis. Often 

referred to colloquially as founder, it has been most commonly described in ponies. The 

condition was thus, further characterised as pasture-associated laminitis and in 2006, Treiber 

et al showed for the first time that ponies predisposed to pasture-associated laminitis were 

insulin resistant and had significantly higher insulin levels than ponies who had no history of 

laminitis development. At present, there are thus a number of theories regarding the 

mechanisms of laminitis; 1) inflammation and the degradation of the extracellular matrix, 2) 

the activation of metabolic or enzymatic events by biological trigger factors 3) a homeostatic 

alteration to vascular mechanisms, 4) traumatic or mechanical stressors and 5) abnormal 

metabolic or endocrinopathic events (Katz and Bailey, 2012).  

The proposed pathophysiology of laminitis is therefore, variable, with a number of 

experimental models known to induce laminitis in clinically normal horses. These are the 

carbohydrate overload models (both starch and oligofructose shown to induce laminitis), the 

black walnut extract model, and the insulin-induced laminitis model (Katz and Bailey, 2012) 

(the experimental models are considered in further detail below).  

There is likely to be overlap in the mechanisms of laminitis. However, regardless of the 

mechanisms, the developmental phases of laminitis are largely the same and have been 

loosely characterised as prodromal, acute, subacute, refractory and chronic (Katz and Bailey, 

2012). Laminitis occurs most commonly in the front feet and the acute phase is clinically 

associated with lameness, heat of the hoof, increased digital pulses and the classic laminitis 

stance, where the animal, presumably to reduce pressure on the sole of the hoof, shifts their 

weight onto the heel of the hooves (Katz and Bailey, 2012). Other clinical signs include, 

founder rings around the external surface of the hoof wall, altered hoof confirmation and an 
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observable widening of the laminar epidermal-dermal interface (Herthel and Hood, 1999). 

Diagnosis is usually determined based on these clinical signs, however more advanced 

diagnostics include, infrared thermography, scintigraphy, computed tomography, magnetic 

resonance imaging and diagnostic analgesia. Radiographic evaluation is widely practiced in a 

clinical setting and can also be utilised as an index to track the progression and the 

developmental phases of the condition (Herthel and Hood, 1999).  

Progression through the developmental phases of laminitis is associated with an increase in 

the complexity of treatment and pain relief, but is not necessarily associated with an increase 

in pain (Morgan et al., 1999). The mechanisms associated with laminitic pain are likely to be 

nociceptive, inflammatory and neuropathic (Jones et al., 2007; Collins et al., 2010). These 

mechanisms may vary with the progression of the disease with pain likely to be caused by an 

inflammatory response during the acute phase and neuropathic and nociceptive as the 

condition progresses which is thought to be caused by the pathology of the disease with 

associated neuronal damage (Jones et al., 2007). 

There are two scoring systems used most commonly in horses to grade the level of lameness 

associated with laminitis, these are the Obel Scoring System and the Clinical Scoring System. 

The Obel Scoring System is based on grades one through to four, where one is no lameness 

apparent at the walk, but a shortness in stride is noted at the trot, and four where the horse 

will not move voluntarily without being forced (Morgan et al., 1999). The Clinical Scoring 

System is graded from one through to five, where one suggests that the horse is capable of 

normal function and five, suggesting that the horse must be euthanised due to severe pain 

(Morgan et al., 1999). The patient can also be described as compensated or uncompensated, 

where a compensated patient may show significant phalangeal rotation but be relatively 

sound; the opposite is found in the uncompensated patient where there may be little 

displacement of the distal phalanx but the patient is severely lame (Morgan et al., 1999). The 

condition can also be further described as static or progressive, which defines the status of the 

patient as being unchanging or changing respectively (Morgan et al., 1999).   

Management and/or animal husbandry practices may vary depending on the mechanisms of 

laminitis. Managing the chronic pasture associated laminitis patient is typically through the 

implementation of appropriate husbandry practices that prevent an onset of acute laminitis. 

These husbandry practices are usually directed towards reducing the risk of the patient 

developing IR and include removing the animal from lush or stressed pastures all together or 
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limiting their access through restricted grazing practices or the use of a grazing muzzle 

(Harris et al., 2006). Weight loss may also be indicated, and owners should be encouraged to 

monitor their animal’s body condition score (BCS) regularly and implement an exercise 

program if possible (Harris et al., 2006).              

Management of the acute laminitis patient is often directed towards pain therapy and 

reducing mechanical stress (Steward, 2003; Elliott and Bailey, 2006). Non-steroidal anti-

inflammatories (NSAIDs) appear to be the backbone of laminitic pain management across 

most species (Wiedner et al., 2014) however, NSAIDs are largely ineffective at managing 

nociception and neuropathic pain as the condition progresses (Driessen et al., 2010). This 

suggests that a holistic, multi-modal approach to managing pain in the laminitic animal is 

justified and current research is certainly investigating this approach in horses (Driessen et 

al., 2010). Individual responses to anti-neuropathic medications is variable and only 40-60% 

of horses will have a favourable response and thus, many veterinarians rely on experimental 

data to develop an appropriate pain management strategy (Driessen et al., 2010).   

Alongside analgesic management, mechanical support has also been shown to reduce pain 

and prevent the structural changes associated with clinical laminitis (Rendle, 2006a). 

Mechanical support includes confining the patient to decrease ambulation, corrective shoeing 

to transfer load from the laminae and sole supports created from foam or similar to reduce 

tension of the deep digital flexor tendon (Rendle, 2006a). Cryotherapy has also been shown 

to significantly reduce the pathological changes associated with laminitis (Van Eps and 

Pollitt, 2009). Adjunct surgical procedures including deep digital flexor tenotomy and dorsal 

hoof wall resections have also been described (Rendle, 2006b). A combination of these 

practices in conjunction with vasomodulators and tranquilization may be successful, 

however, whilst significant advancements have been made in managing the laminitis patient, 

if pain cannot be controlled and the condition continues to progress, euthanasia may be the 

only appropriate means to terminate an animal’s suffering.                  

1.5  Terminology  

The terminology used to describe the various manifestations of laminitis is relatively 

inconsistent across the literature. For consistency here, unless the cause has been specifically 

stated, laminitis associated with inflammation or toxaemia/sepsis or supporting limb laminitis 

will be referred to collectively as non-endocrinopathic laminitis. Laminitis arising from 
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hormonal dysregulation such as those associated with obesity, pasture-associated laminitis, 

insulin-resistance (IR), PPID and equine metabolic syndrome (EMS) will be referred to as 

endocrinopathic laminitis. It should be noted here however that studies characterising 

adipocytokine release in obese humans suggest that obesity is associated with adipose tissue 

inflammation (Rasouli and Kern, 2008) and this may certainly be the case in horses. One 

study of ponies with a history of recurrent pasture-associated laminitis found that plasma 

concentrations of the pro-inflammatory cytokine, tumour necrosis factor alpha (TNF-α) was 

higher than ponies with no history of laminitis (Treiber et al., 2009). Interestingly, 

researchers here found no correlation between TNF-α and body condition score (BCS) 

(Treiber et al., 2009). Furthermore, work by our group has shown that in horses and ponies, 

obesity per se is not associated with inflammation, but very mild low-grade inflammation is 

just detectable after long-term grain feeding, which might be a contributor to insulin 

resistance (Bamford et al, 2016).               

1.6  Epidemiology of Equine Laminitis  

Studies into the frequency of laminitis in the equine population vary greatly in their 

estimates. The most commonly reported figures are from two studies, one from the US and 

the other from the UK. The survey conducted in 2000 by the United States Department of 

Agriculture found that 13% of horse owners across the US reported an incidence of laminitis 

in one or more of their horses the previous year (USDA, 2000). And the survey study from 

horse owners in the UK reported a prevalence of 7.1%, and whilst this figure has been 

referenced significantly in the literature, it has been largely refuted due to an erroneous 

interpretation of the data (Wylie et al., 2011). Australian epidemiological studies are 

somewhat underrepresented, however a study of 233 Pony Club horses and ponies from 

south-eastern Australia reported that 15% of animals enrolled in the study had suffered from 

an episode of laminitis according to their owners (Potter et al., 2017).  

A review in 2011 of the previous epidemiological studies of equine laminitis suggest the true 

frequency could be anywhere between 1.5% and 34% as the quality and consistency of 

terminology across the studies is highly variable (Wylie et al., 2011). It is difficult, therefore 

to determine the relative frequency of the pathophysiological variations of laminitis such as 

endocrinopathic laminitis, or those arising from other factors. However,  the above mentioned 

study from the US suggests that laminitis arising from non-endocrinopathic causes such as 
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grain overload, retained placenta and colic or diarrhoea account for 12.1% of reported cases, 

whereas endocrinopathic laminitis is thought to be considerably higher, accounting for 45.6% 

of laminitis cases (USDA, 2000). And a study in 2011 at the Equine Teaching Hospital at the 

University of Helsinki found that 89% of horses presenting to the clinic for laminitis were 

diagnosed with endocrinopathic laminitis (Karikoski et al., 2011). Although a significant 

proportion of animals in this study were later diagnosed with PPID (Karikoski et al., 2011) 

(considered in detail below), these findings suggest that endocrinopathic laminitis makes up a 

considerable proportion of equine laminitis cases.   

1.7  Non-endocrinopathic Laminitis and Experimental Models  

Non-endocrinopathic laminitis is defined as forms of the condition associated with 

inflammation and mechanical overload. A full investigation into the mechanisms of non-

endocrinopathic laminitis is outside the scope of this review, however, the conditions are 

defined and investigated briefly below for comparative purposes.    

1.7.1  Supporting limb laminitis 
The development of laminitis in the contralateral limb is thought to be due to mechanical load 

with the uneven distribution of weight in favour of the non-diseased leg or the supporting leg 

(van Eps et al., 2010). The development of laminitis in the contralateral limb, is typically 

associated with a failure of the SADP, and it is unknown if this is simply due to the 

overloading of the SADP or if there may be some other mechanism at play, such as reduced 

perfusion to the hoof due to inactivity and overload (Redden, 2004; van Eps et al., 2010). The 

development of supporting limb laminitis is thought to occur in 10% of cases where unilateral 

non-weight bearing lameness is described and is a common sequela to complete fracture 

repairs and synovial joint sepsis (Redden, 2004; van Eps et al., 2010). The development of 

supporting limb laminitis is a devastating secondary complication for owners and 

professionals alike, and whilst there have been significant advancements in orthopaedic 

surgery for the equine patient, supporting limb laminitis is often the limiting factor to the 

success of these surgeries (van Eps et al., 2010). 

1.7.2  Laminitis and inflammation 
Bacterial toxaemia associated with disease processes that compromise the gastrointestinal 

wall are often linked to the development of laminitis in the horse, these include, intestinal 
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ischemia, colitis and enteritis (Belknap et al., 2007). Systemic inflammatory responses 

associated with septic conditions such as metritis and pleuropneumonia are also known to 

trigger laminitis onset (Belknap et al., 2007). Histological changes of the lamellae and other 

tissue occurs during a toxaemic or sepsis-related laminitic episode, with the systemic 

activation of leukocytes and emigration of leukocytes to the lamellae (Belknap et al., 2007). 

Two experimental models of laminitis are associated with an inflammatory response, these 

are the carbohydrate overload and the Black Walnut Extract models.  

1.7.2.1  Carbohydrate overload 
The carbohydrate concentrations of plants change constantly, during photosynthesis, whereby 

green plants convert carbon dioxide and water to simple sugars; these simple sugars may be 

produced in excess of the plants energy requirements, and so they are stored as carbohydrates 

(Longland and Byrd, 2006). Some grasses store fructans as their primary reserve 

carbohydrates, others store starch and simple sugars as well as fructans.  Starch, simple 

sugars and fructans are collectively referred to as NSC (Longland and Byrd, 2006). The NSC 

content of plants also changes throughout the day and during periods of drought, where the 

conditions favour photosynthesis but effect growth rate, and thus energy requirements and 

energy expenditure of the plant (Longland and Byrd, 2006). In some cases the NSC content, 

particularly of fructans, can increase during a drought by as much as 35-40% accounting for 

400g/kg of dry matter (DM) (Volaire and Lelievre, 1997; Longland and Byrd, 2006). 

Carbohydrate overload is a common cause of laminitis in the equine population due to 

excessive consumption of NSCs and can be induced experimentally following the 

administration of starch and oligofructose (Katz and Bailey, 2012). The model was first 

described by Garner et al in 1975, where 11 of the 12 experimental animals developed 

laminitis after administration of a starch flour gruel (Garner et al., 1975). Under normal 

conditions small carbohydrate molecules such as glucose are digested rapidly in the small 

intestine whereas larger molecules pass through to the large intestine and are fermented in the 

hindgut (Bailey et al., 2003). The excessive consumption of carbohydrates overwhelms the 

normal digestion process of carbohydrates in the small intestine causing an increase of 

carbohydrates entering the hindgut (Dyer et al., 2002; Katz and Bailey, 2012).  

The pathophysiology of carbohydrate overload has been studied significantly since the model 

was first described and it is now understood that the presence of excessive carbohydrates in 

the hindgut induces changes to the bacterial populations, in particular the proliferation of 
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Gram-positive bacteria such as Streptococcus bovis and Streptococcus lutetiensis as well as 

the Gram-negative bacteria, Escherichia coli (Milinovich et al., 2006; Katz and Bailey, 

2012). This change of normal gut bacterial flora is associated with excessive lactate 

production which causes a significant decrease in the pH of the hindgut (Bailey et al., 2009). 

It has been shown that in response to this decline in pH, the hindgut bacteria produce amines, 

some of which are structurally similar to vasoconstrictors that effect digital blood flow 

(Bailey et al., 2003; Bailey et al., 2004a). Earlier research has shown that carbohydrate 

overload is also associated with  degenerative changes to the caecal epithelium (Krueger et 

al., 1986) and current research suggests that damage to this mucosal barrier may allow 

vasoactive amines and endotoxins to enter into the circulation (Bailey et al., 2009; Geor, 

2010). It is thought that vasoconstriction and the associated alterations to digital 

haemodynamics and the activation of leukocytes and emigration of leukocytes to the lamellae 

could potentially contribute to lamellar injury (Bailey et al., 2003; Bailey et al., 2004a; Bailey 

et al., 2009; Katz and Bailey, 2012). However, whilst the vasoactive amines have been 

largely identified, the causative toxin/s have yet to be fully elucidated although the bacterial 

endotoxin, lipopolysaccharide, is thought to play a likely role (Bailey et al., 2009; Katz and 

Bailey, 2012). 

There is little difference between the starch overload models and the oligofructose models, 

with an apparent elongation of the SEL and changes to the morphology of the basal cells 

noted in both (Pollitt, 1996; Nourian et al., 2007). Even at the earliest stages of laminitis 

onset, histopathological investigations have shown that there is separation of the BM from the 

lamellae (Pollitt, 1996; Nourian et al., 2007). The separation of the BM is a conserved finding 

across both models, there was thus, significant research into the matrix metalloproteinases 

(MMPs) due to their role in regulating collagen degradation (Loftus et al., 2009; Katz and 

Bailey, 2012). Whilst there is evidence to suggest that MMPs are expressed in some cases of 

naturally occurring and experimentally induced models of laminitis, their expression is highly 

variable, in one study, an experimental control animal was found to have similar lamellar 

concentrations of MMPs to experimental laminitic animals with Obel-Grade 3 lameness 

(Loftus et al., 2009). Research into the role of MMPs in laminitis is continuing. 

Whilst the carbohydrate overload models have been a valuable tool in laminitis research, the 

administration of excessive carbohydrates can cause a number of unwanted complications. 

These complications include, colic, as well as electrolyte and fluid imbalances and in earlier 

studies, death was a reasonably common occurrence (Garner et al., 1977; Trout et al., 1990; 
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Pollitt and Davies, 1998). Pre-endpoint euthanasias have also been reported in several studies 

due to electrolyte and fluid disturbances and cases of colic where the animal is unresponsive 

to medical interventions (Garner et al., 1977; Trout et al., 1990; Pollitt and Davies, 1998). 

Some animals are also non-responsive to the administration of excess carbohydrates and 

simply fail to develop laminitis. These ‘non-responders’ are often excluded from further 

investigation, to the author’s knowledge, there has been only one study comparing the ‘non-

responders’ to the test subjects that responded to excessive carbohydrate administration. 

Whilst a statistical analysis could not be performed in this case due to low numbers, these 

‘non-responders’ expressed no change in inflammatory signalling molecules at the lamellae 

nor did they develop a febrile response which was apparent in all carbohydrate overload 

‘responders’ (Leise et al., 2011). It appears that approximately 30% of horses across various 

carbohydrate overload studies fail to develop laminitis and why this occurs is still largely 

unknown (Faleiros et al., 2011; Leise et al., 2011; Tadros et al., 2013).          

1.7.2.2  Black walnut extract 
Black walnut extract has been used to induce laminitis experimentally after observing that 

horses stabled on bedding that contained shavings from black walnut trees would often 

develop laminitis (True et al., 1979; Ralston and Rich, 1983; Belknap, 2010). The exact 

compound that induces the black walnut toxicosis and resulting laminitis is still unknown, 

however, similar to the carbohydrate overload models, there appears to be an inflammatory 

response, with infiltration of the lamellae by neutrophils (Katz and Bailey, 2012). The 

developmental stage of laminitis in the black walnut model is considerably shorter than the 

carbohydrate models, where laminitis develops within 8 – 10 hours following administration 

compared to 20 – 48 hours for the carbohydrate overload models (Galey et al., 1991; Leise et 

al., 2011; Katz and Bailey, 2012).  

Basement membrane separation is also apparent in the black walnut extract model of 

laminitis and MMPs, particularly MMP-9 activation, has been implicated as a potential 

secondary consequence of leukocyte infiltration with studies showing that MMP-9 and CD13, 

a marker for neutrophils and monocytes, are correlated strongly (Loftus et al., 2007). There 

are a number of changes to the expression of certain genes during the developmental stages 

of black walnut extract induced laminitis. These changes occur in genes associated with pro-

inflammatory cytokines, chemokines, cell surface molecules, signalling molecules, and 

enzymes with some of these changes occurring within 1.5 hours of black walnut extract 

administration (Noschka et al., 2009). This is in contrast to the carbohydrate overload model 
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of laminitis, where inflammatory events occur closer to or at the onset of lameness (Leise et 

al., 2011). 

Unlike the carbohydrate models, there are fewer complications that arise from black walnut 

extract induced laminitis than those induced by excessive carbohydrate administration, with 

lower incidences of colic and metabolic acidosis (Katz and Bailey, 2012). However, like the 

carbohydrate overload model, there are also cases of horses who are non-responsive to the 

effects of the black walnut extract, with approximately 20% of horses across various studies 

being ‘non-responders’ (Belknap, 2010). 

1.8  Endocrinopathic Laminitis and Experimental Models 

Endocrinopathic laminitis is defined as forms of the condition arising from hormonal 

influences as opposed to those associated with inflammation and mechanical overload as 

described above (McGowan, 2010). Endocrinopathic laminitis and the experimental models 

associated with endocrinopathic laminitis are considered below.       

1.8.1  Pituitary pars intermedia dysfunction 
Pituitary pars intermedia dysfunction is a disorder often associated with advancing age with 

an average onset of between 18 to 23 years of age; ponies and Morgan horses appear to be at 

a greater risk of developing the disorder, however, it has been described in many other breeds 

including Thoroughbreds and Warmbloods (Kalsbeek et al., 1993; Schott, 2002). The 

condition is associated with a number of clinical signs known collectively as Cushing’s 

syndrome, these clinical signs include hirsutism, abnormal fat distribution, weight loss and 

muscle atrophy and chronic laminitis (Schott, 2002). In horses, in contrast to humans, 

Cushing’s syndrome is almost always attributed to PPID rather than hypothalamic-pituitary 

disease of the pars distalis, although this has been described in horses (Schott, 2002).  

Pituitary pars intermedia dysfunction is associated with the hypertrophy, hyperplasia and 

adenoma formation of the pituitary gland in the pars intermedia which is thought to be due to 

the neurodegeneration of the dopaminergic neurons of the hypothalamus (McFarlane, 2007; 

McGowan et al., 2013; Horn et al., 2018). The neurodegeneration of the dopaminergic 

neurons causes a decrease in the production of dopamine, a tonic inhibitor of pro-

opiomelanocortin (POMC); POMC is a precursor polypeptide, that when cleaved, gives rise 
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to a number of peptide hormones including adrenocorticotropic hormone (ACTH) which 

indirectly stimulates the release of cortisol (Horn et al., 2018).  

It was initially hypothesised that cortisol was the cause of laminitis development in the PPID 

patient, due to reported cases of iatrogenic laminitis following glucocorticoid therapy as well 

as the associated success of Pergolide, a dopaminergic agonist used to treat PPID (McFarlane 

et al., 2017). Yet, laminitis does not develop in all cases of PPID, epidemiological studies 

suggest that only 25% of PPID horses or ponies develop laminitis, however, a horse or pony 

with PPID is significantly more likely to suffer from laminitis if hyperinsulinaemia 

(considered in detail below) is present (Belknap and Geor, 2017; McFarlane et al., 2017). A 

study of laminitis cases presenting to an equine referral clinic in Finland, found that 34% of 

the endocrinopathic laminitis cases were diagnosed with PPID and of those, 91% were 

hyperinsulinaemic (Karikoski et al., 2011). There is, however, some evidence to suggest that 

corticosteroids may influence IR and thus, hyperinsulinaemia and research is ongoing in this 

area (Belknap and Geor, 2017).            

1.8.2  Pasture-associated laminitis 
According to previous epidemiological studies of laminitis, pasture-associated laminitis is 

one of the most common forms of the condition, and may account for 45.6% of laminitis 

cases in the US (USDA, 2000). It is well known amongst horse owners that the pony breeds 

appear to be more susceptible to developing pasture-associated laminitis than horses and 

studies comparing the incidence of laminitis between different horse and pony breeds have 

confirmed this (Dorn et al., 1975; Alford et al., 2001); one study showing that horses over 

14.3 hands high (approximately 150cm) are significantly less likely to develop the condition 

than those under 14.3 hands high (Menzies-Gow et al., 2010). There may also be a higher 

incidence of pasture-associated laminitis in mares when compared to geldings (Menzies-Gow 

et al., 2010).  

Pasture-associated laminitis is often referred to as founder, and is considered more apparent 

during spring, interestingly, one study finding that laminitis cases overall were 20% more 

prevalent during the spring months than winter months (USDA, 2000). Managing pasture-

associated laminitis requires a significant amount of commitment to the animal husbandry 

and management practices outlined previously as the condition is often recurring with many 

animals requiring ongoing care and management, particularly during the spring months 
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(Harris et al., 2006; Menzies-Gow et al., 2010). This seasonal peak in the occurrences of 

laminitis is thought to be due to changes in the NSC content in pasture grasses.  

Alone, excessive NSC intake has implications in laminitis as shown in the carbohydrate 

models of laminitis discussed above (Garner et al., 1975). However, whilst the inflammatory 

forms of the condition are characterised by widespread separation of the BM from the 

lamellar epithelial cells, as well as leukocyte emigration and MMP production, the 

histopathological lesions associated with endocrinopathic laminitis are distinct (Karikoski et 

al., 2015). Both light microscopy and electron microscopy investigations of the epidermal 

lamellae reveal a marked increase in cellular proliferation of the epidermal basal cells 

(Nourian et al., 2009; Asplin et al., 2010). And whilst widespread separation of the dermal 

and epidermal interface is noted in incidences of inflammatory laminitis, this is not the case 

in endocrinopathic forms of the condition where it appears as though the SEL are elongated 

or stretched (Asplin et al., 2010). Although the number of hemidesmosomal attachments are 

reduced, the dermal-epidermal junction appears weakened rather than completely separated 

(Asplin et al., 2010). It is thought that this, along with the secondary tissue damage leading to 

inflammation and the mechanical weight of the animal may then cause lamellae separation 

and rotation of the distal phalanx in severe cases (Nourian et al., 2009).  

These differences in histopathology suggest that the starch and oligofructose overload models 

of laminitis are distinct from pasture-associated laminitis despite fructans being implicated in 

both forms of the condition. Pasture-associated laminitis is also often noted in conjunction 

with a number of other factors namely IR and hyperinsulinaemia. A previous study showed 

that ponies on pasture with high fructan content had higher insulin concentrations than when 

fed a low fructan content hay (Bailey et al., 2007), yet reports of insulin concentrations after 

administration of oligofructose have been variable. A study measuring insulin concentrations 

of subjects given 7.5g/kg bodyweight (BW), 10g/kg BW and 12.5g/kg BW of oligofructose 

found that only horses in the 10g/kg BW group had higher insulin concentrations than the 

control group, despite all horses in the treatment group developing laminitis (van Eps and 

Pollitt, 2006). One other study found that oligofructose had no significant effect on insulin 

dynamics (Kalck et al., 2009) these findings suggest that forage fructans may induce a 

hyperinsulinaemic response that is not apparent in the oligofructose models of laminitis.    

Hyperinsulinaemia and IR are persistent features of pasture associated laminitis, obesity and 

regional adiposity are also factors linked with pasture-associated laminitis and recognising 
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that these factors shared similarities with metabolic syndrome in humans, the term EMS was 

adopted and has been used to characterise animals with a predisposition towards this 

phenotype (Geor, 2009). Animals expressing these factors without the presence of laminitis 

are considered to be pre-laminitic, and so the term pre-laminitic metabolic syndrome (PLMS) 

has also been used to describe this phenotype (Treiber et al., 2006).  

1.8.3  Equine metabolic syndrome 
Metabolic syndrome has been used to describe a series of interconnected factors such as the 

physiological, biochemical, clinical and metabolic features in humans which increases the 

associated risks of a person developing cardiovascular disease and type 2 diabetes mellitus 

(Kaur, 2014). These factors include obesity, particularly visceral adiposity, IR, dyslipidaemia 

and hypertension (Kaur, 2014). The term has since been adopted by the veterinary 

community after researchers noted similar interconnected factors related to the development 

of laminitis in horses (Johnson, 2002) and in 2010 the consensus panel of the American 

College of Veterinary Internal Medicine reached a consensus to continue using the term 

(Frank et al., 2010).  

The EMS consensus panel of 2010 proposed that the EMS phenotype should include; 

generalised obesity and/or an increase in regional adiposity where regional adiposity is 

characterised as an increase in adipose deposits around the nuchal ligament of the neck, also 

known as  a ‘cresty neck’ as well as adipose deposits close to the tail and behind the shoulder 

(Frank et al., 2010). The consensus also states that EMS affected animals should display IR 

and associated hyperinsulinaemia with a predisposition towards clinical or sub-clinical 

laminitis (Frank et al., 2010). And according to the consensus, other phenotypic 

characterisations of EMS can also include, hypertriglyceridaemia or dyslipidaemia, 

hyperleptinaemia, hypertension, altered reproductive cycling and increased inflammatory 

markers associated with obesity (Frank et al., 2010).  

The consensus has since been revised to encompass insulin dysregulation, which is as an 

apparent and consistent feature of EMS (Durham et al., 2019). Insulin dysregulation is 

defined here as a disruption to the interdependent relationship in plasma concentrations of 

insulin, glucose and lipids in response to hyperinsulinaemia as a consequence of an excessive 

or persistent carbohydrate challenge or a reduced tissue sensitivity to insulin (Durham et al., 

2019). Whilst obesity is often attributed to the development of EMS, obesity itself may not be 

the causal factor of insulin dysregulation in horses and ponies (Bamford et al., 2014). 
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However, whilst an assessment of BCS could be considered subjective, it may be a 

reasonable indicator of EMS for patients when an assessment of dyslipidaemia is not feasible. 

The BCS is most commonly measured using the modified Henneke scoring system 

(Appendix A) where subjects are scored on a range of anatomical descriptors (Henneke et al., 

1983; Kohnke, 1992). The cresty neck score (CNS) is generated using a similar system 

(Appendix B) based on anatomical characteristics of the deposits of adipose tissue around the 

nuchal ligament of the horses neck (Carter et al., 2009a).    

Whilst obesity is not always associated with laminitis, the presence of hyperinsulinaemia is 

an apparent, conserved characteristic in the EMS phenotype and previous research has shown 

that ponies with a predisposition towards laminitis during periods of lush pasture had plasma 

insulin concentrations significantly higher than ponies who had never suffered from laminitis 

(Treiber et al., 2006). The researchers thus concluded that ponies with a predisposition 

towards laminitis are metabolically distinct from ponies that are not susceptible to the 

condition (Treiber et al., 2006) and research into IR in the horse has since received a 

significant amount of attention.  

1.8.4  Insulin-induced equine laminitis  
Many studies since linked hyperinsulinaemia to the development of laminitis after  finding 

that laminitis prone ponies had significantly higher serum insulin concentrations and were 

more IR than control ponies (Treiber et al., 2006; Bailey et al., 2008). And in a ground-

breaking study in 2007 by Asplin et al., it was shown that laminitis could be induced in 

healthy ponies after prolonged administration of insulin (Asplin et al., 2007). Here 

researchers administered insulin via a euglycaemic hyperinsulinaemic clamp technique for up 

to 72 hours, and all ponies in the treatment group developed clinical Obel grade 2 laminitis at 

a mean insulin serum concentration of 1036 ± 55 µU/mL (Asplin et al., 2007). Further to this, 

a study by de Laat et al. in 2010 showed that laminitis could be induced under similar 

hyperinsulinaemic conditions in a group of healthy Standardbred horses (de Laat et al., 

2010a). This insulin-induced laminitis model has since become an invaluable tool for 

researchers, to investigate the possible mechanisms of endocrinopathic laminitis in horses and 

ponies.          

1.8.4.1  Insulin and glucose uptake 
Insulin is a peptide hormone synthesised in the β cells of the pancreatic islets of Langerhans 

(Wilcox, 2005). The insulin precursor pre-proinsulin, is translated as a single chain molecule 
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consisting of a signal peptide, B chain, C-peptide and A chain (Wilcox, 2005). Pre-proinsulin 

undergoes post-translational removal of the signal peptide forming proinsulin which is then 

transferred from the rough endoplasmic reticulum to the Golgi apparatus where it is exposed 

to endopeptidases that cleave the C-peptide, leaving the mature insulin molecule (Wilcox, 

2005). The mature insulin molecule is packaged into secretory vesicles in the Golgi apparatus 

awaiting β cell stimulation by glucose, it is then released via exocytosis into the islet capillary 

bed (Wilcox, 2005).  

As blood glucose levels rise, glucose is transported into the β cell by glucose transporter 2 

(GLUT2) (Dean and McEntyre, 2004). This increases the levels of glucose inside the 

pancreatic β cell, stimulating the glucokinase enzyme (Dean and McEntyre, 2004). 

Glucokinase phosphorylates glucose to glucose-6-phosphate, adenosine triphosphate (ATP) is 

generated and ATP-gated potassium channels are closed leading to cellular depolarisation 

(Dean and McEntyre, 2004). Depolarisation stimulates the opening of voltage-dependent 

calcium channels leading to an increase in intracellular calcium concentration stimulating the 

release of insulin via exocytosis (Dean and McEntyre, 2004).   

Insulin facilitates a number of cellular responses through binding to its transmembrane 

receptor (Wilcox, 2005). Once bound to the extracellular α-subunit of the insulin receptor a 

conformational change is induced allowing ATP to bind to the intracellular β-subunit (Dean 

and McEntyre, 2004; Wilcox, 2005). The ATP binding triggers autophosphorylation of the β-

subunit activating tyrosine phosphorylation of the intracellular insulin responsive substrates 

(IRS) (Wilcox, 2005). Tyrosine phosphorylation of the IRS triggers the cellular cascade that 

promotes the biological effects of insulin (Dean and McEntyre, 2004; Wilcox, 2005). Acting 

in unison with other regulatory hormones, insulin regulates glucose homeostasis promoting 

glycogen and lipid synthesis while inhibiting lipolysis and gluconeogenesis (Wilcox, 2005).   

1.8.4.2   Insulin resistance 

Hyperinsulinaemia is potentiated by IR, in insulin sensitive individuals, increased levels of 

glucose stimulate insulin secretion from the islets of Langerhans of the pancreatic β cells, 

once secreted, insulin mediates cellular glucose uptake through insulin signalling pathways 

(Wilcox, 2005). In the insulin resistant human, glucose metabolism is impaired and 

hyperinsulinaemia develops initially, then as glucose levels rise, β cell function deteriorates 

and hyperglycaemia worsens (Wilcox, 2005). In the human insulin resistant patient, this has 

been shown to lead commonly to the development of diabetes (Wilcox, 2005) and although 
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diagnosis is very rare, β cell dysfunction and type 2 diabetes mellitus have been reported in 

the insulin resistant horse (Durham et al., 2009). In the horse, IR has also been implicated in a 

number of diseases including diabetes mellitus (Durham et al., 2009), PPID, hyperlipidaemia, 

osteochondritis dessicans, and of course, laminitis (Ralston, 1996; Kronfeld et al., 2005a).  

Mechanisms of IR are not fully understood; it is thought that post-receptor defects in insulin 

signalling are the main contributing factor however, the down-regulation of the insulin 

receptor has also been implicated in the reduction of insulin sensitivity (SI) (Firshman and 

Valberg, 2007). Genetic polymorphisms resulting in deficiencies or abnormalities of glucose 

transporters as well as the insulin receptor itself may also contribute to IR in some cases 

(Wilcox, 2005). It has also been shown in human studies that IR is often associated with 

impairment of the phosphatidylinositol 3-kinase (PI3K) signalling pathway (Jansson, 2007). 

The PI3K pathway is crucial to insulin mediated glucose transport acting to translocate 

glucose transporters to the plasma membrane, thereby facilitating the diffusion of glucose 

into muscle and adipose tissue (Muniyappa et al., 2008).  

Assessment of IR in the horse is most commonly performed under research conditions or in 

the clinical setting, these methods actually measure SI, the ability of the body to promote 

glucose disposal and inhibit glycolysis in response to an insulin infusion (Bamford et al., 

2014). The methods of SI assessment are, the euglycaemic hyperinsulinaemic clamp 

technique (EHC), the insulin tolerance and insulin suppression test, the homeostasis  model  

assessment  and the frequently sampled glucose tolerance test (Pratt et al., 2005). In the 

horse, the two most common are the EHC and the frequently sampled glucose tolerance test;  

the EHC is considered to be gold-standard for measuring SI however, the procedure is limited 

in practice due to the degree of technicality (Kim, 2009). Thus, the frequently sampled 

glucose tolerance test is more widely used despite some variation in the coefficient of 

variation (CV) between the two (Pratt et al., 2005).  

The frequently sampled glucose tolerance test measures the effects of exogenous glucose, 

where the glucose challenge is typically either via oral glucose delivery (OGTT) or 

intravenous glucose administration (FSIGT) (Kim, 2009). Following oral glucose 

administration, serial blood samples are drawn and both glucose and endogenous insulin 

concentrations are measured, the peak concentrations of both are then typically reported as 

well as the area under the curve (Bamford et al., 2014). The OGTT can be complicated by 

several factors including rate of glucose consumption if delivered in a meal as well as by the 
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rate of gastric emptying and intestinal absorption, the intravenous delivery of glucose, thus 

avoids these complications (Kronfeld et al., 2005b). A modified version of the FSGIT 

procedure is most commonly performed in horses where animals are given an intravenous 

bolus of glucose, followed by an intravenous insulin bolus 20 minutes later (Hoffman et al., 

2003; Bamford et al., 2014). Serial blood samples are again drawn and glucose and insulin 

concentrations are measured, a computer program is then used to generate a minimal model, 

and indices of SI and glucose effectiveness (Sg) are derived algorithmically (Bamford et al., 

2014).         

1.8.4.3   Insulin sensitivity 

In the horse, a reduced SI has been associated with obesity, breed and diet (Hoffman et al., 

2003; Bamford et al., 2016) (Appendix C). Earlier studies into IR in horses showed that SI 

was reduced in obese horses, this is in comparison to those in moderate or lean body 

condition (Hoffman et al., 2003) as well as within the same horses after a period of weight 

gain (Carter et al., 2009b). As mentioned above, although obesity often occurs with insulin 

dysregulation, a recent study has shown that obesity itself may not be a causal factor of IR in 

horses and ponies (Bamford et al., 2016). In this study, it was shown that obese horses 

adapted to a diet high in carbohydrates were significantly less SI than those adapted to a high 

fat diet and certain breeds of horse were significantly more SI than others (Bamford et al., 

2016). Another study of 208 mixed breed ponies across Queensland, Australia also found that 

an increased BCS was not indicative of IR in the cohort of ponies which were under normal 

management conditions (Morgan et al., 2014). There are however, numerous studies that 

suggest that IR is correlated with increased BCS (Vick et al., 2007; Carter et al., 2009b; 

Carter et al., 2009c; Suagee et al., 2013) and continued studies in this area may be beneficial 

in the future.     

Certain breeds and types of horse appear to be more predisposed to insulin dysregulation and 

regional or generalised adiposity and thus endocrinopathic laminitis than others; these include 

most pony breeds as well as some horse breeds such as Morgans, Paso Finos and those with 

Spanish blood lines (Frank, 2006). Andalusian horses, a breed of Spanish Warmblood also 

known as Pura Raza Española, are predisposed to obesity, often exhibiting a cresty neck and 

their predisposition to laminitis is more apparent (Riber et al., 1995; Sánchez et al., 2017). 

Investigators agree that the pony is more frequently effected by obesity and IR than the horse 

and findings from laminitis studies suggest that as a consequence, the pony is often more 

susceptible to laminitis (Asplin et al., 2007). Previous studies have shown that the insulin 
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response of Andalusians to oral and intravenous glucose challenges is similar to pony breeds, 

yet quite distinct from Standardbred horses, a breed known for a leaner phenotype (Bamford 

et al., 2014).  

The reasons for these breed differences are not well understood, there is reason to suggest 

that there may be a genetic component to the development of endocrinopathic laminitis and 

that animals who have evolved on nutritionally sparse pastures may have a ‘thrifty gene’, 

similar to the theory postulated by geneticists to explain the development of diabetes mellitus 

in the human population (Treiber et al., 2006). Although the presence of a thrifty gene is 

largely theoretical, it has been shown that a diet high in carbohydrates may exacerbate IR in 

certain breeds (Bamford et al., 2016). In this study, researchers found that ponies and 

Andalusian horses were significantly less SI than Standardbred horses and that subjects fed a 

high carbohydrate diet were significantly less SI than the control group as well as those 

subjects fed a high fat diet, (Bamford et al., 2016). Theories as to why SI is reduced in horses 

fed a high carbohydrate diet are limited, however, there may be innate differences in 

carbohydrate absorption and utilisation between the breeds that leads to the development of 

IR and hyperinsulinaemia.    

1.9   Insulin-Like Growth Factor – 1 

Whilst the instrumental role that insulin plays in equine laminitis is well known, little is 

known about how insulin may be mediating its effects at the surface of the lamellae. It was 

initially hypothesised that insulin may have direct effects on an insulin receptor at the dermal-

epidermal junction. However, it was later shown that whilst insulin receptors are found 

within the lamellae, they are only present within the vascular dermal layer and not at the 

dermal-epidermal junction where the pathological changes occur (Wattle and Pollitt, 

unpublished data, circa 2007) and this was later confirmed by Burns et al in 2013. It was first 

proposed by Bailey and Chockalingham in 2009 that insulin may be mediating its effects 

through an insulin-like growth factor-1 receptor (IGF-1R) (Bailey and Chockalingham, 2010) 

and Burns et al. (2013) subsequently found that the IGF-1R was distributed on both the 

lamellar epidermal epithelial cells and the dermal vascular cells (Burns et al., 2013).   
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1.9.1  Insulin-like growth factors 
Insulin like growth factors-1 and -2 (IGF – (1) (2)) are proteins produced primarily in the 

liver (Werner et al., 2008). The production of both IGFs are largely influenced by growth 

hormone (GH) however, human studies in patients with Type I diabetes suggest that IGF-1 

synthesis in the liver is also mediated by insulin (Clemmons, 2012). The pre-pro-IGF-1 gene 

is located at 12q23.1 and the protein is so named due to the structural similarities it shares 

with proinsulin (Werner et al., 2008). The hepatic expression of IGF-1 is largely regulated by 

GH, however IGF-1 is also regulated and secreted in an autocrine/paracrine manner in other 

organs (Milman et al., 2016).  

The biological functions of IGF-1 are various with previous research centred on its anti-

apoptotic and tumourigenic effects as well as its potential therapeutic role in growth hormone 

deficiencies (Laron, 1999). The cellular functions of IGF-1 include: stimulating cellular 

proliferation as well as cellular differentiation and migration and survival, all of which occur 

through ligand induced IGF-1R activation (Duan et al., 2010). The IGF-1R has two α-

subunits and two β-subunits; the β subunits span the cellular membrane with a small 

extracellular and intracellular region and a large hydrophobic trans-membranous region, the α 

subunits are entirely extracellular with a cysteine-rich IGF-1 binding domain (LeRoith and 

Roberts, 2003). After the ligand binds to the IGF-1R, a tyrosine phosphorylation transduction 

cascade is initiated through IRS-1 stimulated PI3K or kinase (ERK 1/2; also known as p42/44 

mitogen-activated protein kinase) signalling pathways (Rhodes, 2000). Protein synthesis 

activation and inhibition of the anti-apoptotic protein Bcl-xl/Bcl-2 associated death promoter 

(BAD) occurs through the PI3K pathway, where cellular proliferation is stimulated through 

the ERK 1/2 pathway (Gallagher et al., 2010).  

At high concentrations, it has been shown that insulin has cellular proliferative effects and is 

often added to cell culture media as it promotes the proliferation of a vast number of cell lines 

(Straus, 1984; Vigneri et al., 2010). Insulin mediates these proliferative effects through 

binding to the IGF-1R (Laron, 2004) which is approximately 70% homologous to the insulin 

receptor (Riedemann and Macaulay, 2006; Abbas et al., 2011). Although insulin has a lower 

affinity for the IGF-1R than the insulin receptor, the insulin/IGF-1R complex can induce 

cellular cascades similar to those induced by IGF-1 including cellular proliferation, 

differentiation and cell survival (Vigneri et al., 2010).  
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1.9.2 Equine insulin-like growth factor – 1  
It has been shown in the past that as well as cellular proliferation, differentiation and cell 

survival, IGF-1, like insulin, can also exert metabolic actions such as glucose stimulation, 

amino acid uptake and gluconeogenesis inhibition in other species (Sjögren et al., 2001). The 

somatotropic axis plays a significant role in the regulation of metabolism and GH as well as 

IGF-1 are integral to this process (Renaville et al., 2002). The nutritional status of an animal 

can affect the somatotropic axis and not only is the concentration of GH altered, the 

concentration of circulating IGF-1 is reduced in undernourished animals, independent of GH 

concentrations (Renaville et al., 2002). Due to the relationship between IGF-1 and insulin and 

the IGF-1R, the IGF-1 hormone itself may play a role in the pathogenesis of laminitis. There 

is little research of IGF-1 in the horse, particularly in regards to IGF-1 and laminitis, 

however, there have been investigations in the past looking at the effect diet may have on 

IGF-1 concentrations (Staniar et al., 2007). 

In a longitudinal study, the role of IGF-1 in carbohydrate and lipid metabolism was 

considered in a population of growing Thoroughbred horses and here it was found that 

plasma IGF-1 concentrations were higher in animals fed a starch and sugar-rich meal than 

those fed a fat and fibre-rich meal (Staniar et al., 2007). It was also found here that there was 

a seasonal variation in IGF-1 concentration, with levels peaking in late spring.  The authors 

suggested that this may be due to increased pasture quality around this time, which may have 

implications in pasture associated laminitis (Staniar et al., 2007). However, a study of Welsh 

Pony mares, looking at the effects of nutrition on the anovulatory phase and associated 

hormone concentrations, whilst also noting a seasonal effect on IGF-1 concentration they 

found that  the concentration of IGF-1 was higher in thin animals during winter than in thin 

animals during spring (Salazar-Ortiz et al., 2011). Yet, there was a significant correlation 

between IGF-1 and insulin in this study, where insulin concentrations increased significantly 

in the mares in good body condition who were well fed, compared to thin mares when feed 

was restricted (Salazar-Ortiz et al., 2011). Salazar-Ortiz et al. (2011) also found that IGF-1 

concentrations were higher in mares considered to be well fed and in good body condition 

compared to those in thin condition on a restricted diet.  This  in contrast to a study in Quarter 

Horse weanlings by Ropp et al. (2003) who found that there was no effect of diet on IGF-1, 

either a high carbohydrate or a high fat diet (Ropp et al., 2003; Salazar-Ortiz et al., 2011).  

The effect that diet has on IGF-1 concentrations in the horse is therefore, not entirely clear at 

this stage, and there may also be other factors effecting concentrations of IGF-1 due to the 
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role it plays in the somatotropic axis such as sex, age and height. In an extensive study in 

2007 by Noble et al., researchers investigated a number of factors that may affect IGF-1 

concentration in normal horses such as sex and age, but also exercise and circadian rhythm 

(Noble et al., 2007). To determine if there was a sex and/or age effect on IGF-1 

concentration, 1880 horses were sampled from across Australia, South Africa and the United 

Kingdom (Noble et al., 2007). Researchers found that mares and geldings had similar IGF-1 

concentrations, yet stallions had significantly higher IGF-1 concentrations than both these 

groups.  There was also a sex and age interaction, in that, as age advanced, the IGF-1 

concentrations of mares and geldings decreased (Noble et al., 2007). The authors here also 

found that, although there was some variation in IGF-1 concentration over a 24 hour period, 

there was no clear circadian pattern with concentrations remaining relatively stable regardless 

of a training or exercise regimen (Noble et al., 2007). 

It is not known if there may be some effect of size on concentrations of IGF-1 in the horse 

although one study investigating a microsatellite of the IGF-1 gene in horses found that there 

was no apparent association between the size of the horse and IGF-1 allelic composition 

(Caetano and Bowling, 1998). Furthermore, researchers here also showed that the Andalusian 

and Miniature Horse shared the same IGF-1 allelic composition, which also shared 

significant overlap with the allelic composition of the Standardbred horse (Caetano and 

Bowling, 1998). Studies in dogs however, have shown that plasma IGF-1 concentrations 

were higher in larger breed dogs than smaller breed dogs (Eigenmann et al., 1984). And a 

study, comparing an IGF-1 single nucleotide polymorphism (SNP) haplotype between small 

and large breed dogs, found that the IGF-1 SNP was significantly reduced in the large breed 

dog (Sutter et al., 2007).  

Whilst the effects of diet are unclear, the fact that IGF-1 may remain relatively stable 

throughout the day and correlate strongly with insulin release, suggests that IGF-1 may be 

novel marker for laminitis development in horses and ponies.  

1.9.3 Insulin like growth factor binding proteins  
Circulating IGFs are found almost entirely as a binary complex bound to an insulin-like 

growth factor binding protein (IGFBP) (Allard and Duan, 2018). There are 6 IGFBPs 

(IGFBP1-6) and of these, IGFBP-3 appears to be the most biologically prevalent in humans 

(Laron, 1999; Allard and Duan, 2018). Insulin-like growth factor binding protein-3 is largely 
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produced in the liver and expressed in peripheral tissue and their production and release is 

regulated by GH and IGF-1 (Laron, 1999).  

The IGFBPs, particularly IGFBP-3 can also be found in the circulation as a ternary complex 

bound to an IGF and a glycoprotein known as an acid labile subunit (ALS) (Allard and Duan, 

2018). Approximately 80% of circulating IGF-1 is found as this ternary complex which 

significantly increases the half-life of circulating IGF-1 by inhibiting the movement of IGF-1 

from the capillaries due to the increased molecular size (Jones and Clemmons, 1995; Allard 

and Duan, 2018). Both the binary and ternary complexes are cleaved by proteases, liberating 

the IGF-1 from the IGF-1/IGFBP complex (Allard and Duan, 2018). There are several 

proteases that are known to cleave the IGF-1/IGFBP complex including the zinc dependent 

MMPs (Rajah et al., 1999; Porter et al., 2006). It is becoming more apparent that IGFBPs 

also have a number of physiologic actions that are both dependent, and independent of IGF-1 

(Allard and Duan, 2018). One important function of IGFBPs to note, is that when bound as a 

binary or ternary complex, interaction between IGF-1 and the insulin receptor is restricted to 

prevent cross-activation (Allard and Duan, 2018). 

Several studies have characterised IGFBP expression in horses, particularly in studies of 

equine follicular growth and equine osteoarthritis (Gérard et al., 2004; Porter et al., 2006). A 

recent study investigating risk factors associated with the development of pasture-associated 

laminitis found that IGFBP-1 and IGFBP-3 were not indicative of laminitis development 

(Menzies-Gow et al., 2017), despite evidence from human studies suggesting that abnormal 

IGFBP expression was apparent in insulin resistant individuals (Ruan and Lai, 2010). 

Another study comparing the IGFBP-3 concentrations between overweight mares and thin 

mares found that there was no significant differences in IGFBP-3 concentrations between the 

groups (Salazar-Ortiz et al., 2014). This is in contrast to findings from a study of transgenic 

mice overexpressing IGFBP-3 driven by a cytomegalovirus promoter, which found the 

transgenic mice were more obese and more insulin resistant than wild type mice (Silha et al., 

2002). These findings suggest that whilst IGFBP-3 may be the most biologically significant 

in humans and play a role in IR, this may not be the case in horses and justifies further 

research in this area.  

1.9.4 Growth hormone and the somatotropic axis 
Whilst it is not the focus of this review, it is important to note that the role of GH in the 

somatotropic axis is significant and the interplay between GH, IGF-1 and insulin in substrate 
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metabolism is complex. The activation of the GH receptor by endocrine or autocrine GH 

induces the transcription and secretion of IGF-1 (Chhabra et al., 2011; Clemmons, 2012). 

Previous studies have shown that GH secretion is enhanced in healthy humans after a period 

of fasting, and can be suppressed through IGF-1 infusion, which suggests that IGF-1 also 

regulates GH secretion through negative feedback (Hartman et al., 1993). The effects of GH 

are largely mediated through IGF-1, and it appears that their primary role is in promoting 

protein anabolism (Møller and Jørgensen, 2009).  

Growth hormone also stimulates lipolysis and an increase of free fatty acids (FFAs), and 

prolonged exposure to GH suppresses the uptake and oxidation of glucose in skeletal muscle 

and is therefore, associated with IR (Krag et al., 2007). It is not fully understood at this point 

how GH inhibits the effects of insulin, but it is thought that the mechanisms may be through 

direct antagonism of insulin or indirect antagonism mediated through IGF-1 (Vijayakumar et 

al., 2010). There is possible implication of the PI3K pathway and rodent studies have shown 

that insulin stimulated PI3K activity is decreased which may be due to FFA associated 

alterations to these insulin cascades, however, a study of healthy human subjects showed no 

changes to this pathway despite an increase in FFAs (Jessen et al., 2005). Increased levels of 

FFAs has implications in IR alone and this is thought to be largely in response to the 

associated decrease in glucose uptake in skeletal muscle, however the mechanisms of this are 

not well understood (Baldeweg et al., 2000).  

In the horse, it has been shown that GH stimulates the release of IGF-1 similar to findings 

from studies in other species (De Kock et al., 2001). Growth hormone has also been 

implicated in IR of the horse (Ralston, 2002) however, a subsequent study found that whilst 

long term administration of a recombinant equine GH increased IGF-1 concentration and 

decreased tissue SI, plasma FFA concentrations were not increased (de Graaf-Roelfsema et 

al., 2005). Earlier diet studies have also shown that there was no significant difference in 

circulating levels of IGF-1 or FFA between horses fed a carbohydrate based diet, or a fat 

based diet (Ropp et al., 2003). This study also showed that GH was only variably affected by 

diet (Ropp et al., 2003) however, one study evaluating the effects of feed deprivation and 

refeeding on Standardbred horses found that GH increased during the first 36 hours, then 

declined to base value at 48 hours and increased again after refeeding (Christensen et al., 

1997). Researchers also found  here that plasma IGF-1 concentrations remained unchanged, 

yet plasma FFA concentration increased during feed deprivation and decreased after 

refeeding (Christensen et al., 1997). These findings suggest that continued research in this 
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area in the future may be beneficial to enhance our understandings of the somatotropic axis in 

the horse.    

1.10 Incretin Hormones 

The consumption of a meal stimulates a number of physiological responses, and peptides 

such as glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide 

(GIP) are integral components of insulin secretion in response to increased circulating 

glucose levels (Drucker, 2006). Research has shown that concentrations of both GLP-1 and 

GIP are only increased significantly following oral administration of glucose rather than 

intravenous administration (Dühlmeier et al., 2001; de Graaf-Roelfsema, 2014) and in 

humans, 50-70% of postprandial glucose mediated insulin secretion is due to, what has been 

termed, the incretin effect (Capozzi et al., 2018).   

Both GLP-1 and GIP are secreted within minutes following a meal and act through their 

respective receptors on the pancreatic islet of Langerhans cells to mediate the secretion of 

insulin (Baggio and Drucker, 2007). The incretin hormones are secreted in response to 

nutrients in the intestinal lumen, as well as other factors, including proximal signalling by 

GIP to stimulate the secretion of GLP-1 (Rocca and Brubaker, 1999). It has also been 

hypothesised that incretin secretion is promoted by other neural and/or endocrine stimuli with 

research suggesting that these stimuli may be variable across species (Balkan and Li, 2000; 

Gagnon et al., 2015). It has been shown that GLP-1 is secreted in response to ghrelin and 

cholecystokinin as well as gastrin releasing peptide (GRP) (Drucker, 2006; Gagnon et al., 

2015). The release of GLP-1 is also thought to be stimulated by the secretion of GIP 

(Drucker, 2006). To date, there has been little research in the horse in this area and thus, it is 

not known specifically what stimulates the release of incretins from equine enteroendocrine 

cells although similar stimuli may be present.  

Research in humans and mice have also shown that besides their role in insulin secretion, 

both GLP-1 and GIP have a number of other beneficial effects including β-cell proliferation 

by anti-apoptosis, this enhances the mass of the β-cells within the islet of Langerhans; it has 

also been shown that the incretins have a role in appetite suppression and delaying gastric 

emptying (Drucker, 2006; Pratley and Salsali, 2007). After secretion however, the incretins 

are deactivated rapidly by the enzyme, dipeptidyl peptidase-4 (DPP-4) which cleaves the two 

incretins at the N-terminal, which interestingly, is considerably similar in sequence between 
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the two peptides (Pratley and Salsali, 2007; Pederson and McIntosh, 2016). The DPP-4 

enzyme is distributed widely, and is found on the surface of T cells as well as endothelial, 

renal, hepatic, and intestinal cell surfaces (Pratley and Salsali, 2007). Bioactive incretins have 

a very short half-life, approximately 1-2 minutes for GLP-1 and 7-8 minutes for GIP (Pratley 

and Salsali, 2007). However, despite this short half-life, incretin-based therapies are still of 

interest currently as potential therapies for the management of type 2 diabetes (Pratley and 

Salsali, 2007; Pappachan et al., 2015; Waldrop et al., 2018). Both GLP-1 and GIP and the 

incretin receptors are considered individually below. 

1.10.1  Glucagon-like peptide-1 
In humans, the gene encoding the GLP-1 precursor proglucagon, is expressed in the 

enteroendocrine L cells of the gastrointestinal tract (Drucker, 2006) and also in the α-cells of 

the pancreas (Vilsbøll and Holst, 2004). After cleavage by proprotein convertase 

subtilisin/kexin type 2 (PCSK2) and post-translational modifications, the bioactive GLP-1 (7-

37) and GLP-1 (7-36) and GLP-2 amides are liberated from the proglucagon precursor 

(Drucker, 2006). During fasting both GLP-1 (7-37) and GLP-1 (7-36) amide exist equally, 

yet following a meal the GLP-1 (7-36) amide plasma concentration increases, suggesting this 

peptide may have more biological significance than the GLP-1 (7-37) peptide (Coopman et 

al., 2011).  

1.10.2  Glucose-dependent insulinotropic polypeptide 
In humans, the 42 amino acid peptide that makes up GIP is processed from a 153 amino acid 

precursor, pre-pro-GIP, and is structurally related to secretin and glucagon (Vilsbøll and 

Holst, 2004). The GIP incretin is produced and secreted from the enteroendocrine K cells in 

response to nutrients from ingested food (Drucker, 2006). After GIP is released from the K 

cells, it is rapidly converted by DDP-4 from the bioactive full length GIP (1-42) molecule to 

the bio-inactive form, GIP (3-42) (Drucker, 2006). As a consequence of this inactivation, it is 

important to measure total GIP, meaning both GIP (1-42) and GIP (3-42) should be measured 

when assessing concentrations of GIP (Drucker, 2006).   

The GIP incretin was formally referred to as gastric inhibitory polypeptide due to the role it 

was initially thought to play in stimulating gastric somatostatin secretion, as noted in animal 

models (Pederson and McIntosh, 2016). However, it was later discovered that the role it 

played in gastric physiology in humans was, and still is, largely unknown; when the 

significance of its role in insulin secretion was discovered the name was changed to glucose‐
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dependent insulinotropic polypeptide sometime after (Pederson and McIntosh, 2016). The 

name gastric inhibitory polypeptide is still in use, however glucose‐dependent insulinotropic 

polypeptide appears to be more common in current literature. 

1.10.3  Incretin receptors and insulin release 
The incretin receptors are expressed widely throughout the body where, besides pancreatic 

tissue, they have also been localised to adipose, bone, kidney, heart and lung tissue in humans 

and other species (Drucker, 2006; Sparre-Ulrich et al., 2017). The incretin hormones enhance 

the postprandial insulin response by binding to their respective G protein-coupled receptors, 

the GLP-1 receptor (GLP-1R) and the GIP receptor (GIPR) on the surface of pancreatic β 

cells (Coopman et al., 2011; Reimann and Gribble, 2016). The binding of the incretin ligand 

to their respective receptors increases cyclic adenosine monophosphate (cAMP) by activating 

adenylate cyclase which stimulates downstream pathways, activating protein kinase A (PKA) 

and cAMP‐regulated guanine nucleotide exchange factors, also known as exchange protein 

activated by cAMP2 (EPAC2) (Kang et al., 2001; Seino et al., 2010).  

The activation of PKA facilitates membrane depolarisation by promoting the closure of ATP-

sensitive K+ channels, depolarisation causes the voltage gated Ca2+ channels to open, 

increasing the intracellular concentration of Ca2+ (Seino et al., 2010; Kim et al., 2011). The 

influx of  Ca2+ into the cell mobilises intracellular stores of  Ca2+ which together cause a 

significant increase in the intracellular concentration of Ca2+ (Seino et al., 2010; Kim et al., 

2011). This increase triggers both Ca2+dependent exocytosis of insulin by the fusion of 

insulin-containing dense-core granules to the plasma membrane as well as the promotion of 

proinsulin gene transcription (Seino et al., 2010; Kim et al., 2011). It has recently been shown 

that insulin exocytosis is enhanced through activation of EPAC2 by increasing the density of 

insulin-containing granules at the plasma membrane of the β cell (Seino et al., 2010). 

Exocytosis of insulin is the final step in the secretory pathway and once secreted, insulin then 

mediates the uptake of glucose into cells through insulin signalling pathways (Wilcox, 2005; 

Shibasaki et al., 2007).  

1.10.4  The enteroinsular axis 
The enteroinsular axis is the term used to describe the action of incretin hormones being 

released from the enteroendocrine cells, influencing the release of insulin from the pancreatic 

islets of Langerhans cells in response to oral glucose (Unger and Eisentraut, 1969). The 

theory was first postulated by researchers, Moore, Edie and Abram in 1906 (Moore et al., 
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1906; Unger et al., 1967), and in 1967 researchers Unger and Eisentraut seemed to introduce 

the term ‘enteroinsular axis’ after their research in dogs showed that the hormones, secretin, 

cholecystokinin and gastrin had insulin releasing properties (Unger et al., 1967). Since then, 

the enteroinsular axis has been studied extensively, however, the exact role the enteroinsular 

axis may play in the pathogenesis of type 2 diabetes is still under investigation. Whilst 

extensive research has been performed on the enteroinsular axis in humans, similar studies 

are limited in horses, however, the studies that have been performed suggest that the 

enteroinsular axis is present in the horse as outlined below.   

1.10.5  Incretin research in the horse 

Investigations into equine incretin hormones and the enteroinsular axis has received a 

significant amount of attention in laminitis research currently, although these studies are 

limited and the results have been somewhat varied. Nevertheless, there does appear to be 

some similarities between the horse and humans as well as other species in that the incretin 

response is heightened following oral glucose administration, more so than following 

intravenous administration (de Laat et al., 2016). However, whilst de Laat et al. (2016) found 

that both GLP-1 and GIP concentrations were greater after oral glucose administration, they 

also found that only 23% of circulating insulin was attributed to GLP-1 mediated release, as 

opposed to the 70% previously described in humans (de Laat et al., 2016; Capozzi et al., 

2018).       

Postprandial concentrations of GLP-1 have also been measured in a previous study by our 

group (Appendix D) and it was found that there was a strong positive correlation between 

concentrations of insulin and GLP-1 following a high NSC, micronized maize ration 

(Bamford et al., 2015). It was also found that GLP-1 and insulin area under the curve (AUC) 

values were significantly higher in ponies and Andalusian horses when compared to 

Standardbred horses (Bamford et al., 2015). Yet, in contrast to this, a later study measuring 

active GLP-1 showed that there was no significant difference in concentrations of active 

GLP-1 in horses with EMS after an eight week high carbohydrate diet (Chameroy et al., 

2016). Furthermore, there was no significant differences between active GLP-1 

concentrations between non-EMS horses and horses with EMS (Chameroy et al., 2016).      

These findings are interesting as a study assessing the response to an oral glucose tolerance 

test between hyperinsulinaemic and normoinsulinaemic ponies found that the AUCGLP-1 in 

hyperinsulinaemic ponies was significantly higher than normoinsulinaemic ponies (de Laat et 
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al., 2016). The concentration of GIP was also measured in this study, and although there was 

a similar trend, the AUCGIP between the hyperinsulinaemic and normoinsulinaemic ponies 

was not statistically significant (de Laat et al., 2016). This was further supported by a later 

study comparing incretin concentrations between normoinsulinaemic ponies to those with 

moderate and severe insulin dysregulation (Fitzgerald et al., 2018). In this study it was found 

that there was no significant difference in AUCGIP or AUCGLP-1 between the groups, in 

contrast to what was found by de Laat et al (2016), however, there was an increase in AUCGIP 

between the first and second day at pasture, where it is thought that the animals consumed 

more grass, which may have been due to behavioural patterns (Fitzgerald et al., 2018). 

Other earlier studies measuring GIP levels were not particularly focused on the insulinotropic 

effects of GIP but on its role in lipid metabolism (Dühlmeier et al., 2001; Schmidt et al., 

2001). Regardless, these studies suggest that unlike GLP-1, there were no apparent breed 

differences in GIP concentrations, with researchers finding that the concentrations of GIP 

between the study group of Shetland ponies and Standardbred horses were not significantly 

different (Dühlmeier et al., 2001). It was also found around the same time, that GIP 

concentrations between Shetland ponies fed a hypercaloric fat based diet were not 

significantly  different to ponies fed the hypercaloric carbohydrate based diet despite a trend 

towards increased concentrations in the hypercaloric fat based diet group (Schmidt et al., 

2001). Researchers here did find, however, that the concentration of GIP was significantly 

greater in Shetland ponies fed an isocaloric fat based diet than those on a isocaloric 

carbohydrate based diet (Schmidt et al., 2001).  

The substantial disparity in the findings across these studies may be attributed to variations in 

study design, particularly in regards to carbohydrate diet challenges where different formulas 

of high carbohydrate diets have been utilised. This suggests that diet may also have an effect 

on the enteroinsular axis in the horse as discussed below.  

1.10.6  The effect of diet on incretin hormones in the horse 
The findings from the studies outlined above suggest that considering the effect that diet may 

have on the enteroinsular axis may be beneficial in horses to determine if the incretin effect 

and thus, insulin secretion can be influenced by dietary restriction and management. In other 

species, it has been shown that diet can affect the release of incretins. Studies in mice have 

shown that protein augments GLP-1 secretion and this response could be further manipulated, 

with GLP-1 concentration increasing again with the addition of glucose to the protein meal 
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(Gunnarsson et al., 2006). This was not the case for GIP where it was shown that protein had 

no effect on GIP concentration in mice (Gunnarsson et al., 2006), however, a study in human 

adult males found that the early release of GIP was higher in study participants who 

consumed a protein meal than those who consumed a fat meal (Carr et al., 2008). An earlier 

study of human GIP secretion also showed that following both a carbohydrate and fat meal, 

GIP concentration increased  (Elliott et al., 1993). 

As mentioned previously, the type of carbohydrate consumed may affect the postprandial 

release of insulin by modulating the secretion of incretin hormones. Carbohydrates are 

divided into two categories; the structural carbohydrates, which includes fibre components 

and the NSC, which as mentioned above, includes simple sugars, starches and fructans 

(Longland and Byrd, 2006). Both structural and NSC have been shown to affect the 

expression and release of incretins. Studies in rats have shown that animals fed a diet high in 

fibre had higher levels of ileal proglucagon gene expression than those receiving a low fibre 

diet (Reimer and McBurney, 1996) and a similar response was apparent in the colonic 

expression of proglucagon in response to oligofructose (Cani et al., 2005). This may have 

implications in the development of laminitis in horses as it has been shown previously in a 

study of mixed-breed non-obese ponies, that insulin responses were increased following the 

supplementation of fructans (Bailey et al., 2007) and furthermore, laminitis has been induced 

in healthy Standardbred horses following oligofructose administration (van Eps and Pollitt, 

2006). 

Of the studies mentioned above where postprandial incretin hormone levels were measured, a 

number of different carbohydrate sources were used as well as variations to routes of 

administration including; D-glucose, per os (de Laat et al., 2016), micronized maize, per os 

(Bamford et al., 2015), 50% (w/v) dextrose solution, intravenous infusion (Chameroy et al., 

2016), pasture, per os (Fitzgerald et al., 2018) and 20% (w/v) glucose, via stomach tube 

(Dühlmeier et al., 2001; Schmidt et al., 2001). As mentioned above, studies by de Laat et al 

(2016) showed that oral glucose administration, more so than intravenous administration 

heightens the incretin response in the horse (de Laat et al., 2016), and as other neural and/or 

endocrine stimuli of incretin release are still unknown, there may be earlier mechanisms of 

release that may be bypassed when a stomach tube is passed.  

Fitzgerald et al (2018), found that an increase in AUCGIP, coincided with an increase in 

pasture intake (Fitzgerald et al., 2018) and both Bamford et al (2015) and de Laat et al 
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(2016), found an increase in AUCGLP-1 in response to an oral glucose challenge (Bamford et 

al., 2015; de Laat et al., 2016). This may be in response to the intestinal absorption of 

carbohydrates; as mentioned previously, under normal conditions, the small intestine of the 

horse mediates the digestion of small carbohydrate molecules such as glucose (Bailey et al., 

2003). The fermentation of larger molecules such as fructans occurs in the hindgut where 

these larger molecules as well as the structural carbohydrates, pass through the small intestine 

largely unchanged (Bailey et al., 2003; Ince et al., 2014). It is not known in the horse where 

the GLP-1 secreting L cells or the GIP secreting K cells are located along the intestinal tract 

but their location may give an insight into the secretion of incretins in response to 

carbohydrates as they pass through the gastrointestinal tract.  

1.10.7  The enteroendocrine cells  
Little is known about the enteroendocrine cells of the horse, however, human studies have 

shown that the cells are usually interspersed amongst non-endocrine, intestinal epithelial cells 

and comprise less than one percent of the population of epithelial cells overall (Gunawardene 

et al., 2011). Laser scanning confocal microscopy has shown that the cells pose luminal 

projections, and it is thought that the function of these long projections is to detect the 

luminal contents (Theodorakis et al., 2006). The enteroendocrine cells begin at the base of the 

intestinal crypts as pluripotent stem cells and differentiate as they migrate towards the surface 

of the intestinal lumen (Gunawardene et al., 2011). The enteroendocrine cells are often 

characterised by secretory vesicles present within the cytoplasm of the cell whose contents 

are exocytosed in response to depolarisation of the plasma membrane (Gunawardene et al., 

2011).    

The enteroendocrine L and K cells are responsible for the secretion and synthesis of GLP-1 

GIP respectively. However, in some instances it has also been shown that GLP-1 and GIP 

synthesis is co-localised to the same cell (Mortensen et al., 2003). Studies of L and K cell 

distribution in humans and other species suggest that the distribution and density of the L and 

K cells along the gastrointestinal tract is highly localised to specific regions, where L cell 

density increases from the distal jejunum to the ileum (Eissele et al., 1992) and K cell density 

is greater in the upper small intestine (Mortensen et al., 2006). This pattern of distribution is 

similar in pigs where the K cells are predominantly located in the duodenum and the 

proximal jejunum, the secretion of GIP is highest here and decreases along the length of the 

small intestine through to zero GIP secretion at the distal ileum (Mortensen et al., 2003). In 

pigs the L cells are most dense at the distal ileum with 70% of GLP-1 secretion occurring 
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here through to zero from the duodenum (Mortensen et al., 2003). The K/L cells have also 

been localised in pigs and found to be distributed most abundantly to the proximal small 

intestine (Mortensen et al., 2003). 

This distribution appears to be reasonably conserved, however, a recent study in cats has 

shown that the distribution of the GIP secreting K cells differs from the distribution of K cells 

in other species. In cats, researchers found that the K cells are present in the ileum and as far 

distally as the caecum and colon, and whilst the concentration of L cells was highest in the 

ileum, GLP-1 secreting cells were also found throughout the length of the gastrointestinal 

tract (Gilor et al., 2013). To date, the distribution pattern of L and K cells has not been 

investigated in the horse so it is not known whether the horse shares distribution homology 

with cats or whether distribution of these cells is species specific. 

1.11 Aims and Objectives 

This thesis examined some of the key hormones that may contribute to the increased risk of 

equine laminitis observed in ponies and some horse breeds. The effects of insulin and insulin-

like growth factor-1 were investigated on cultured lamellar epithelial cells, and the effect of 

breed and changing body condition on plasma IGF-1 were examined. The cells producing the 

incretin hormones, GLP-1 and GIP, were assessed in different regions of the gastrointestinal 

tract and blood levels measured following high starch meals.   

Firstly, the in vitro effects of insulin on equine lamellar epithelial cells were described, to 

determine whether insulin stimulates cellular proliferation by acting on the IGF-1R in equine 

lamellar tissue. It was hypothesised that insulin would stimulate the proliferation of lamellar 

epithelial cells through IGF-1R mediated pathways. And as insulin may be acting on the IGF-

1R on the lamellar epithelial cells there may be a relationship between IGF-1 levels and 

hyperinsulinaemia. Therefore, further studies in this thesis aimed to evaluate the performance 

of an IGF-1 assay for measuring total IGF-1 levels in the horse and to then determine if IGF-

1 concentrations differ during weight gain and weight loss and to investigate if exercise and 

diet have any effect on total IGF-1 concentration in the horse. Due to the predisposition of 

certain breeds towards the EMS phenotype, the studies also aimed to determine if IGF-1 

levels differ between breeds. It was hypothesised that IGF-1 levels would increase with 

weight gain and decrease with weight loss and that horses with a predisposition towards the 

EMS phenotype would have higher IGF-1 concentrations than non-EMS prone breeds.     
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As the effects of diet have been shown in the past to influence insulin secretion and studies in 

humans and other species have shown that insulin secretion is stimulated by the incretins, the 

studies in this thesis aimed to measure postprandial GIP concentration of study participants. 

Further to this, the studies in this thesis also aimed to determine if GIP levels differ between 

the different breeds and to investigate if the incretin hormones correlate with the postprandial 

GLP-1 and insulin release previously described in the horse. The final aim of the study was to 

investigate the distribution and density of the GLP-1 and GIP secreting cells in the equine 

intestinal tract to further investigate the potential role of the incretin hormones in postprandial 

insulin release. It was hypothesised that GIP would follow a similar pattern of secretion to 

that of GLP-1 and insulin as previously described in horses and that the distribution of L and 

K cells would be located in the proximal intestine and the distal intestine respectively.  

The main research questions are summarised below: 

• What are the effects of insulin on lamellar epithelial cells? 

• Does insulin act on lamellar epithelial cells via IGF-1 receptors? 

• Do plasma IGF-1 and GIP levels differ between normal horses and ponies?  

• Does obesity affect IGF-1 levels and do these levels change with weight loss and 

exercise? 

• What are the effects of meal intake on equine GIP levels?  

• Where are GLP-1 and GIP secreting cells located in the equine gastrointestinal 

tract? 

  



51 
 

CHAPTER 2 - The effect of insulin on equine lamellar basal epithelial cells 
mediated by the insulin-like growth factor-1 receptor 

This chapter is presented as the accepted manuscript of the peer-reviewed article published in PeerJ 

(2018; 6:e5945; DOI 10.7717/peerj.5945). 

2.1  Abstract 

Background: In horses and ponies, insulin dysregulation leading to hyperinsulinaemia may 

be associated with increased risk of laminitis, and prolonged infusion of insulin can induce 

the condition. It is unclear whether insulin may have a direct or indirect effect on the lamellar 

tissues. Insulin is structurally related to insulin-like growth factor (IGF-1), and can bind the 

IGF-1 receptor, albeit at a lower affinity than IGF-1.  

Methods: Immunohistochemistry was performed on formalin-fixed lamellar tissue sections 

from six normal horses, euthanised for non-research purposes, using an anti-IGF-1 receptor 

antibody. In further studies, lamellar epithelial cells were obtained by collagenase digestion 

from the hooves of 18 normal horses, also euthanised for non-research purposes, and 

incubated for 48 h in the presence of insulin (0–2,000 m IU/ml). The increase in cell numbers 

was determined using a cell proliferation assay, and compared to the effect of zero insulin 

using one-way ANOVA  

Results: Immunohistochemistry demonstrated IGF-1 receptors on lamellar epidermal 

epithelial cells. With cultured cells, insulin caused a concentration-dependent increase in cell 

proliferation compared to untreated cells (maximal effect 63.3 ± 12.8% more cells after 48 h 

with 1,000 m IU/ml insulin; P < 0.01). Co-incubation with a blocking antibody against the 

IGF-1 receptor significantly inhibited the proliferative effect of insulin (P < 0.01).  

Discussion: These results demonstrate that IGF-1 receptors are present on lamellar epithelial 

cells. At high physiological concentrations, insulin may activate these cells, by a mechanism 

involving IGF-1 receptors, resulting in a proliferative effect. This mechanism could help to 

explain the link between hyperinsulinaemia and laminitis. 

2.2  Introduction 

It has become clear in recent years that the form of laminitis seen commonly in ponies and 

horses associated with repeated, prolonged or severe hyperinsulinaemia, so-called 
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‘endocrinopathic laminitis’ (McGowan, 2010), may be distinct in several respects to the 

inflammatory form of the disease which occurs secondary to carbohydrate overload in the 

hind gut or in the black walnut model (Katz and Bailey, 2012; Patterson-Kane et al., 2018). 

Insulin dysregulation is thought to be the key factor linking the metabolic phenotype of 

obesity and insulin resistance with the increased risk of laminitis (comprising the features of 

Equine Metabolic Syndrome; EMS) (Frank et al., 2010). Laminitis associated with EMS is 

thought to be the most common form of laminitis and may be the underlying mechanism in 

pasture laminitis, although this has yet to be proven (Geor, 2010). It has been shown that 

laminitis can be induced in healthy ponies after prolonged administration of insulin (Asplin et 

al., 2007), and the apparently direct causal link between insulin and laminitis was 

subsequently confirmed in (non-insulin resistant) Standardbred horses (de Laat et al., 2010a). 

The histopathology observed in the feet of these insulin-infused horses showed particular 

characteristics which were distinct from the mainly inflammatory changes and widespread 

epidermal separation from the basement membrane seen in other forms of laminitis. 

Secondary epidermal lamellae (SEL) were significantly elongated (Karikoski et al., 2014) and 

lesions included swelling and disorganisation of epithelial cells plus increased mitotic activity 

(Asplin et al., 2010). A further ultrastructural study also found that prolonged 

hyperinsulinaemia was associated with unique characteristics including many basal epithelial 

cells being in mitosis and a decreased number of hemidesmosomes per unit length of 

basement membrane (Nourian et al., 2009). These changes were hypothesised to cause 

weakening of the lamellar attachments.  

The mechanism(s) by which high concentrations of insulin might cause laminitis are still 

unclear. Previously it was thought that the associated IR e might impair glucose delivery to 

the lamellar tissues, or affect blood flow (McGowan, 2010), however it now appears to be a 

direct effect of insulin (although other factors may also play a role). The problem with this 

hypothesis though is that there appear to be no insulin receptors on the key cells which form 

the interface between the lamellar epidermis and dermis, namely the basal lamellar epithelial 

cells (Burns et al., 2013). Insulin receptors are only found on the vascular endothelium within 

the dermis.  

However, insulin at high concentrations has commonly been found to have a proliferative 

effect on several different cell types and is often used in cell culture media for this purpose 

(Straus, 1984; Vigneri et al., 2010). It exerts this effect via its actions on the insulin-like 
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growth factor-1 (IGF-1) receptor, since insulin and IGF-1 share considerable homology 

(Laron, 2004). These similarities mean that there is considerable overlap between the insulin 

and IGF-1 systems, and although the IGF-1 receptor has an affinity for insulin which is many 

fold lower than for IGF-1, in many species high concentrations of insulin will bind to and 

activate the IGF-1 receptor (De Meyts and Whittaker, 2002; Vigneri et al., 2010). In 2009 it 

was first proposed by Bailey and Chockalingham (Bailey and Chockalingham, 2010) that 

insulin may be capable of stimulating a proliferative response in the lamellar epithelium via 

the IGF-1 receptor. Burns et al. subsequently found that the IGF-1 receptor was distributed on 

laminar epidermal epithelial cells as well as dermal vascular cells in ponies fed a high non-

structural carbohydrate diet (Burns et al., 2013). 

Furthermore, in horses which developed laminitis after receiving infusions of insulin, gene 

expression for the IGF-1 receptor in the lamellae was significantly decreased, thought to be 

associated with receptor down-regulation due to the high insulin levels and prolonged ligand 

binding of the receptors (de Laat et al., 2013). 

The biological functions of IGF-1 receptor activation include stimulating cellular 

proliferation as well as cellular differentiation, migration and survival, all of which occur 

through ligand induced IGF-1 receptor (IGF-1R) activation (Duan et al., 2010). This may be 

consistent with many of the changes observed following insulin-induced laminitis. After the 

ligand binds to the IGF-1R, a signal transduction cascade is initiated through pathways 

including the extracellular signal-regulated kinase pathway (ERK 1/2; also known as p42/44 

mitogen-activated protein kinase) (Rhodes, 2000; LeRoith and Roberts, 2003). It has 

previously been hypothesised that the increase in epidermal basal cell mitosis could be 

initiated through pathways such as the MAP-kinase pathway (Asplin et al., 2010). 

The aim of the present study was firstly to confirm the presence of the IGF-1R in the lamellae 

of normal horses by immunohistochemistry (IHC) and then to use cultured lamellar epithelial 

cells in vitro to investigate the effect of increasing insulin concentrations on cellular 

proliferation and the importance of the ERK 1/2 pathway. Our hypothesis was that insulin 

selectively stimulates cellular proliferation of the lamellar basal epidermal epithelial cells, 

mediated via IGF-1 receptors and this is associated with the activation of the intracellular 

signalling pathway involving ERK1/2 (p42/44 MAP-kinase). 
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2.3  Materials and Methods 

Horse forelimbs were obtained from a local abattoir. All animals were apparently healthy and 

were euthanised for non-research purposes; the hooves were normal and showed no external 

gross evidence of laminitis. Distal limbs were removed immediately after euthanasia and 

placed on ice during transportation to the laboratory. 

2.3.1 Immunohistochemistry 
Tissue sections of lamellae from beneath the dorsal hoof wall were obtained using a bandsaw, 

according to the methods of Pollitt (Pollitt, 1996). One centimetre square sections were fixed 

in 10% formalin for 48 h and then transferred to 95% ethanol. After embedding in paraffin 

wax, five mm sections were cut and prepared on glass slides. 

Sections were deparaffinised and rehydrated (Yoon et al., 2011), and then rinsed in distilled 

water and heated in antigen-retrieval solution (Dako, VIC, Australia) as described previously 

by Pearl et al. (Pearl et al., 2007). Sections were then incubated with 3% peroxidase solution 

and blocked with 4% bovine serum albumin (BSA) in PBS for 30 min. Sections were then 

incubated in either chicken polyclonal anti-IGF-1R primary antibody (Abcam, Cambridge, 

UK) (diluted 1:50 in PBS containing 1% BSA) or isotype-matched control antibody (chicken 

IgY; Abcam, Cambridge, UK) and incubated in a moist environment overnight at 4 oC. 

Following incubation with the primary antibodies, sections were then incubated with a 

universal secondary antibody amplification solution (Vectastain Universal Quick Kit; Vector 

Labs, Peterborough, UK). During subsequent treatment with DAB substrate-chromogen 

solution (Sigma-Aldrich, NSA, Australia), development was monitored under a light 

microscope. Samples were then counterstained, dehydrated, cleared in xylene and mounted 

on slides with DPX mounting medium (Leica Biosystems, NSW, Australia). Slides were 

assessed for IGF-1R distribution by light microscopy. 

2.3.2 Primary culture of equine laminar epithelial cells 
After splitting the dorsal hoof wall with a bandsaw, lamellar tissue was harvested in a sterile 

manner by peeling off the hoof wall from the underlying dermis, according to the methods of 

Medina-Torres et al. (Medina-Torres et al., 2011). After the laminar tissue underneath the 

hoof wall was exposed, epidermal lamellar tissue was scraped using a sterile scalpel blade 

and placed directly into sterile saline containing penicillin and streptomycin. The tissue was 

incubated in collagenase solution (Type II collagenase from Clostridium histolyticum; 
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Sigma-Aldrich, Sydney, NSW, Australia; 50 mg in 50 mL PBS) for 3 h at 37 oC after which 

the cell suspension was filtered through a 70 mm cell strainer (Medina-Torres et al., 2011). 

Cells were then centrifuged at 300xg for 10 min at 20 oC, the supernatant was removed and 

cells were resuspended in sterile saline. After a further wash, the cells were resuspended in 

cell culture medium. Fibroblasts and other non-epithelial cells were removed by positive 

selection of epithelial cells on magnetic beads (Easysep biotin positive selection kit; StemCell 

Technologies, Vancouver, BC, Canada). Cells were incubated with the anti-IGF-1 receptor 

antibody and goat anti-chicken IgY biotinylated secondary antibody (Abcam, Cambridge, 

UK) before magnetic separation and re-suspension in culture medium. 

Lamellar epithelial cells were then seeded into 75 cm flasks containing 20 mL of Dulbecco’s 

modified eagle medium (DMEM) (Gibco® Life Technologies Australia Pty Ltd, VIC, 

Australia) with 10% foetal calf serum, 1% Penicillin-Streptomycin and 0.25% Insulin 100 

IU/mL and 0.4 mg/mL hydrocortisone, according to Visser and Pollitt (Visser and Pollitt, 

2010). Cells were maintained at 37 oC with 5% CO2 until approximately 80% confluent. At 

this point cells were passaged and resuspended in DMEM without insulin or hydrocortisone 

so that they became quiescent. 

2.3.3 Cellular proliferation assays 
After cells were plated onto a 96 well plate and incubated overnight, the DMEM was again 

replaced with 100 mL of fresh DMEM, including 1% equine serum from a fasted 

Standardbred horse (serum insulin < 5 mIU/mL). Insulin was then added to duplicate wells of 

cells from n = 18 horses, at concentrations of 50, 100, 250, 500, 1,000 or 2,000 mIU/mL and 

incubated for 48 h at 37 oC with 5% CO2. Some wells of cells (from n = 12 horses) were also 

incubated with an anti-IGF-1 receptor antibody (chicken polyclonal; Abcam; 1:50 dilution) as 

a blocking antibody to prevent insulin binding to the IGF-1 receptor. An isotype control 

antibody (chicken IgY; Abcam, Cambridge, UK) was also used. Recombinant human IGF-1 

(Abcam; one or five ng/mL concentration) was also added as a positive control (n = 6 horses). 

Following incubation, 10 mL of MTT solution (TACSTM MTT Cellular Proliferation and 

Viability Assay, R & D Systems, Bio-Scientific Pty Ltd, NSW, Australia) was added to each 

well and incubated for 4 h. The detergent reagent was then added and the cells were allowed 

to lyse overnight, producing a homogenous colour in each well. Each plate was then read 

with an automated microplate reader (Synergy H1 Hybrid Microplate Reader; Biotek, VT, 

USA) with Gen5 Microplate Reader Software at 450 nm with a reference range of 650 nm. 
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2.3.4 Western blotting for ERK 1/2 signalling 
After a separate set of assays using the same conditions, cells (from six horses; n = 6) were 

washed with sterile phosphate buffered saline and then lysed with a proprietary lysis buffer 

(CelLytic; Sigma-Aldrich, Sydney, NSW, Australia). Protein concentration of each sample 

was determined using a BCA protein assay (Pierce BCA protein assay kit; ThermoFisher 

Scientific, Scoresby, VIC, Australia). Laemmli’s sample buffer was then added to give 

equivalent protein concentrations in each sample the tubes heated to 95 oC for 5 min and then 

30 mg of protein was loaded onto a 10% acrylamide gel. The gel was run at 100 V and the 

proteins transferred onto a nitrocellulose membrane. The membrane was blocked in 10% 

milk in TBS-Tween for 1 h and then incubated with anti-phospho ERK 1/2 primary 

antibodies (rabbit polyclonal antibody; Abcam, Melbourne, VIC, Australia) at 1:500 dilution 

in 1% BSA for 2 h at room temperature. After washing, the membrane was placed in a 

secondary antibody (HRP-conjugated donkey anti-rabbit IgG; Abcam, Melbourne, VIC, 

Australia) at 1:1,000 dilution in 1% BSA for 2 h. The membrane finally developed using ECL 

(electrocheminulescent) solution (Pierce ECL Plus; ThermoFisher Scientific, Scoresby, VIC, 

Australia) and the film was then scanned and analysed by densitometric analysis (Unscanit 

Gel software ver 5.1; Silk Scientific Inc, Orem, UT, USA). Blots were stripped using 

stripping buffer (Chemicon ReBlot Plus; Merck Millipore, Bayswater, VIC, Australia) and 

then re-probed using a primary antibody against total ERK 1/2 (rabbit polyclonal antibody; 

Abcam, Melbourne, VIC, Australia). 

2.3.5 Statistical analysis 
The normal distribution of the data collected from the cellular proliferation assays was 

verified by the Shapiro-Wilkes normality test. A one-way ANOVA with Dunnett’s multiple 

comparison test was performed to compare the proliferative effects of insulin at each 

concentration, compared to the control wells. Statistical comparisons were performed using 

Graphpad Prism version 5 (Graphpad Software Inc, La Jolla, CA, USA) and significant 

differences were accepted at P < 0.05. 

2.4  Results 

2.4.1 Immunohistochemistry for the IGF-1 receptor 
Examination by light microscopy clearly demonstrated the presence of the IGF-1 receptor on 

the epithelial cells of the SEL (Fig. 1). Some faint staining of vascular endothelial and 
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smooth muscle cells was noted, but otherwise there was little staining of cells within the 

dermal lamellar tissues. Control sections incubated in the absence of the primary antibody 

showed no non-specific staining by the secondary antibody. 

2.4.2 Cell proliferation 
Incubating the lamellar epithelial cells in culture in the presence of insulin caused a 

concentration-dependent increase in cell number (Fig. 2). A significant effect of insulin was 

observed from 50 mIU/mL (P < 0.01) and the maximum effect (63.3 ± 12.8%) was evident at 

an insulin concentration of 1,000 mIU/mL.  

Blocking the IGF-1 receptors on the epithelial cells using the blocking antibody prevented the 

increase in cell number in the presence of 500 mIU/mL insulin (Fig. 3A). 

Incubating with the control antibody failed to elicit a significant effect. Furthermore, 

incubating cells with recombinant human IGF-1 caused a concentration-dependent 

proliferative effect, shown by a 32.7 ± 4.3% increase in cell number with the five ng/mL 

concentration (P < 0.05; Fig. 3B). Again the blocking antibody (anti-IGF-1 receptor) 

prevented the effect of this concentration of recombinant IGF-1. 

2.4.3 ERK activation 
Western blotting demonstrated that incubation of lamellar epithelial cells with insulin also 

caused activation of the ERK1/2 (P42/44 MAPK) cell signalling pathway (Fig. 4). Insulin 

concentrations of 1,000 and 2,000 mIU/mL resulted in a significantly increased ratio of 

phospho:total ERK (concentration-dependent increase), as did recombinant human IGF-1 

(five ng/mL). 

2.5  Discussion 

The findings of this study provide one possible explanation regarding the mechanism by 

which insulin may directly stimulate, or affect the function of, the lamellar basal epithelial 

cells, which is consistent with the observations from previous insulin-induced laminitis 

studies. In the in vivo studies, not only did high plasma concentrations of insulin induce 

laminitis consistently in both insulin-resistant and non-insulin resistant breeds (Asplin et al., 

2007; de Laat et al., 2010a), apparently in the absence of large changes in blood glucose, but 
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the changes observed within the lamellar tissues specifically involved the basal epithelial 

cells and included increased mitotic figures (Asplin et al., 2010). 

Since the absence of insulin receptors on these key cells has been demonstrated by other 

groups (Burns et al., 2013) as well as our own laboratory (see Supplemental File) (Appendix 

E), the most likely alternative receptor type for which insulin may act as a ligand is the IGF-1 

receptor (Kullmann et al., 2016). 

Therefore the first step was to confirm the presence and distribution of the IGF-1 receptor on 

the lamellar epithelial cells of normal horses, in situ. The IHC findings revealed that IGF-1 

receptors are present in significant numbers on the basal epithelial cells of equine lamellae 

from normal (non-laminitic) horses. There was little staining of cells within the dermal 

lamellar tissues, although some positive staining was detected in vascular endothelium and 

vascular smooth muscle cells within the dermis. This confirms the findings of a previous 

study in ponies rather than horses, which found positive staining for IGF-1 receptor on 

epithelial cells, vascular cells and fibroblasts (Burns et al., 2013). A direct comparison 

between the chicken anti-IGF1R antibody used in the current study with the rabbit polyclonal 

antibody used previously in other studies (Yoon et al., 2011; Burns et al., 2013) is provided in 

the Supplemental File. Gene expression for the IGF-1 receptor has also been quantified in 

lamellar tissues from these animals (Kullmann et al., 2016). 

Receptors for the peptide growth factor IGF-1 are found mainly in skeletal muscle, bone and 

cartilage, but also on many epithelial cells, and increased levels of this mediator have been 

associated with developmental osteochondral lesions in growing horses (Verwilghen et al., 

2009). It has been suggested that IGF-1 plays a critical role in the expression and synthesis of 

collagen type II as well as protecting chondrocytes from apoptosis. The presence of IGF-1 

receptors on the epithelial cells of the epidermal lamellae suggests that IGF-1 may be an 

important factor regulating either growth or lengthening of the hoof wall. It has been 

suggested that most hoof wall growth originates at the papillae of the coronary band (Daradka 

and Pollitt, 2004), although for the hoof wall to grow downwards, the cells of the SEL must 

detach from, and re-attach to, the basement membrane that connects the epidermis to the 

dermis (Mungall et al., 1998). This process might involve a response to IGF receptor 

stimulation, perhaps along with local collagenase enzyme activity (Mungall et al., 1998). 

Although the affinity of insulin for the IGF-1 receptor is likely to be far less than the affinity 

of IGF-1 for its own receptor, there may be considerable crosstalk between the two systems, 
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particularly when insulin concentrations are very high (Laron, 2004; Vigneri et al., 2010). 

Indeed, insulin is commonly added to cell culture media to promote cell growth and 

proliferation (Straus, 1984). In the present study, since cell proliferation is the most easily 

measured response to growth factor receptor activation, the effects of insulin were assessed 

on this response. Furthermore, the concentration range was chosen to be comparable to the 

plasma concentrations achieved in the infusion experiments that caused laminitis (Asplin et 

al., 2007; de Laat et al., 2010a), and to cover the plasma concentrations that might be 

achieved post-prandially in ponies with insulin dysregulation that may be at risk of laminitis 

(Borer-Weir et al., 2012). 

Incubating the cultured lamellar epithelial cells in the presence of insulin caused a 

concentration-dependent proliferative effect. The effect was observed from 50 mIU/mL, 

which is certainly attainable in the plasma of equids following a meal containing non-

structural carbohydrates such as grain (Bamford et al., 2015). The maximum effect was 

evident at an insulin concentration of 1,000 mIU/mL and was similar at 2,000 mIU/mL; 

1,000 mIU/mL was the plasma concentration achieved when insulin was administered by IV 

infusion to cause laminitis (Asplin et al., 2007; de Laat et al., 2010a). Therefore it is quite 

conceivable that insulin may stimulate lamellar epithelial cells at both high physiological and 

supra-physiological levels, although it is unlikely that it would have any physiologically 

significant effect when it is within the ‘normal’ resting plasma concentration range (the 

normal fasting plasma concentration of insulin for horses and ponies is usually considered to 

be below 20 mIU/mL (Frank et al., 2010) and most laboratories quote a ‘normal’ reference 

range of below around 36 mIU/mL. 

Fasting insulin levels are significantly increased in ponies and horses with EMS and also in 

endocrinopathic laminitis cases. In ponies predisposed to laminitis and kept on pasture, mean 

baseline plasma insulin concentrations were greater than 30 mIU/mL and after feeding a meal 

containing one g/kg glucose, insulin levels to rose to a mean of 989 mIU/mL (Borer-Weir et 

al., 2012). In a study where mild laminitis was induced in several ponies using a dietary 

challenge high in non-structural carbohydrates (12 g NSC/kg BW daily split into three meals, 

fed for up to 18 days), those developing laminitis exhibited a mean serum insulin 

concentration of 385 mIU/mL 4 h after consuming each meal (Meier et al., 2018). These 

values are within the range capable of stimulating IGF-1 receptor activation, based on the 

current in vitro study. However it should be acknowledged that some individual animals may 
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produce high insulin concentrations and not exhibit clinical signs of laminitis, so there is the 

distinct possibility that other factors may also be involved. 

Demonstrating that blocking the IGF-1 receptors on the epithelial cells (using the blocking 

antibody) prevented the proliferative effect of insulin proved that it was this receptor that 

mediated the effect. This was further confirmed by incubating cells with recombinant human 

IGF-1 causing a similar proliferative response. A further experiment that could have been 

undertaken to further prove the absence of insulin receptors in mediating these effects would 

have been to examine the effects of an anti-insulin receptor antibody in this system. This 

represents one limitation of the current study. 

In terms of IGF-1 itself being implicated in causing acute or chronic laminitis, this is 

probably unlikely because plasma concentrations of this hormone typically remain relatively 

stable throughout the day, and the main stimulus for its release from the liver is GH, released 

from the pituitary gland, rather than dietary factors in the case of insulin. However, much of 

the IGF-1 in the plasma is carried bound to IGF binding proteins, and one possibility to be 

considered is that insulin may displace IGF-1 from one or more binding proteins, in a 

concentration-dependent manner. This is unlikely to be a significant factor in the present 

study though, as the experiments were conducted in culture medium containing just 1% adult 

equine serum, and of all the IGF binding proteins, insulin only appears to show affinity for 

IGFBP-7 (Yamanaka et al., 1997). 

Recent histological studies have shown that the insulin-induced laminitis model is distinct 

from other forms of the condition, showing an apparent increase in basal cell mitosis as well 

as a lengthening of the SEL (Asplin et al., 2010; Karikoski et al., 2014). While the 

inflammatory form of laminitis, modelled by carbohydrate overload, is characterised by 

widespread separation of the lamellar epithelial cells from the basement membrane 

accompanied by inflammatory cell influx and matrix metalloproteinase production, the 

histopathology of endocrinopathic laminitis is quite distinct (Karikoski et al., 2015). A 

marked increase in epidermal cellular proliferation was noted on both light microscopy 

(Asplin et al., 2010) and electron microscopy (Nourian et al., 2009), and global separation of 

the lamellar dermal-epidermal interface was not apparent. Although the number of cellular 

hemidesmosomal attachments was reduced, the main appearance of the lesions was stretching 

and elongation of the SEL (Asplin et al., 2010). Therefore the dermal-epidermal junction 

appears to be weakened rather than becoming completely detached. Of course, secondary 
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tissue damage leading to inflammation, combined with forces exerted by the weight of the 

animal, may then cause separation of the lamellae and pedal bone rotation in severe or 

ongoing cases. 

Insulin at physiological concentrations facilitates a number of cellular responses through 

binding to the insulin transmembrane receptor (Wilcox, 2005). Subsequent ATP-mediated 

autophosphorylation of the β-subunit activates tyrosine phosphorylation of the intracellular 

insulin responsive substrates (IRS) (Wilcox, 2005). Tyrosine phosphorylation of the IRS then 

mediates the biological effects of insulin including regulation of glucose homeostasis, 

promoting glycogen and lipid synthesis, and inhibiting lipolysis and gluconeogenesis 

(Wilcox, 2005). However, due to the similarities in peptide sequence between insulin and 

IGF-1, insulin may also activate the IGF-1 receptor, particularly at high concentrations. The 

IGF-1 receptor is also a tyrosine kinase receptor, with similar a and β subunits, and leads to 

the activation of various intracellular signalling pathways involved in cell proliferation and 

activation, particularly the extracellular signal-regulated kinase pathway (ERK 1/2, also 

known as P42/44 MAPK) (Dupont and LeRoith, 2001). Although there are many similarities 

in downstream signal transduction between the insulin and IGF-1 receptors, the receptors 

generally tend to be present on different cell types, resulting in different responses (i.e. 

metabolic vs growth) (Dupont and LeRoith, 2001). Furthermore, the carboxyl terminus of the 

insulin receptor tends to preferentially mediate metabolic responses while the carboxyl 

terminus of the IGF-1 receptor particularly mediates mitogenic responses (via MAP-kinases) 

(Faria et al., 1994).  

Previous in vitro studies in other species have shown that insulin acting via the IGF-1 

receptor can stimulate the same cell signalling pathways as those produced by IGF-1 acting at 

the same receptor (Vigneri et al., 2010). In the present study, this was confirmed in equine 

lamellar epithelial cells using Western blotting, which demonstrated that incubation of 

lamellar epithelial cells with insulin caused activation of the ERK1/2 (P42/44 MAPK) cell 

signalling pathway, as did IGF-1. The extracellular signal-regulated kinase pathway is 

involved in mediating cellular responses to a diverse array of stimuli, leading to cell 

proliferation, differentiation and other processes involving gene expression. In order to 

become active, these enzymes need to become phosphorylated on both the threonine and 

tyrosine residues of their activation loop. Therefore enzyme activation may be assessed in 

cell lysates by Western blotting using antibodies specific to the phosphorylated form of the 

enzyme (Zhang et al., 2001). This pathway has previously been examined in epidermal 
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lamellar tissues from the carbohydrate overload laminitis model, where it was found to be 

increased at the onset of Obel grade 1 signs (Gardner et al., 2016). Furthermore, lamellar 

tissue ERK1/2 activation, along with involvement of other signalling components, has also 

been observed in a dietary challenge model of laminitis and also an insulin infusion model 

(Lane et al., 2017). 

As with the cell proliferation experiments, insulin concentrations of 1,000 and 2,000 mIU/mL 

both resulted in a significantly increased ratio of phospho:total ERK. Therefore further 

evidence is provided to support the hypothesis that activation of the IGF-1R by high 

concentrations of insulin can bring about the activation of epithelial cells of the epidermal 

lamellae, with the end result being the stimulation of mitosis. It was noted that there was a 

discrepancy between the lowest concentration of insulin that caused cell proliferation effects 

(50 mIU/mL) and the concentration required to cause measureable and statistically significant 

activation of the ERK signalling pathway as measured by Western blotting (1,000 mIU/mL). 

However, this was most likely due to the difference in sensitivity of the assays. The 

differences in band density between unstimulated cells and those stimulated with high 

concentrations of insulin in vitro are relatively slight, because in a cell culture situation there 

is already significant basal activation of the ERK pathway. A more sensitive method might 

demonstrate subtle increases in ERK activation associated with the lower range of insulin 

concentrations, or alternatively there may be other signalling pathways working 

synergistically with the ERK pathway to cause the mitotic effects. 

It should be recognised that mitosis itself may not be the actual event which results in the loss 

of attachments between the epidermal epithelial cells and the basement membrane with 

subsequent weakening of the dermo-epidermal interface. There is likely to be a process of 

change leading ultimately to mitosis in a proportion of cells. Before that however, among the 

other changes and processes that are triggered within these cells may be the loss of 

hemidesmosomal attachments or changes to the cytoskeleton. Loss of hemidesmosomal 

attachments has been postulated to be an important event in the pathogenesis of laminitis 

(French and Pollitt, 2004). Further work is necessary to investigate the other cellular changes 

that are stimulated by IGF-1 receptor activation in this particular tissue, and to determine 

whether this causes the weakening and stretching of the SEL observed in endocrinopathic 

laminitis (Asplin et al., 2010; Karikoski et al., 2014). 
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2.6  Conclusions 

The presence of IGF-1 receptors on the basal epithelial cells of the epidermal lamellae and 

the fact that high but physiological concentrations of insulin can stimulate these cells via this 

receptor may be very significant in the pathophysiology of endocrinopathic and pasture 

associated laminitis. This would explain the apparent causal link between hyperinsulinaemia 

and laminitis and is consistent with the presence of mitotic figures in the epithelial cells 

examined from the tissues of horses and ponies exposed to supra-physiological intravenous 

infusions of insulin (Patterson-Kane et al., 2018). Further work will determine how IGF-1 

receptor-mediated cell stimulation might lead to weakening and elongation of the SEL. 

However, selective blockade of the IGF-1 receptor may be a potential therapeutic target for 

preventing this form of laminitis. Furthermore, identification of the ERK 1/2 signalling 

pathway also suggests further options for modulation and therapy to limit the severity and 

impact of endocrinopathic laminitis in the future. All of the tissues and cells used in the 

present study were taken from normal horses with no evidence of hyperinsulinaemia or 

laminitis, therefore several future studies must be completed to verify and extrapolate upon 

these preliminary findings before the results can be applied to clinical case management.  
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2.7  Figures 

 

Figure 2. Immunohistochemistry showing the presence of IGF-1 receptors on the lamellar epithelial 

cells of a normal horse.  

(A) Demonstrates the IGF-1R on the lamellar epithelial cells, compared to (B) the non-specific 

binding. Primary dermal lamellae (PDL) and primary epidermal lamellae (PEL) are indi- cated, and 

the arrows identify the basal epithelial cells of a secondary epidermal lamella. 
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Figure 3. The effect of increasing insulin concentration on cellular proliferation of equine lamellar 

epithelial cells.  

Responses are expressed as the percentage increase in cellular proliferation compared with untreated 

control cells. Each bar represents mean ± SEM of percentage increase vs. zero insulin. * indicates 

statistically significant difference compared with control (P < 0.0001).



 
 

 

 

Figure 4. The effect of a blocking antibody on the proliferative response  to  insulin  or  IGF-1  in  

cultured equine lamellar epithelial cells.  

(A) Cells from 12 horses were incubated with insulin at either zero mIU/mL (negative control) or 500 

mIU/mL (positive control), and further aliquots were incubated with 500 mIU/mL insulin in the 

presence of an anti-IGF-1 receptor blocking antibody or control antibody. (B) Cells from six horses 

were incubated with either zero, one or five ng/mL recombinant human IGF-1 and further aliquots 

were incubated with five ng/ml recombinant human IGF-1 in the presence of the anti-IGF-1 receptor 

blocking antibody. Each bar represents mean ± SEM of per- centage change in cell number vs. zero 

insulin. * indicates statistically significant difference compared with control (P-value < 0.0001). 
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Figure 5. Effect of rhIGF-1 and insulin on ERK1/2 activation  in equine  lamellar  basal epithelial  

cells. 

The cells were incubated with either rhIGF-1 or insulin, and ERK1/2 activation was then assessed by 

Western blotting. (A) Blots were probed for the phosphorylated (activated) form of the enzyme and 

expressed as a ratio of active: total enzyme. (B) The graph represents the ERK activity (mean ± SEM) 

as a percentage of the activity in the control (unstimulated) cells. * indicates statistically significant 

difference compared with control (P < 0.05). 
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CHAPTER 3 - Comparison and validation of ELISA assays for plasma insulin-
like growth factor-1 in the horse 

This chapter is presented as the accepted manuscript of the peer-reviewed article published in the 

Open Veterinary Journal (2017) 7(1): 75 – 80. 

3.1  Abstract 

Insulin-like growth factor-1 (IGF-1) plays several important physiological roles, and IGF-

related pathways have been implicated in developmental osteochondral disease and 

endocrinopathic laminitis. This factor is also a downstream marker of growth hormone 

activity and its peptide mimetics. Unfortunately, previously used assays for measuring equine 

IGF-1 (radioimmunoassays and ELISAs) are no longer commercially available, and many of 

the kits on the market give poor results when used on horse samples. The aim of the present 

study was to compare three different ELISA assays (two human and one horse-specific). 

Plasma samples from six Standardbreds, six ponies and six Andalusians were used. The 

human IGF-1 ELISA kit from Immunodiagnostic Systems (IDS) proved to be the most 

accurate and precise of the three kits; the other two assays gave apparently much lower 

concentrations, with poor recovery of spiked recombinant human IGF-1 and unacceptably 

poor intra-assay coefficients of variation (CV). The IDS assay gave an intra-assay CV of 3.59 

% and inter-assay CV of 7.31%. Mean percentage recovery of spiked IGF1 was 88.82%, and 

linearity and dilutional parallelism were satisfied. The IGF-1 plasma concentrations were 

123.21 ±8.24 ng/mL for Standardbreds, 124.95 ±3.69 ng/mL for Andalusians and 174.26 

±1.94 ng/mL for ponies. Therefore of the three assays assessed, the IGF-1 ELISA 

manufactured by IDS was the most suitable for use with equine plasma samples and may 

have many useful applications in several different research areas. However, caution should be 

used when comparing equine studies where different analytical techniques and assays may 

have been used to measure this growth factor. 

Keywords: Equine, Insulin-like growth factor, Ponies. 
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3.2  Introduction 

Insulin-like growth factor (IGF-1) is a 70 amino acid peptide, produced by the liver, which 

plays a role in cell growth and turnover in several different mammalian tissues. Receptors for 

this growth factor are found in skeletal muscle, bone, cartilage and some epithelial cells, and 

increased concentrations of this mediator have been associated with developmental 

osteochondral lesions in growing horses (Verwilghen et al., 2009).  

Investigators have suggested that IGF-1 plays a critical role in the expression and synthesis of 

collagen type II as well as protecting chondrocytes from apoptosis. Therefore, changes in 

concentrations of IGF-1 could modulate the biological mechanisms that regulate joint and 

bone development (Lejeune et al., 2007). Serum IGF-1 concentrations appear to peak in 

horses at 10 months of age correlating with the beginning of reproductive maturity and then 

begin to decrease, reaching a steady adult concentration at approximately 450 days old 

(Fortier et al., 2005).  

The biological activity of circulating IGF-1 is modulated by a family of IGF-binding proteins, 

which may promote its interaction with the receptor as well as prolonging its half-life 

(Kostecka and Blahovec, 1999). Furthermore, the major stimulus for the secretion of IGF-1 

from the liver is growth hormone; therefore an ‘IGF-1/GH axis’ has been described (De Palo 

et al., 2001).  

The measurement of plasma IGF-1 concentration can be useful clinically as an indicator of 

growth hormone deficiency in humans (Faust et al., 2012), and in horses measuring IGF-1 

concentrations has been found to be a reliable indicator to monitor plasma GH concentrations 

(Fortier et al., 2005). This is helped by the fact that plasma IGF-1 concentrations typically 

remain relatively stable throughout the day. Certain performance enhancing agents including 

some peptides may mimic the effects of growth hormone, and so an accurate IGF-1 ELISA 

assay for use in equine blood samples may be useful in testing performance horses as well as 

monitoring age related orthopaedic disorders (Popot et al., 2001). Furthermore, the role of the 

IGF1 signalling pathway is being investigated in equine laminitis (de Laat et al., 2013). 

Currently the most sensitive means for detecting IGF-1 in equine plasma is LC electrospray 

ionisation mass spectrometry (Popot et al., 2008). However, cost, sample preparation time 

and the availability of equipment may limit the use of this technique. Radioimmunoassays 

(RIAs) have also been widely used to measure IGF-1.  
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Comparisons across species have shown that the equine IGF-1 nucleotide sequence is highly 

homologous to that of other mammals including humans, suggesting that human IGF-1 

immunoassays should be appropriate for use in the horse (Ropp et al., 2003). De Kock et al. 

(2001) determined the effect of GH administration on IGF-1 concentrations in the horse, 

validating an RIA assay.  

In a study by Noble et al. (2007), IGF-1 was measured in a large population of 1,880 

Thoroughbred horses, also by RIA. The mean concentration was 310 ng/mL, with a similar 

magnitude between geldings and mares but increased magnitude in intact males.  

Unfortunately these RIAs, as well as a number of previously-used ELISA assays, are no 

longer commercially available. There are a number of IGF-1 ELISA assays on the market 

(mostly developed as human IGF-1 assays, with human specific reagents). However, many of 

these assays give poor results when used for horse samples. There is currently no standard 

recommended assay for equine IGF-1 that is widely used and this makes it difficult to 

compare values obtained between different studies.  

It is therefore important to validate and compare available assays to determine the most 

acceptable assay to use in the horse. Also, since there are breed differences in metabolism 

associated with different concentrations of the important related peptide hormone insulin 

(Bamford et al., 2014), it may be important to consider different breeds when measuring IGF-

1.  

The aim of this study was to compare three different ELISA assays (two human and one 

horse-specific). 

3.3  Materials and Methods 

Materials and Methods A total of eighteen horses were used in this study: six Standardbreds 

(mean age: 9.8 years; range 6-16 years), six ponies of various breed (10.2 years; 6-17 years) 

and six crossbreed Andalusians (10.0 years; 7-14 years). EDTA and heparinised blood 

samples were collected from each subject via aseptic venipuncture using 10- mL BD 

Vacutainer tubes with 20 gauge needles. After collection, samples were placed on ice 

immediately and transported to the laboratory. Plasma was separated and stored in 1-mL 

aliquots at -80oC and was not thawed until assayed (within 3 months). 
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Three assays were evaluated: Assay A: Human IGF-1 ELISA kit (ab100545; Abcam Inc, 

Massachusetts, USA) (developed for measuring human IGF-1), Assay B: Horse insulin-like 

growth factor 1 (somatomedin C; IGF-1) ELISA kit (Cusabio Biotech, Hubei Province, 

China) (equine specific), and Assay C: IGF-1 ELISAImmunoenzymometric assay for the 

quantitative determination of Insulin-like growth factor 1 (IGF-1) in human serum or plasma 

(Immunodiagnostic Systems (IDS), Boldon, UK) (developed for measuring human IGF-1 in 

serum or plasma).  

Reagents and standards were prepared according to the manufacturers’ instructions. The 

manufacturers’ instructions in regards to assay procedures were also followed; however, the 

addition of an IGF-1 extraction step for Assay B was also implemented to dissociate IGF-1 

from the insulin-like growth factor binding proteins (IGFBPs). All assays were read using an 

automated microplate reader (Synergy H1 Hybrid Reader, BioTek, Vermont, USA), with 

Gen5 Microplate Reader Software (BioTek, Vermont, USA). Assay A was a commercially 

available sandwich ELISA kit based on a human IGF-1 antibody-coated plate. Samples were 

treated with acid-ethanol extraction solution prepared as per the manufacturer’s instructions 

and incubated for 30 minutes. Samples were then centrifuged and 100 µL of supernatant was 

added to 200µL of Tris-buffer (pH 7.6). Following this, 300µL of sample diluent was added 

to each tube and 100µL of each sample was pipetted into appropriate wells. Samples were 

then washed, treated with 100µL of biotinylated antibody and incubated for 1 hour. The 

sample plate was then washed again and treated with 100µL of streptavidin. TMB was added 

and the reaction was stopped after 30 minutes incubation and read immediately at 450nm.  

Assay B was a commercially available competitive ELISA kit without extraction based on an 

equine specific IGF-1 fragment. In addition to performing the assay without extraction, an 

acid-ethanol extraction was performed to dissociate IGF-1 from the IGFBPs; 120µL of 

commercially purchased acid-ethanol solution was added to 30µL of sample in 3mL 

polyethylene centrifuge tubes, the samples were then vortexed and incubated at room 

temperature for 30 minutes. Samples were centrifuged for 5 minutes at 10,000 rpm after 

which 100µL of supernatant was removed and placed in fresh centrifuge tubes and mixed 

with 200µL of neutralising solution (2M Tris buffer, pH 7.6).  

All samples were then processed as per the manufacturer’s instructions. Briefly, samples were 

diluted with sample diluent and 50µL was added to appropriate wells, 50µL of HRP-

conjugate solution was then added and incubated for 40 minutes. The samples were then 
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washed, 90µL of TMB substrate was added to each well and the reaction was stopped after 20 

minutes incubation. Absorbance was read immediately at 450nm.  

Assay C was a commercially available sandwich ELISA, based on a human IGF-1 antibody-

coated plate, and suitable for assay of either human serum or plasma samples. Rather than an 

acid-ethanol extraction solution, Assay C employs a proprietary releasing reagent that 

inactivates IGFBPs. All samples were processed as per the manufacturer’s instructions. 

Briefly, 25µL of sample was added to plastic tubes and incubated with 100µL of releasing 

agent for 10 minutes. Sample diluent was then added to each tube and 50µL of the diluted 

sample was added, with 200µL of enzyme conjugate added before a two-hour incubation. The 

samples were washed and 200µL of TMB substrate was added to each well and stopped after 

a 30-minute incubation. Absorbance was read immediately at 450nm with a reference 

wavelength of 650nm.  

The coefficient of variation (CV) was determined for each assay using pooled samples from 

each breed group. Each heparinised plasma sample was processed three times within the 

same analytical run for each assay to determine intra-assay variation. EDTA plasma samples 

were also processed for comparison with heparinised plasma.  

The target acceptance measure for intra-assay variation was <10%. Inter-assay variation was 

subsequently determined where an acceptable intra-assay CV was obtained; the acceptable 

target was also <10%. The accuracy of each assay was determined by investigating 

parallelism of the standard curve with serial dilutions. Pooled samples from each breed group 

were diluted (1:2, 1:4, 1:8 and 1:16) with phosphate-buffered saline (PBS) in 3mL 

polyethylene centrifuge tubes. Expected concentrations of IGF-1 were calculated from the 

mean concentrations observed for each breed previously and the ratio of observed vs 

expected concentrations was determined for each dilution. Linearity was determined by 

plotting observed vs expected concentrations, and linear regression was used to calculate the 

r2 value for these plots.  

Pooled plasma samples from each breed group were assayed for IGF-1 after they had been 

spiked with human recombinant IGF-1. The amount of recombinant IGF-1 added to each 

sample was based on the detection range for each assay so that the expected final 

concentration did not exceed the working range (Assay A: 18.2 ng/mL, Assay B: 40ng/mL 

and Assay C: 190ng/mL). Samples were incubated overnight with the recombinant IGF-1 to 
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allow equilibration with binding proteins and then processed as described above. Percentage 

recovery was then calculated.  

3.4  Results and Discussion 

Assay C proved to be the most accurate and precise of the three kits (Table 1), giving 

concentrations in the 100-200 ng/mL range for normal plasma, plus it gave the best recovery 

and validation characteristics. Assay A in comparison gave very low IGF-1 concentrations in 

the samples and poor recovery. Assay B was slightly better; however, the intra-assay 

coefficients of variation for both Assays A and B were unacceptably poor.  

Assay A yielded the lowest IGF-1 concentrations in the plasma samples of 1.0 ±1.25 ng/mL 

(mean ±SD) for Standardbreds and 1.05 ±1.69 ng/mL for Andalusians. Ponies showed 

slightly higher concentrations (2.25 ±3.90 ng/mL). Assay B gave a mean concentration of 

11.97 ±2.10 ng/mL for Standardbreds, 15.71 ±7.84 ng/mL for Andalusians and 17.25 ±9.14 

ng/mL for ponies. In the absence of an extraction step, all concentrations were below 9 

ng/mL in this assay.  

Assay C recovered much higher concentrations in the samples, with a mean concentration of 

123.21 ±8.24 ng/mL for Standardbreds, 124.95 ±3.69 ng/mL for Andalusians and 174.26 

±1.94 ng/mL for ponies.  

The intra-assay coefficient of variation obtained from the three kits ranged from 1.14% - 

173.21%, with Assay C being the only kit to have a mean CV less than the acceptable 10% 

range (3.59 ±1.63 %; Table 1). Percentage recovery from the spiked samples was the lowest 

for Assay A with a mean of only 28.86% and Assay B had a mean percentage recovery of 

79.97%. Assay C had the highest mean % recovery of 88.82%. Dilutional parallelism could 

only be satisfied for Assays B and C. Since Assay C was the only one of the kits to give IGF-

1 plasma concentrations approaching those obtained in previous studies using RIAs (Noble et 

al., 2007), and was the only one with an acceptable intra-assay coefficient of variation, 

further investigation and validations were only performed for this kit. Firstly, assay 

characteristics were repeated for Assay C using EDTA plasma samples for comparison with 

heparinised plasma. Ponies were again found to have the highest IGF-1 concentration of 

121.12 ±14.82 ng/mL, followed by Andalusians with 94.30 ±4.15 ng/mL and then 

Standardbreds with an IGF-1 concentration of 70.36 ±0.60 ng/mL. The mean CV of 5.83% 
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was again acceptable and the mean % recovery was found to be 87.10%. Parallelism 

performed on pooled samples was found to be linear (Fig. 1). Values obtained for heparinised 

plasma conducted at the same time were found to be comparable to the previous values with a 

mean IGF-1 concentration for ponies of 201.95 ±14.6 ng/mL, Andalusians 146.16 ±3.64 

ng/mL and Standardbreds 138.74 ±5.24 ng/mL. Again parallelism was satisfied and % 

recovery was 90.65%. Therefore values obtained from heparinised plasma were consistently 

higher than values from the same animals using EDTA plasma, even though recovery 

appeared to be similar. The inter-assay variation across analytical runs on different days (and 

on different plates) was also determined for Assay C only, and found to be 7.31%. This study 

evaluated the performance of three ELISA assays for the measurement of IGF-1 in the horse, 

using plasma samples obtained from three different breeds/types; namely ponies (of mixed 

breed), Andalusian horses and Standardbred horses.  

These types were selected because Standardbreds represent most typical athletic breeds of 

horse, while ponies and Andalusian horses tend to demonstrate metabolic characteristics 

including hyperinsulinaemic responses to dietary carbohydrates, regional obesity and also an 

increased risk of laminitis (Bamford et al., 2014). Assay A was found to be totally unsuitable 

for use in the horse, since it gave a recovery of less than 30% of spiked human recombinant 

IGF-1 in equine plasma, and parallelism could not be satisfied. Clearly there were substances 

in the plasma which interfered with the detection of the target peptide that resulted in very 

low apparent concentrations of IGF-1 in the assay of normal equine plasma samples. The 

factors interfering with IGF-1 detection are unknown. The IGFBPs may well be involved, 

although the acidethanol extraction method used in this assay to dissociate IGF-1 from its 

binding proteins is typical of many other kits, both ELISAs and RIAs. An acid-ethanol 

extraction method was also used in Assay B, although recovery was much improved 

compared with Assay A.  

However, recovery from spiked samples was still not optimal even though parallelism 

appeared to be satisfied, and relatively low values were also measured in the normal plasma 

samples. The intra-assay coefficient of variation was certainly not acceptable, and therefore 

either the extraction of IGF-1 from binding proteins or the degree of binding to the capture 

antibody may have been very variable from sample to sample or well to well.  

Of the three IGF-1 assays evaluated, Assay C was the most suitable for measuring IGF-1 

concentrations in the horse. This assay had an excellent coefficient of variation, both intra- 
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and inter-assay, showed good dilutional parallelism and the plots of expected to observed 

concentrations in the diluted samples clearly demonstrated a linear relationship. The assay 

results in normal equine plasma were in the range of approximately 100-200 ng/mL which 

was at least an order of magnitude higher than the other two assays. The percentage recovery 

after spiking samples (88.42%) was slightly lower than the recovery reported by the 

manufacturer (95%), and this was acceptable although still not ideal. The improved recovery 

compared with the other two kits may have been related to the extraction method, since the 

other kits used the acid-ethanol technique; however, acid-ethanol extraction has been 

considered as an acceptable method in previous assays, including the very useful and 

sensitive RIAs (Noble et al., 2007). The range of normal concentrations for IGF-1 in equine 

plasma reported using radioimmunoassay techniques is around 300 ng/mL (Noble et al., 

2007). That study measured concentrations in Thoroughbreds, which presumably would have 

IGF-1 concentrations similar to Standardbreds, which had the lowest IGF-1 concentrations of 

the breeds in our study. Therefore assuming the RIA is accurate, ELISA assay C may tend to 

under-report the true plasma concentration, and this might be associated with the recovery 

being less than 100%. However, in the studies by Noble et al. (2007) and Ropp et al. (2003), 

it is notable that they measured IGF-1 in samples of serum rather than plasma. It could be 

argued that plasma samples might be more appropriate for the measurement of IGF-1, 

because platelets contain significant quantities of IGF-1 (bound to IGFBP-3) within their 

alpha granules (Chan and Spencer, 1998). This additional IGF-1 would be released during the 

clotting process, accounting for a considerably higher apparent concentration. Therefore the 

concentrations found in the present study, using heparinised plasma, may represent more 

accurately the actual circulating concentration of this hormone. Serum samples were not 

available in the present study for comparison. Heparinised plasma consistently gave higher 

values than EDTA plasma. It should be noted that EDTA has occasionally been found to 

interfere with some types of ELISA (Assink et al., 1983).  

It was interesting to note that the plasma IGF-1 concentrations recorded in samples from 

ponies appeared to be higher than those observed in the horse breeds, although this was not 

the primary objective of the current study. Further studies would be necessary to confirm 

whether there are breed differences. If there are, then this would not appear to be related to 

the hyperinsulinaemia and insulin resistance seen in ponies, because the IGF concentrations 

in Andalusian horses (which also show this tendency) were not different to Standardbreds 

(Bamford et al., 2014). These findings confirm the suitability of the IGF-1 ELISA-
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Immunoenzymometric assay manufactured by IDS for use in the horse and this kit seems to 

provide a convenient, straightforward and cost effective method for measuring this growth 

factor.  

It may have applications for detecting the use of growth hormone or its mimetics and in the 

investigation of developmental osteochondral disease and endocrinopathic laminitis. Caution 

should be used when comparing equine studies where different analytical techniques have 

been used to measure concentrations of IGF-1. 

3.5  Tables 

Table 1. Comparison between different assay kits for the measurement of IGF-1 in heparinised equine 

plasma from ponies, Andalusian horses and Standardbred horses.  

Intra-assay coefficients of variation (CV) were calculated from the standard deviation (SD) expressed 

as a % of the mean; recovery was calculated by using spiked samples and linearity was determined by 

linear regression from plots of observed vs expected values.  
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Mean 

(ng/mL) 

SD CV % % Recovery Linearity 

(r2) 

Parallelism 

(yes/no) 

Assay A (Abcam)       

Pony 2.25 3.90 173.21 43.20 0.77 No 

Andalusian 1.05 1.69 160.99 18.68 0.47 No 

Standardbred 1.00 1.25 124.90 24.70 0.84 No 

Mean   153.00 28.86   

SEM   14.50 7.38   

       

Assay B (Cusabio)       

Pony 17.25 9.14 52.98 72.98 0.99 Yes 

Andalusian 15.71 7.84 49.90 81.93 0.97 Yes 

Standardbred 11.97 2.10 17.57 73.01 0.99 Yes 

Mean   40.15 75.97   

SEM   11.30 2.98   

       

Assay C (IDS)       

Pony 174.26 1.94 1.14 90.40 0.99 Yes 

Andalusian 124.95 3.69 2.95 82.92 0.99 Yes 

Standardbred 123.21 8.24 6.69 93.13 0.99 Yes 

Mean   3.59 88.82   

SEM   1.63 3.05   
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Table 2. Comparison between EDTA and heparinised plasma samples. IGF-1 concentrations were 

measured in EDTA and heparinised plasma samples from ponies and horses.  

Intra-assay coefficients of variation (CV) were calculated from the standard deviation (SD) expressed 

as a % of the mean; recovery was calculated by using spiked samples and linearity was determined by 

linear regression from plots of observed vs expected values.  

 

 Mean 

(ng/mL) 

SD CV % % Recovery Linearity 

(r2) 

Parallelism 

(yes/no) 

EDTA plasma       

Pony 121.12 14.82 12.24 83.69 0.99 Yes 

Andalusian 94.30 4.15 4.40 90.85 - No 

Standardbred 70.36 0.60 0.85 86.75 - No 

Mean   5.83 87.10   

SEM   3.36 2.07   

       

Heparin Plasma       

Pony 201.95 14.16 7.01 93.25 1.00 Yes 

Andalusian 146.16 3.64 2.49 90.79 0.99 Yes 

Standardbred 138.74 5.24 3.77 87.92 1.00 Yes 

Mean   4.42 90.65   

SEM   1.35 1.54   

 

 

 



82 
 

3.6  Figures  
 

 

Figure 6. Observed vs. expected concentrations of IGF-1 measured by Assay C, following dilution of 

pony (a), Andalusian (b) and Standardbred (c) heparinised plasma.  

R2 values were 0.99 in all cases. The plasma assayed for each breed group was a pooled sample 

containing 6 individual animals.
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CHAPTER 4 - Plasma insulin-like growth factor-1 concentrations in ponies and 
horses under conditions of weight gain and weight loss 

4.1 Introduction 

Equine laminitis is a common multifactorial condition that has significant welfare 

implications for affected animals (Bailey et al., 2004b; Harris et al., 2006; Carter et al., 

2009c).  Endocrinopathic laminitis is the most common form of this disease (Johnson et al., 

2010) and has been associated with  the clinical combination of obesity and insulin 

dysregulation, termed equine metabolic syndrome (EMS) (Frank et al., 2010). Although 

obesity often occurs with insulin dysregulation, obesity itself does not seem to be a causal 

factor of insulin resistance in horses and ponies as shown in recent studies (Bamford et al., 

2016; Lindåse et al., 2016). Certain breeds and types of equid appear to be more predisposed 

to insulin dysregulation and regional or generalised adiposity and thus endocrinopathic 

laminitis; these include most pony breeds as well as some horse breeds such as Morgans, 

Paso Finos and those with Spanish blood lines (Frank, 2006). Andalusian horses, a breed of 

Spanish Warmblood also known as Pura Raza Española, are predisposed to obesity, often 

exhibiting a cresty neck and their predisposition to laminitis is more apparent (Riber et al., 

1995; Sánchez et al., 2017). Interestingly, the insulin response of Andalusians to oral and 

intravenous glucose challenges is similar to pony breeds, yet quite distinct from Standardbred 

horses, a breed known for a leaner phenotype (Bamford et al., 2014). 

The role that insulin plays in the development of laminitis is becoming clearer having shown 

that the prolonged administration of insulin can induce laminitis in healthy ponies and horses 

(Asplin et al., 2010; de Laat et al., 2010a). This insulin-induced model of laminitis is 

histologically distinct from other forms of the condition, with an increased rate of epidermal 

basal cell mitosis (Nourian et al., 2009; Asplin et al., 2010). A recent in vitro study has also 

shown that proliferation of the lamellar epithelia cells is insulin concentration-dependent 

(Baskerville et al., 2018). Due to the lack of insulin receptors within the lamellae (Burns et 

al., 2013), current research is focused on the potential involvement of the insulin-like growth 

factor-1 (IGF-1) receptor (IGF-1R) as an insulin/IGF-1R complex (de Laat et al., 2011; Burns 

et al., 2013; de Laat et al., 2013; Baskerville et al., 2018). As such, IGF-1 may also play a 

role in the pathogenesis of laminitis due to the complex interdependent relationship between 

itself and insulin, the insulin receptor and IGF-1R.  
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Insulin-like growth factor-1 and IGF-2 are protein hormones produced in the liver as well as 

various target tissues throughout the body (Werner et al., 2008). The IGFs, are so named due 

to the structural similarities they share with the insulin precursor, proinsulin (Ullrich et al., 

1986). The hepatic and local production of both these hormones is largely influenced by 

growth hormone (GH) and it is now recognized that they exert both endocrine and 

autocrine/paracrine actions (Werner et al., 2008). Research has indicated that GH, insulin and 

IGF-1 all have important roles in carbohydrate and lipid metabolism (Yakar et al., 2005) and 

although IGF-1 has been measured in horses previously in other studies including studies 

specific to IGF-1 concentrations in ponies (Köller et al., 2016) and horses (Noble et al., 

2007), differences in methodology yielded disparate results between studies. A direct 

comparison between different equine breeds using the same analytical method has not 

previously been performed. As research on the involvement of IGF-1/insulin/GH in equine 

metabolism is still at a relatively early stage, the measurement of plasma IGF-1 during 

periods of obesity, as well as comparing different breeds, may help us to further understand 

the involvement of IGF-1 in insulin dysregulation.  

It is also important to consider the role and concentrations of insulin-like growth factor 

binding proteins (IGFBPs) in the horse as circulating IGFs are almost entirely bound to the 

IGFBPs. Unbound, free IGFs have a significantly reduced half-life of around 10 minutes; the 

IGF’s half-life may be as long as 12 hours when specifically bound to IGFBP-3 (Ruan and 

Lai, 2010). There are 6 IGFBPs (IGFBP1-6) and of those the IGFBP-3 appears to be the most 

biologically important in humans (Laron, 1999). There is increasing interest in the role of the 

IGFBPs particularly in regards to human metabolic syndrome (Ruan and Lai, 2010) and their 

relation to biomarkers in cardiovascular disease in humans (Katz et al., 2016). Whilst the 

significance of increased plasma insulin concentrations in the development of laminitis has 

been well researched, there is now emerging evidence suggesting that insulin may also bind 

to IGFBPs and that the insulin/IGFBP and/or IGF/IGFBP complexes may also exert 

metabolic functions (Ruan and Lai, 2010). 

The aims of this study were to directly compare the IGF-1 concentrations of ponies and 

horses during weight gain and weight loss and to measure IGFBP-3 concentrations in equids 

to determine if the bioavailability of IGF-1 is effected during periods of obesity. It was 

hypothesised that breeds considered predisposed to endocrinopathic laminitis (Ponies and 

Andalusians) would have different plasma IGF-1 concentrations to a breed known for their 
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sensitivity to insulin (Standardbreds) and that changes in adiposity through diet and exercise 

would affect plasma IGF-1 concentrations in study subjects. 

4.2  Materials and Methods 

4.2.1 Animals 
Twenty-six animals were studied, including nine Standardbred horses, (9 ± 2 years), nine 

mixed-breed ponies (9 ± 1 years) and eight Andalusian-cross horses (8 ± 1 years). Twenty-

four animals participated in each phase of the study, with two animals (one Standardbred and 

one pony) replaced between the two phases. The height (cm) of each animal was measured at 

the withers using a measuring stick and body condition score was determined using the 

modified Henneke (1-9) body condition score (BCS) scale (Henneke et al., 1983; Kohnke, 

1992). Total body fat mass (TBFM) was determined by deuterium oxide dilution as 

previously described (Dugdale et al., 2011). A dexamethasone suppression test was 

performed to screen for pituitary pars intermedia dysfunction (McFarlane, 2011) and digital 

radiographs were taken to assess animals for any signs of previous laminitic episodes. All 

study subjects were weighed weekly and nutritional allowances were based on this weekly 

measured body weight. All animals were enrolled in a routine vaccination, anthelmintic and 

farrier program and were monitored daily by a veterinarian for any signs of illness or injury. 

All husbandry and experimental procedures were approved by the University of Melbourne 

Animal Ethics Committee (ID 1011918). 

4.2.2 Study design and diets 
This study consisted of two phases: a weight gain phase and weight loss phase. Complete 

descriptions of the protocol for each phase have been reported in previous studies (Bamford 

et al., 2016; Bamford et al., 2018) (Appendix F). Brief summaries of the experimental 

protocol for each phase are described below. 

4.2.2.1  Weight gain phase  
Obesity was induced over 20 weeks by two different hypercaloric diets: a cereal-rich diet 

(CHO) or a fat-rich diet (FAT). Each diet group contained 12 animals, including 4 of each 

breed (Ponies, Andalusians and Standardbreds). Animals in both diet groups had ad libitum 

access to grass hay and fresh water, and received twice-daily meals containing a base ration 

of soaked soyahull pellets (100g/100kg BW; Maxisoy, Energreen Nutrition), lucerne chaff 

(100g/100kg BW) and a vitamin and mineral supplement (60 mg/kg BW; Ranvet). Additional 
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calories in the form of micronised maize (Micrmaize, Hygain) for the CHO group, or liquid 

canola oil based blend (Energy Gold, Kohnke’s Own) and granulated vegetable fat (Cool 

Calories, Buckeye Nutrition) for the FAT group were added to the base ration. The total free 

fatty acid composition of the liquid oil and granulated vegetable fat was 90% and 95% 

respectively, both were chosen due to their known high digestibility in the horse (NRC, 2007) 

and palatability as reported by the manufacturers. The amount of micronized maize or 

vegetable fat was increased gradually over time to allow for gastrointestinal adaptation, with 

final amounts (455g/100kg BW micronized maize or 150g/100kg BW vegetable fat) 

providing approximately 200% of estimated daily digestible energy requirements (NRC, 

2007). A full analysis of these ingredients have been reported previously (Bamford et al., 

2016). As previously reported, this protocol resulted in overall increases in BCS from 5.2 ± 

0.2 to 7.6 ± 0.1 (P < 0.001) and in TBFM from 8.5 ± 0.6% to 16.4 ± 0.6% (P < 0.001) over 

the study period, with no differences detected between breed or diet groups using a general 

linear statistical model (P > 0.05) (Bamford et al., 2016).  

4.2.2.2  Weight loss phase  
Weight loss was encouraged over 12 weeks using one of two interventions: dietary restriction 

only (no exercise) or dietary restriction plus low-intensity exercise. Each intervention group 

contained 12 animals, including 4 of each breed (randomised after previous phase). During a 

4-week break between phases, all horses were provided with  ad libitum access to hay and 

fresh water, and received a daily meal containing lucerne chaff (50g/100kg BW) and a 

vitamin and mineral supplement (60mg/kg BW; Ranvet) five days per week. Upon 

commencement of the weight loss phase, all animals received mixed grass hay at 1.25% BW 

(dry matter basis), with hay divided up and fed three times per day (0700h, 1600h and 1900h) 

as well as a daily meal containing lucerne chaff (100g/100kg BW), soybean meal 

(100g/100kg BW) and a vitamin and mineral supplement daily at 0900h. A full analysis of 

these ingredients have been reported previously (Bamford et al., 2016), however the 

percentage NSC and crude protein of the hay was analysed and found to be <10%, the daily 

meal was thus included to ensure adequate dietary protein intake and minimise muscle 

wastage. Animals in the exercise group were exercised 5 days per week using an automated 

horse walker (Priefert Australia) for a total of 25 minutes per session: 5 minutes walking, 15 

minutes brisk trotting and 5 minutes walking. This protocol resulted in overall decreases in 

BCS from 7.6 ± 0.1 to 5.9 ± 0.2 (P <0.001) and in TBFM from 16.7 ± 0.5% to 11.6 ± 0.5% 
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(P < 0.001), with no differences detected between breed or intervention groups using a 

general linear statistical model (P > 0.05) as previously reported (Bamford et al., 2018). 

4.2.3  Blood collection  

Blood samples were collected at the beginning and end of each phase to determine plasma 

concentrations of IGF-1 and IGFBP-3. Heparinised blood samples were collected 

immediately before the morning meals via aseptic venepuncture of the jugular vein using the 

BD Vacutainer system. After collection, samples were placed on ice immediately and 

transported to the laboratory. Blood samples were centrifuged at 1000 X g at 4oC for 10 min, 

with plasma separated and stored at -80oC pending analysis.  

4.2.4  Laboratory analysis 

4.2.4.1  Plasma IGF-1 

Plasma IGF-1 concentrations were measured using an IGF-1 sandwich ELISA 

(Immunodiagnostic Systems, Boldon, UK) that has been validated previously for equine 

plasma samples (Baskerville et al., 2017). All samples were processed according to the 

manufacturer’s instructions.  

4.2.4.2  Plasma IGFBP-3 

Plasma IGFBP-3 was measured using an ELISA (Bluegene Biotech, Shanghai, China). The 

assay was performed according to manufacturer’s instructions, and has been validated 

previously for use in horses (Menzies-Gow et al., 2017). The simple ratio of IGF-1 to IGFBP-

3 was calculated using Microsoft Excel. 

4.2.5  Data analysis 

Statistical procedures were performed using SPSS (IBM, New York, USA) and GraphPad 

Prism 4 (GraphPad Software, California, USA). Data from the weight gain phase were 

analysed using a mixed model ANOVA with time (Week 0 vs. Week 20) as the within-

subject factor (surrogate for body condition since animals were moderate at Week 0 and 

obese at Week 20), and diet and breed as between-subject factors. If significant, interactions 

were investigated for main effects using a general linear model with Tukey’s post hoc test. 

Sex was initially evaluated in the model, but was removed when not significant. Normality 

was evaluated with the Shapiro-Wilk test and homogeneity of variance was evaluated with 
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Levene’s test. Data from the weight loss phase were evaluated in a similar manner to the 

weight gain model, except “diet” was replaced with “exercise” and the times analysed were 

Week 0 vs. Week 12. 

In order to assess the overall effects of weight gain or weight loss with the animals not 

separated by diet or breed, further analysis was conducted using a Wilcoxin matched-pairs 

signed rank test. Plasma concentrations of IGF-1 and IGFBP-3, as well as the IGF-1:IGFBP-

3 ratios were evaluated before and after weight gain, and IGF-1 was evaluated before and 

after weight loss. The correlation between horse height and plasma IGF-1 concentration prior 

to weight gain was assessed using Spearman’s rank correlation. All data were reported as 

mean ± SEM, with significance accepted when P < 0.05. 

4.3  Results  

All animals remained clinically healthy throughout both phases of the study, with no 

instances of laminitis observed.  

4.3.1 Weight gain phase 

4.3.1.1  Plasma IGF-1 

Prior to weight gain, plasma IGF-1 concentrations were 154.0 ± 13.8 ng/mL for Ponies, 112.0 

± 10.3 ng/mL for Standardbreds and 104.3 ± 12.6 ng.mL for Andalusians (n = 8 for each 

breed). There was a significant correlation between animal height and baseline plasma IGF-1 

concentration (rs = -0.65, P < 0.001; Figure 1). Plasma IGF-1 concentrations during the 

weight gain phase are shown in Table 1. There was a significant main effect of breed (P = 

0.0095), with ponies demonstrating higher IGF-1 concentrations compared with 

Standardbreds (P = 0.018) and Andalusians (P = 0.020) but not between Andalusians and 

Standardbreds (P = 0.99). No significant interactions were detected in the statistical model 

(all P ≥ 0.015). 

4.3.1.2  Plasma IGFBP-3 

Plasma IGFBP-3 concentrations during the weight gain phase are shown in Table 2. No 

significant main effects or interactions were detected. However, the ratio of IGF-1:IGFBP-3 

did demonstrate a diet x breed interaction (P = 0.023). Further investigation of this significant 
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two-way interaction indicated a significant difference at Week 20, when Ponies had a 

significantly greater IGF-1:IGFBP-3 ratio compared with Standardbreds (P = 0.006) and 

Andalusians (P = 0.005). Overall comparisons between lean and obese horses are shown in 

Figure 2. Obese horses had lower IGF-1 (P = 0.0053), higher IGFBP-3 (P = 0.001) and lower 

IGF-1:IGFBP-3 ratios (P < 0.001) compared with lean horses.  

4.3.2 Weight loss phase 

4.3.2.1  Plasma IGF-1  

Plasma IGF-1 concentrations from the weight loss phase are shown in Table 3. A significant 

simple main effect of breed was again detected (P < 0.001), with ponies demonstrating 

greater IGF-1 concentrations compared with Standardbreds (P < 0.001) and Andalusians (P = 

0.004). There was no apparent main effect of exercise on plasma IGF-1 concentrations (P = 

0.91) and no significant interactions were detected (all P > 0.50). There was a significant 

increase in IGF-1 after weight loss (P = 0.0048). Overall values increased from 107.4 ± 8.6 

ng/mL at Week 0 to 134.5 ± 10.5 ng/mL at Week 12. Plasma concentrations of IGFBP-3 

were not measured during the weight loss phase. 
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4.4  Tables  

Table 3.  Plasma insulin-like growth factor-1 (IGF-1) and insulin-like growth factor binding protein-3 (IGFBP-3) concentrations (ng/mL) in different equine 

breeds during diet-induced weight gain, receiving either a cereal-rich (CHO diet) diet or isocaloric fat-rich diet (FAT diet).  

Values represent observed mean ± SEM. Significant main effect of IGF-1 by breed (P = 0.0095). No significant 3-way or 2-way interactions were detected for 

IGF-1 or IGFBP-3 (all P > 0.10). 

   Diet group 
Variable Week Breed CHO diet FAT diet 
     

IGF-1 ng/mL Week 0 (moderate BCS) Ponies 149.5 ± 22.2 158.4 ± 19.6 

  Andalusians 88.8 ± 7.5 119.9 ± 22.8 

  Standardbreds 115.0 ± 17.9 109.1 ± 13.1 

     
 Week 20 (obese BCS) Ponies*a,b 119.6 ± 22.2 155.5 ± 29.0 

  Andalusians*b 99.8 ± 9.8 93.5 ± 3.4 

  Standardbreds*a 70.2 ± 12.0 105.6 ± 20.8 

     

IGFBP-3 ng/mL Week 0 (moderate BCS) Ponies 9.3 ± 4.9 2.1 ± 0.2 

  Andalusians 2.0 ± 0.2 2.6 ± 0.5 

  Standardbreds 2.5 ± 0.9 3.8 ± 1.3 

  
 Week 20 (obese BCS) Ponies 9.5 ± 5.0 2.3 ± 0.1 

  Andalusians 2.9 ± 0.1 3.6 ± 0.7 

  Standardbreds 3.3 ± 0.9 6.8 ± 3.2 
* represents simple main effects from the statistical model a,b pairs show where means are significantly different from each other    
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Table 4. Plasma concentrations (ng/mL) of insulin-like growth factor-1(IGF-1) in different equine breeds during an exercise induced and restricted calorie 

weight loss program.  

 Values represent observed mean ± SEM from n=8 animals per breed (4 per breed in each diet group). Significant main effect of IGF-1 by breed (P < 0.001). 

No significant 3-way or 2-way interactions were detected (all P > 0.10). 

* represents simple main effects from the statistical model a,b pairs show where means are significantly different from each other 
 
 
 
 
 
 
 

   Exercise group 
Variable Week Breed Exercise No Exercise 
     

IGF-1 ng/mL Week 0 (obese BCS) Ponies 140.1 ± 19.0 146.6 ± 17.1 

  Andalusians 95.4 ± 8.5 95.4 ±  9.6 

  Standardbreds 89.2 ± 22.0 86.1 ± 13.8 

     
 Week 12 (moderate BCS) Ponies*a,b 192.9 ± 32.7 170.9 ± 28.4 

  Andalusians*b 113.3 ± 17.2 128.6 ± 13.7 

  Standardbreds*a   99.7 ± 17.3 111.0 ± 11.6 
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4.5  Figures  

 

 

Figure 7. Correlation between height at the withers and baseline plasma insulin-like growth factor-1 

(IGF-1) concentrations in ponies and horses.  
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Figure 8. Plasma concentrations of insulin-like growth factor-1 (IGF-1) and insulin-like growth factor-binding protein-3 (IGFBP-3) and the ratio of IGF-

1:IGFBP-3 in ponies and horses (n = 24) in moderate body condition and obese body condition. 

Boxes and whiskers indicate the median, interquartile range and range. *Indicates significant difference between moderate and obese body condition.  
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4.6  Discussion  

The effects of obesity and diet on insulin dysregulation have been considered previously in 

horses (Carter et al., 2009c; Bamford et al., 2016; Lindåse et al., 2016) and it is clear that 

insulin itself plays a critical role in laminitis. This is not only apparent in in vivo studies of 

healthy ponies showing that laminitis can be induced with prolonged administration of insulin 

(Asplin et al., 2010; de Laat et al., 2010a) but also in a recent in vitro study, showing that 

cellular proliferation of the lamellar epithelial cells occurs when the concentration of insulin 

increases (Baskerville et al., 2018). It has been postulated that insulin signalling, at the 

surface of the lamellar epithelial cells, is mediated through the IGF-1R (de Laat et al., 2011; 

Burns et al., 2013; de Laat et al., 2013; Baskerville et al., 2018) and as such, it is important to 

consider if the IGF-1 hormone plays a role in the aetiology of laminitis, either directly or 

indirectly.  

The IGF-1 hormone is also important in glucose homeostasis in other species (Sjögren et al., 

2001) and the role of IGF-1 in carbohydrate and lipid metabolism in horses has been 

considered in the past in a study of growing Thoroughbreds (Staniar et al., 2007). 

Researchers here found that animals fed a starch and sugar-rich feed maintained higher 

concentrations of plasma IGF-1 than those fed a fat and fibre-rich feed (Staniar et al., 2007). 

An IGF-1/insulin correlation has also been noted in equids in a study of Welsh Pony mares 

looking at the effects of nutrition on the anovulatory phase and associated hormone 

concentrations (Salazar-Ortiz et al., 2011). Here researchers were able to show that plasma 

IGF-1 concentrations were higher in mares maintained in good body condition compared to 

the concentrations of mares kept in thin condition (Salazar-Ortiz et al., 2011). It was 

hypothesised that IGF-1 concentrations would increase with weight gain similar to the 

findings of Salazar-Ortiz et al (2011) and decrease with weight loss, following a similar 

pattern of IGF-1 concentrations described in obese humans. In one study of human IGF-1 

concentrations, authors found that the plasma concentration of IGF-1 is greatest when 

participants were overweight and that these concentrations decreased when the participant’s 

body mass index fell within a normal weight range following diet changes and exercise 

(Lukanova et al., 2002).  

During the weight gain phase of the present study, all three breed groups achieved an obese 

body condition score (>7 out of 9) (Bamford et al., 2016) and mean plasma IGF-1 

concentrations did change significantly with weight loss. Interestingly and conversely to 
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Salazar-Ortiz et al (2011), IGF-1 plasma concentrations were observed to increase during 

weight loss, and returned to concentrations comparable to those found at the start of weight 

gain when animals were in moderate body condition. It is unknown as to why this occurred, 

however, during a large cohort study of ponies in the United Kingdom, researchers evaluated 

the concentration of a number of hormones annually for three years to determine potential 

risk factors for pasture-associated laminitis (Menzies-Gow et al., 2017). A number of 

hormones were found to be risk factors, including IGF-1, where IGF-1 concentrations were 

significantly different between non-laminitic ponies and those that had developed pasture-

associated laminitis during the second year of the study (Menzies-Gow et al., 2017). As the 

BCS of study subjects were not similarly reported, direct comparisons between this study and 

the present study are not possible, however, it is interesting to note that laminitic ponies had 

lower IGF-1 concentrations than the non-laminitic ponies (Menzies-Gow et al., 2017). These 

parallels are considered with caution, and in the present study, subjects started and returned to 

moderate body condition rather than thin condition thus, there may be other mechanisms at 

play in very thin animals.   

A significant breed difference was observed throughout the weight loss study, with ponies 

exhibiting higher plasma IGF-1 concentrations than both Andalusians and Standardbreds, 

regardless of degree of adiposity. These findings could suggest that circulating concentrations 

of IGF-1 may vary between horse breed and/or height, where higher plasma IGF-1 

concentrations were observed in Ponies compared to Andalusian and Standardbred breeds. 

This finding is interesting as previous research into IGF-1 concentrations of dogs found that 

plasma IGF-1 concentrations in small breed dogs were lower than larger breeds (Eigenmann 

et al., 1984). More recently, Sutter et al (2007) in their study comparing  an IGF-1 single 

nucleotide polymorphism (SNP) haplotype between large breed and small breed dogs found 

that the IGF-1 SNP is common to all small breed dogs but significantly reduced in the large 

breed dog (Sutter et al., 2007). Furthermore, a study characterising a microsatellite in the 

promoter region of the IGF-1 gene in horses found no association between the size of the 

horse and IGF-1 allelic composition and more specifically, that the Miniature Horse shared 

the same allelic composition as the Andalusian and both had significant allelic composition 

overlap with the Standardbred (Caetano and Bowling, 1998). 

The effects that a number of factors have on circulating IGF-1 have been considered in the 

past also and despite there being a significant difference in IGF-1 concentrations between 

stallions and mares and stallions and geldings, and a gradual decrease in IGF-1 with 
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increasing age, the authors here conclude that IGF-1 is a relatively stable hormone throughout 

the day, regardless of training or exercise regimen (Noble et al., 2007). Similarly, Ponies 

exhibited higher plasma IGF-1 concentrations than both Andalusians and Standardbreds, 

regardless of exercise, exercise seemingly having no significant effect on the plasma IGF-1 

concentrations across any group in comparison with the group receiving no additional 

exercise. It was considered though, that exercise may have a lowering effect on the IGF-1 

concentration of study participants as findings from human studies looking at the effect of 

diet and exercise on IGF-1 concentration showed that participants following an 11 day diet 

and exercise program reduced their IGF-1 concentrations by 20% (Ngo et al., 2002). The 

findings from the present study suggest that 12 weeks exercise had little effect on the plasma 

concentration of IGF-1 in the horse. The exercise program implemented in the present study 

was aimed to represent an achievable program for most pony owners and would be 

considered as light exercise. A more strenuous exercise program might have caused a 

measurable effect; however, a rigorous exercise program for breeds such as the Standardbred 

or Thoroughbred would be largely inappropriate for obese ponies. 

As mentioned previously, the role of IGFBPs may be important to consider when 

investigating IGF-1 to determine if an insulin/IGFBP and/or IGF/IGFBP complexes exert any 

metabolic functions in horses. There were however, no significant differences found in 

plasma IGFBP-3 between breed groups, either before or after the 20 week weight gain period 

and the high grain diet did not have any significant effect on IGFBP-3 in comparison with the 

high fat diet. A study comparing the IGFBP-3 concentrations between overweight mares on a 

high caloric diet to thin mares on a restricted diet found that IGFBP-2 was elevated but that 

there was no significant differences in IGFBP-3 concentrations (Salazar-Ortiz et al., 2014). 

And although, whilst not looking at obesity or a breed effect, a recent study determining risk 

factors and possible biomarkers for the development of laminitis found no significant 

differences in the IGFBP-3 concentrations of the 446 subjects recruited for their study 

(Menzies-Gow et al., 2017). This suggests that further research in the circulating 

concentration of IGFBPs in horses may be warranted in the future and that although IGFBP-3 

may be the most biologically significant in humans, this may not be the case in horses. 

Whilst there were no significant differences found in plasma IGFBP-3 between breed groups, 

there was, however, a significant difference in subjects’ IGFBP-3 concentrations when 

compared to the start and end of the weight gain phase. Here, the fact that the IGF-1 and 

IGFBP-3 concentrations, and thus the IGF-1:IGFBP-3 ratios were significantly different in 
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subjects at the start and the end of the weight gain study, suggests that the bioavailability of 

IGF-1 may be altered with weight gain. More specifically, this ratio was decreased when the 

animals were obese compared to the ratio found when the animals were in moderate body 

condition, pointing to a decrease in IGF-1 bioavailability in horses when in an obese state. 

There was also a significant effect of diet on IGF-1:IGFBP-3 ratio within the FAT group 

where Ponies had a higher IGF-1:IGFBP-3 ratio than the other two breeds in the same diet 

group, and although not significant, Ponies in the CHO group had lower IGF-1:IGFBP-3 

ratios than the other two breeds. This was not replicated for either IGF-1 or IGFBP-3, and so, 

this may actually suggest that there was a small difference between the groups on the two 

diets prior to weight gain purely a result of the randomisation into groups and as such, there 

was probably not a true diet effect seen in this study. 

Although this study was able to show differences in the circulating concentration of IGF-1 

between Ponies and Standardbreds, the EMS and laminitis-prone Andalusian horses had 

similar IGF-1 concentrations to Standardbreds. This suggests that not all insulin-resistant 

breeds predisposed to endocrinopathic laminitis will have increased plasma IGF-1 

concentrations. There is much that we do not yet know regarding the interplay between 

insulin, GH and IGF-1 hormone in equids, which may also account for the observed breed 

differences in IGF-1. To the authors’ knowledge, there have been no previous studies directly 

comparing the circulating concentration of GH between ponies and horses, this may be useful 

to elucidate to determine if there are inherent differences between the insulin-resistant breeds 

and the more insulin-sensitive breeds of horses. And although it appears that there is no 

evidence to date that supports an inherent genetic difference in the mechanism by which IGF-

1 is produced in ponies compared with horses, there could be differences at the cell signalling 

level in the cells producing IGF-1. For example, hepatocytes may have different transcription 

factors that result in changes in responsiveness to stimuli such as increases in GH or insulin.  

4.7  Conclusion 

The studies presented here indicate that there appears to be an increase in baseline IGF-1 with 

decreasing horse size, which is reflected in the pony breeds exhibiting significantly higher 

concentrations. Furthermore, body condition may also effect IGF-1 and its bioavailability. 

The reasons for this difference are unclear; circulating GH concentrations were not evaluated 

in this present study but studies of a similar nature looking at GH concentrations may be 
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useful in the future to determine whether GH follows a similar pattern to the associated IGF-1 

concentrations seen here. These observations are interesting because IGF-1 has been found to 

play a role in glucose homeostasis in other species. As both pony breeds and Andalusian 

horses are considered predisposed to metabolic syndrome and endocrinopathic laminitis, 

these findings are perhaps not consistent with IGF-1 playing a role in these metabolic 

conditions. Nevertheless, further investigation of the interplay between insulin and IGF-1 in 

horses and ponies is warranted, particularly during periods of obesity. 
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CHAPTER 5 - Postprandial glucose-dependent insulinotropic polypeptide (GIP) 
responses of different equine breeds adapted to meals containing micronized 
maize 

5.1 Introduction  

The role of GLP-1 and GIP in insulin secretion is significant, it has been shown that 50-70% 

of postprandial glucose mediated insulin secretion (as opposed to intravenous glucose 

mediated insulin secretion) is due to the incretin effect (Capozzi et al., 2018). The action of 

incretin hormones being released from the enteroendocrine cells of the small intestine and 

influencing the release of insulin from the pancreatic islets of Langerhans cells in response to 

oral glucose has been termed the enteroinsular axis (Unger and Eisentraut, 1969). And whilst 

extensive research has been performed on the enteroinsular axis in humans, similar studies 

are limited in horses.  

In the horse, the GIP response to glucose seems to be comparable to those seen in humans 

and other species, that is GIP concentrations are only increased significantly following oral 

administration of glucose rather than intravenous administration (Dühlmeier et al., 2001; de 

Graaf-Roelfsema, 2014). However, whilst de Laat et al. (2016) found that both GLP-1 and 

GIP were greater after oral glucose than intravenous, they concluded that the incretin effect 

may not be as significant as that described in humans, with only 23% of insulin concentration 

variation being explained by GLP-1 as opposed to the 70% described in humans. This 

suggests that whilst the enteroinsular axis is conserved between the two species and certain 

similarities do exist, direct comparisons should be done so with caution and further highlights 

the importance of enteroinsular axis research in horses.  

In a previous study by our group, postprandial GLP-1 concentrations were measured and it 

was found that the area under the curve (AUC) values were significantly higher in ponies and 

Andalusian horses compared to Standardbred horses (breed × time interaction) (Bamford et 

al., 2015). This finding is interesting as ponies and certain breeds of horse including the 

Andalusian horse, appear to be more predisposed to obesity and insulin dysregulation than 

breeds of horse known for a leaner phenotype like the Standardbred (Frank, 2006; Bamford et 

al., 2014). It was also demonstrated after correlation analysis, that there was a strong positive 

association between concentrations of insulin and GLP-1 over time (Bamford et al., 2015). It 

was therefore considered that the increased insulin concentrations in ponies and Andalusian 
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horses could be attributed to increased GLP-1 release as well as decreased insulin sensitivity 

(Bamford et al., 2015).  

It is becoming clearer from human studies, that both GLP-1 and GIP should be considered in 

unison due to their dual role in glucose regulation. There is some evidence to suggest that at 

higher glucose concentrations, GLP-1 might be more effective at stimulating insulin secretion 

than GIP, however, human studies have also shown that under normal physiological 

conditions, both GLP-1 and GIP will have equal contributions to postprandial insulin 

secretion due to higher plasma concentrations of GIP (Vilsbøll et al., 2003). In the previous 

study by our group, postprandial GIP concentrations were not measured, so it was not 

determined if GIP levels were different between the breeds or if the difference in postprandial 

insulin responses observed between breeds could be due to a GIP response.  

The aim of this study was to assess postprandial concentrations of GIP in horses and ponies 

after a 12-wk adaptation to twice-daily meals containing micronized maize. We hypothesized 

that the increased postprandial insulin concentrations previously described in ponies and 

Andalusian horses compared with Standardbred horses, would correlate with an increase in 

GIP concentrations in these breeds.   

5.2  Materials and Methods 

5.2.1 Experimental animals 
In total, twelve animals were used in this 12 week study. Four Standardbred horses (STB 5 to 

14 yr, 458 ± 17 kg, BCS 5.2 ± 0.2), 4 mixed-breed ponies (PON 5 to 10 yr, 300 ± 19 kg, BCS 

5.3 ± 0.3), and 4 Andalusian-cross horses (AND 4 to 11 yr, 509 ± 23 kg, BCS 5.7 ± 0.3). All 

animals had a general health exam prior to the study as well as a dexamethasone suppression 

test to screen each animal for pituitary pars intermedia dysfunction (McFarlane, 2011). 

Animals also had digital radiographs taken to assess for any signs of previous laminitis. 

Animals participated in a routine vaccination, de-worming and farriery program throughout 

the course of the study and were monitored daily for any signs of illness or injury. All horses 

were housed at the University of Melbourne’s Faculty of Veterinary and Agricultural 

Sciences facility in Werribee, Victoria. Animals were housed in large dry lot paddocks with 

ad libitum access to water and hay (sourced from a single batch; Table 1) and with individual 

feed intake monitored closely throughout. Animals were weighed at the start of each week 
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using portable equine scales (EziWeigh, Tru-Test Ltd, Auckland, New Zealand) so that meals 

could be adjusted accordingly throughout the study. Body condition score (BCS) was 

assessed based on the visual appraisal of a single experienced investigator based on a 9-point 

scale (Henneke et al., 1983; Kohnke, 1992). Bodyweight at Week 0 and Week 12 was 

measured as described above with body weight at Week 12 reported as the percentage change 

from Week 0. All animal husbandry procedures were performed in accordance with the 

Australian Code of Practice for the care and use of Animals for Scientific Purposes and all 

experimental procedures were approved by the University of Melbourne’s Animal Ethics 

Committee (ID 1011918). 

5.2.2 Diets 
Individual meals were provided to study subjects twice daily (0800 h AM meal and 1600 h 

PM meal) over the course of the 12 week study. To ensure diet adherence, each animal was 

moved to an individual woodchip/dirt yard during these times and were monitored to ensure 

meal consumption. The full details of the study diets have been reported elsewhere by 

Bamford et al. (2016). Briefly; each animal received individual meals on a “per kg 

bodyweight (BW)” basis which consisted of a mix of soaked soyahull pellets (100g/100kg 

BW; Maxisoy, Energreen Nutrition, Shailer Park, QLD, Australia), lucerne chaff 

(100g/100kg BW) and a vitamin and mineral supplement (60 mg/kg BW; Ranvet, East 

Botany, NSW, Australia) was added once a day to the AM meal. The micronized maize 

(Micrmaize, Hygain, Officer, VIC, Australia) was mixed with the base ration, and was 

gradually increased from 0.7g/kg BW (Week 0) to 1.7g/kg BW (Week 12) to allow for 

digestive adaptation (Bamford et al., 2015).   

5.2.3 Sample collection  
Sampling for glucose, insulin, GLP-1 and GIP analysis took place after 12 weeks of feeding 

and occurred over two days with 6 horses being sampled each day. On the day of sampling, 

animals were brought into their pens approximately 1 hour before the AM meal and an 

intravenous 12G catheter was placed in the left jugular vein under local anaesthesia. Baseline 

blood samples were drawn before the AM meal and then serial blood sampling commenced 

following the AM meal for 14 hours (10mL of blood was drawn at each time point), the PM 

meal was given at the 8h blood sample. Hay and fresh water was available at all times over 

the course of sampling. After collection, samples were placed on ice immediately and 

transported to the laboratory and plasma was then separated (centrifugation 1,000 x g for 10 



105 
 

minutes at 4oC) and harvested and stored in 1mL aliquots at -80oC and was not thawed until 

assayed.  

5.2.4 Plasma analysis  
Plasma concentrations of GIP were determined using an ELISA (Human GIP [total] ELISA 

kit; EMD Millipore Corporation, St. Charles, Missouri USA; cat# EZHGIP-54K) previously 

validated for equine plasma (de Laat et al., 2016). Determination of plasma concentrations of 

glucose, insulin and GLP-1 have been reported previously by Bamford et al. (2015). Briefly, 

glucose concentrations were determined using a hexokinase colorimetric assay (Cayman 

Chemical Co., Ann Arbor, MI) and plasma insulin concentration was measured using a RIA 

(Coat-A-Count, Siemens Diagnostics, Los Angeles, CA) which had been validated previously 

for equine plasma by Tinworth et al. (2011). Plasma concentrations of GLP-1 were measured 

using an ELISA (Merck Millipore, Darnstadt, Germany) which has been validated previously 

for equine plasma by Chameroy et al. (2010) (Bamford et al., 2015).  

5.2.5 Data analysis  
The area under the curve (AUC) for GIP, GLP-1, insulin and glucose were calculated using 

the non-overlapping trapezoid method (GraphPad Prism, version 6.02, GraphPad Inc., La 

Jolla, CA). The data analysis for glucose, insulin and GLP-1 have been reported previously 

by Bamford et al (2015). For glucose and insulin, baseline values for AUC calculations were 

the 0 h sample for the AM meal, and the 8 h sample for the PM meal with the AUC period 

defined as the first 6 h after each meal (Bamford et al., 2015). For GLP-1 and GIP, baseline 

values for AUC calculations were the 0 h sample for the AM meal, and the 8 h sample for the 

PM meal again, however, due to limited number of assays available concentrations at the 13 

h and 14 h time-points were not measured and the AUC period was defined as the first 4 h 

after each meal (Bamford et al., 2015).  

An outlier within the PON group was identified (greater than 5 SD above the mean for both 

meals) and so this animal was excluded from the statistical analyses (Bamford et al., 2015) 

but the data from this animal was considered individually. The Shapiro-Wilk test was used to 

assess normality and a Kruskall-Wallis test was used to compare the AUC values between the 

groups (Bamford et al., 2015). And relationships between glucose, insulin, GLP-1 and GIP 

were evaluated at each time-point from each animal using the Spearman’s rank-order 

correlation analysis. Data were reported as mean ± SEM and significance was determined at 

P < 0.05.  
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5.3  Results 

5.3.1 Animal body condition and feed consumption 
All animals remained clinically healthy throughout the study with BW and BCS increasing in 

all individuals (P < 0.001), no significant difference was detected between the breed groups 

(BW (P = 0.22): STB 12.5 ± 1.1 %; PON 15.6 ± 1.4 %; AND 14.1 ± 1.0 %. BCS (P = 0.56): 

STB 6.9 ± 0.1; PON 7.1 ± 0.3; AND 7.3 ± 0.3) (Bamford et al., 2015). There were no meal  

refusals throughout the study and on the day of sampling meals were consumed in a similar 

time by all animals (STB 16 ± 1 min; PON 15 ± 2 min; AND 16 ± 2 min (P = 0.91)) and 

there was no significant difference in hay consumption (by % BW, dry matter basis) over the 

24 h period (STB 2.1 ± 0.1 %; PON 2.3 ± 0.2 % AND 2.1 ± 0.1 % (P = 0.54)) (Bamford et 

al., 2015). 

5.3.2 GIP responses 
Plasma concentrations of GIP over the 14-h sampling period are shown in Figure 1, with 

AUC values shown in Table 2. Values for peak GIP were higher in the PON group compared 

with the AND group during both the AM and PM meals (P=0.0002 and P=0.05 respectively), 

however, there was no significant difference in peak GIP between the PON and STB groups 

at either the AM or PM meal. Values for AUCGIP were higher in the PON group compared 

with the AND group during the PM meal (P = 0.016), but there were no significant 

differences in AUCGIP between the groups following the AM meal. The GIP responses in the 

AND group were quite similar to those of the STB group.  

5.3.3 Glucose, insulin and GLP-1 responses 
Plasma concentrations of glucose, insulin and GLP-1 over the 14-h sampling period have 

been presented in Bamford et al. (2015) and are represented again in Figures 2, 3 and 4. For 

glucose, there was a significant time effect detected, where AUCglucose was lower after the PM 

meal than the AM meal (P = 0.037), there was no breed effect detected for glucose (P = 0.41) 

(Bamford et al., 2015). There was a significant breed effect for AUCinsulin, with a significantly 

larger AUCinsulin with PON and STB (P = 0.002) and AND and STB (P = 0.005) (Bamford et 

al., 2015). There was no effect of time on insulin responses (P = 0.87). There was a 

significant breed and time interaction for GLP-1 (P < 0.001) (Bamford et al., 2015). During 

the AM meal, AUCGLP-1 was higher in the PON group compared with STB (P = 0.016) and 
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during the PM meal, the AUCGLP-1 was higher in both the PON and the AND groups when 

compared with the STB group (P = 0.006 and P < 0.001, respectively) (Bamford et al., 2015).  

5.3.4  Correlations  
The plasma GIP concentrations did not significantly correlate with insulin concentrations 

over the sampling period (rs = 0.31; P =0.172) and GIP also correlated poorly with glucose (rs 

= 0.243; P =0.237) and GLP-1 (rs = 0.314; P =0.165).   

Correlations for glucose, insulin and GLP-1 over the 14-h sampling period have been 

previously presented in Bamford et al. (2015). In summary, insulin and GLP-1 concentrations 

were strongly correlated over the 14 h sampling period (rs = 0.752; P < 0.001), however, 

correlations were weaker between glucose and insulin (rs = 0.407; P < 0.001) and glucose and 

GLP-1 (rs = 0.271; P < 0.001).  

5.3.5 Outlier pony 
This pony demonstrated significantly exaggerated postprandial concentrations of both peak 

glucose and AUCglucose (AM meal: peak 8.6 mmol/L, AUCglucose 12.9 mmol·h/L; PM meal: 

peak 10.4 mmol/L, AUCglucose 14.9 mmol·h/L) as well as peak insulin and AUCinsulin (AM 

meal: peak 387.5 mU/L,  AUCinsulin 1454 mU·h/L; PM meal: peak 506.3 mU/L, AUCinsulin 

1816 mU·h/L) (Bamford et al., 2015). The pony’s postprandial GLP-1 levels were not 

increased relative to the other ponies (Bamford et al, 2015), however, postprandial 

concentrations of GIP were increased relative to the others in this group (AM meal: peak 

396.2 pmol/L, AUCGIP 1331.0; PM meal peak 411.5 pmol/L, AUCGIP 1126.0). Despite the 

significant hyperinsulinemia, this pony did not develop any clinical signs of laminitis. 
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5.3.6  Tables 

Table 5. Analysis of meal components (DM basis)1  

  Hay Base ration Micronized maize 

   DE, MJ/kg 7.1 9.5 16.3 

   CP, % 7.7 11.7 10.3 

   ADF, % 46.0 37.3 3.3 

   NDF, % 75.8 57.7 8.6 

   Non-structural carbohydrate, % 9.2 13.1 73.4 

   Water-soluble carbohydrate, % 7.3 8.7 3.3 

   Starch, % 1.8 4.4 70.1 

   Fat, % 1.8 3.7 4.3 

   Ash, % 5.5 5.6 1.3 

 

1Feed analysis by Equi-Analytical Laboratories, Ithaca, NY. 
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Table 6. Baseline, peak and AUC values are provided in the panel below for plasma GIP in Standardbred horses (n=4), ponies (n=4), and Andalusian horses 

(n=4) over a 14-h period.  

a,bWithin each timepoint, means without a common superscript differ (P = < 0.05).  

 

 

 

 

 

 

 

Table 7. Baseline, peak and AUC values are provided in the panel below for plasma glucose in Standardbred horses (n=4), ponies (n=4), and Andalusian 

horses (n=4) over a 14-h period as previously reported by Bamford et al. (2015).  

 

 

 

 

 

 

GIP Standardbred   Pony   Andalusian   

  AM PM   AM PM   AM PM   

    Baseline 44.2 ± 2.6a 51.2 ± 4.7   40.2 ± 2.1a 37.6 ± 3.4   8.6 ± 0.6b 32.8 ± 14.0   

    Peak 173.7 ± 5.4a 176.6 ± 12.2a   269.2 ± 50.2b 295.3 ± 44.2b   142.5 ± 7.1a 186.7 ± 30.2a   

    AUC 533.3 ± 60.1 359.8 ± 14.9a   777.2 ± 186.2 795.5 ± 116.7b   521.3 ± 95.9 344.7 ± 21.3a   

Glucose Standardbred   Pony   Andalusian   

  AM PM   AM PM   AM PM   

    Baseline 4.9 ± 0.1 5.0 ± 0.2   4.7 ± 0.2 5.1 ± 0.2   5.0 ± 0.1 5.0 ± 0.2   

    Peak 5.8 ± 0.1 5.7 ± 0.2   5.8 ± 0.2 5.8 ± 0.4   6.2 ± 0.4 6.6 ± 0.5   

    AUC 208 ± 31 174 ± 25   325 ± 31 222 ± 73   351 ± 110 298 ± 70   
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Table 8. Baseline, peak and AUC values are provided in the panel below for plasma insulin in Standardbred horses (n=4), ponies (n=4), and Andalusian 

horses (n=4) over a 14-h period as previously reported by Bamford et al. (2015).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Insulin Standardbred   Pony   Andalusian   

  AM PM   AM PM   AM PM   

    Baseline 4.5 ± 0.7 5.7 ± 0.7   4.9 ± 0.4 5.3 ± 1.7   11.1 ± 4.8 7.9 ± 1.4   

    Peak 27.0 ± 2.5a 29.9 ± 2.7a   80.3 ± 10.4b 100.3 ± 25.5b   88.7 ± 8.2b 108.4 ± 10.9b   

    AUC 69.2 ± 4.6a 56.9 ± 11.3a   192.5 ± 27.5b 217.7 ± 90.5b   169.1 ± 42.1b 154.9 ± 15.1b   
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5.3.7  Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Concentrations (mean ± SEM) of plasma GIP in Standardbred horses (n=4), ponies (n=4), and Andalusian horses (n=4) over a 14-h period after 

a 12 week adaptation period to twice-daily meals containing micronized maize.  

Each meal contained a soyabean hulls and lucerne chaff base ration with 1.7 g/kg BW micronized maize (1.1 g/kg BW starch).  
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Figure 10. Concentrations (mean ± SEM) of plasma GLP-1 in Standardbred horses (n=4), ponies (n=4), and Andalusian horses (n=4) over a 14-h 

period as previously reported by Bamford et al. (2015).  
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Figure 11. Concentrations (mean ± SEM) of plasma glucose in Standardbred horses (n=4), ponies (n=4), and Andalusian horses (n=4) over a 14-h 

period as previously reported by Bamford et al. (2015).  
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Figure 12. Concentrations (mean ± SEM) of plasma insulin in Standardbred horses (n=4), ponies (n=4), and Andalusian horses (n=4) over a 14-h period 

as previously reported by Bamford et al. (2015).  

 



 
 

5.4  Discussion 

The aim of this study was to assess postprandial concentrations of GIP in horses and ponies 

in response to a meal containing micronized maize after a 12-wk adaptation period. And 

whilst we hypothesised that GIP would correlate with the increased postprandial insulin 

concentrations following a similar pattern to the GLP-1 concentrations previously described 

by Bamford et al. (2015), this was not entirely the case. Despite values for peak GIP and 

AUCGIP being higher in ponies compared to Andalusians these values were not significantly 

greater in ponies compared with Standardbreds (although a trend was observed) and there 

was no significant difference in peak GIP or AUCGIP between the Andalusians and 

Standardbreds.  

To the author’s knowledge, only one other study has directly compared the levels of GIP 

concentrations between horses and ponies; in this study, researchers found that there was no 

significant difference in the GIP concentrations between horses and Shetland ponies 

(Dühlmeier et al., 2001). As well as GIP, researchers also investigated postprandial glucose 

and insulin concentrations in response to both an oral and intravenous glucose tolerance test, 

and despite a small trend toward ponies having higher insulin concentrations than horses, 

there was no significant difference in insulin or glucose concentrations between the two 

groups (Dühlmeier et al., 2001). In contrast, as previously reported by Bamford et al. (2015), 

there was a significant difference in AUCinsulin between both ponies and Andalusians and 

Andalusians and Standardbreds with AUCGLP-1 correlating strongly. It was anticipated, due to 

their similar roles, that GIP would also correlate strongly with insulin yet the correlation 

between the two was poor. However, ponies did exhibit significantly greater peak GIP and 

AUCGIP values compared to the Andalusian horses and whilst not statistically significant, the 

pony’s peak GIP concentrations did trend noticeably higher than the Standardbred horses.  

A comparative study between hyperinsulinemic and normoinsulinemic ponies found that 

hyperinsulinemic ponies had a significantly higher AUCGLP-1 in response to an oral glucose 

tolerance test than normoinsulinemic ponies, but whilst there was a similar trend, the AUCGIP 

between the two groups was not statistically significant (de Laat et al., 2016). Similarly, our 

findings suggest that the enteroinsular axis may contribute to hyperinsulinaemia in ponies 

however, it is not fully understood why a breed predisposed to EMS such as the Andalusian 

would exhibit significantly lower GIP concentrations than the ponies and trend towards a 

lower concentration than Standardbreds. This could suggest that there may be inherent 
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differences in the enteroinsular axis between breeds and that whilst GIP might contribute to 

high insulin levels in ponies, this may not be the case for Andalusians. Further investigations 

into the enteroinsular axis in horses would be beneficial, particularly to determine if there are 

inherent differences between different breeds of horses and ponies.   

Further to this, it is important to consider the pony outlier alone, since it may give clues to the 

links between a marked hyperinsulinaemic response to dietary non-structural carbohydrate 

and the role played by the incretin hormones.  Although the pony exhibited higher glucose 

concentrations which may have caused high insulin peaks, the GLP-1 levels were not 

significantly higher (Bamford et al., 2015), yet the GIP concentrations were. Researchers 

have found that horses maintained on concentrate diets based on oats and crushed maize had 

a higher glucose uptake than horses maintained on forage hay due to the increased expression 

of the sodium-glucose transporter-1 (SGLT1) and glucose transporter-2 (GLUT2) found in 

the small intestine (Dyer et al., 2009). The translocation of glucose from the luminal 

membrane to the blood stream was enhanced in this pony. Interestingly, it has been shown 

that activation of the SGLT1 and GLUT2 receptors trigger the release of GLP-1 and GIP 

which is upregulated in obese humans (Nguyen et al., 2015). Studies in humans and 

experimental findings from our group (see later chapter) suggests that GIP is secreted from K 

cells found mainly in the proximal small intestine whereas GLP-1 is secreted from L cells 

found in the distal small intestine and large intestine (Seino et al., 2010).  

The fact that this pony displayed higher GIP production than GLP-1 may indicate some 

difference in the location of glucose transporters in the small intestine. Rat models have 

shown that SGLT1 and GLUT2 regulate the L and K cell responses to glucose (Mace et al., 

2012). To the authors knowledge, there are no studies to date that localise the glucose 

transporters to a specific location within the small intestine of horses, however, in rodents 

GLUT2 is expressed in the duodenum and jejunum and the ileum however, in lower levels 

(Ait-Omar et al., 2011). This could suggest that GIP was secreted in response to GLUT2 

stimulation of the K cells but not the L cells and may have been a result of incomplete diet 

adaptation despite the 12 week adaptation period. It is important to note that this pony 

showed no evidence of laminitis.  

A study of GIP in human males found that GIP peaked 90 minutes after a meal (Vilsbøll et 

al., 2003) which is comparable to our findings, where plasma GIP peaked approximately 2 

hours after the meals. The micronized maize used in this study was a commercially available 
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corn preparation that has been shown to have an increased glycaemic and insulinaemic index 

with a high degree of starch readily accessible as glucoamylase (Vervuert et al., 2004). 

Micronized maize was also shown to induce increased insulin concentrations in study 

subjects (Vervuert et al., 2004). It is known that sudden increases in grain consumption can 

cause increases in caecal volume, pH disturbances and changes to the gut microflora 

(Goodson et al., 1988) that can cause colic and laminitis (Buddington and Rashmir‐Raven, 

2002) and whilst there is little evidence to suggest an explicit period of time for adaptation, 

12 weeks was considered to be appropriate. Whilst it is possible the outlier pony described 

above may have required a longer adaptation period, there was no evidence that any study 

subject had a colic or laminitic episode in response to grain load. 

Considering the effect of different diets on the enteroinsular axis may be beneficial in horses 

to determine if the incretin response can be influenced by dietary management. A study of 

Shetland ponies assessed the effects of an oral glucose load after the ponies were fed either an 

isocaloric or hypercaloric fat based diet or a carbohydrate based isocaloric or hypercaloric 

diet. Researchers found that GIP concentration was significantly greater in ponies on the 

isocaloric fat based diets than those on the isocaloric carbohydrate based diet (Schmidt et al., 

2001). Interestingly, researchers found that despite a similar trend, the GIP concentration of 

the ponies being fed a hypercaloric fat based diet were not statistically different to ponies fed 

the hypercaloric carbohydrate based diet (Schmidt et al., 2001). In other species, diet can 

variably affect the release of incretins. In mice, protein was found to augment GLP-1 

secretion but not GIP, here researchers also found that that GLP-1 secretion could be further 

increased with the addition of glucose to the protein meal (Gunnarsson et al., 2006). A study 

in adult males found that early GIP release, was higher after a protein meal than a fat meal 

(Carr et al., 2008) and an earlier study in humans showed that GIP secretion was increased 

following both carbohydrate and fat ingestion (Elliott et al., 1993).  These findings along with 

the findings reported here suggest that further investigations are warranted to determine the 

roles that incretins play in influencing the insulin response to different types of feeds.                         

Given the results from the present study, it would appear logical to propose two possible 

therapeutics targeting the enteroinsular axis that may benefit horses predisposed to pasture 

associated laminitis; a GLP-1 or a GLP-1/GIP combination antagonist. Current research into 

Type 2 diabetes has shown that the enteroinsular axis is actually blunted in people with the 

condition, thus, research has focused on the effects of GLP-1, GIP and glucagon as receptor 

agonists as opposed to looking for an antagonist (Capozzi et al., 2018). However, it has been 
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proposed that a combination dual agonist (GLP-1/GIP) or triagonist (GLP-1/GIP/glucagon) 

may be more beneficial and due to their similar structure, it is possible to develop a stable, 

unimolecular peptide that activates their associated receptors (Shelton et al., 2018). From our 

results above, it is apparent that trialling a GLP-1 antagonist would be more beneficial than a 

GIP antagonist, however there may be some benefits to developing a GLP-1/GIP dual 

antagonist.                       

5.5 Conclusions  

In conclusion, further investigations into the enteroinsular axis of horses may help us to 

further understand the mechanisms of hyperinsulinemia associated with laminitis. Future 

studies considering the enteroinsular axis in ponies during laminitic episodes may also be 

beneficial to determine if the enteroinsular axis is downregulated similar to that of diabetic 

people. The enteroinsular axis could also be a potential target for therapeutics that impact on 

hyperinsulinemia and thus, halt the development of the condition. Assessing GLP-1 and GIP 

levels of diseased animals may also be beneficial to determine if there are any associated 

changes during a laminitis burden that could impact on potential modes of therapeutic action.   

It is important to continue our efforts to further understand the mechanisms of 

hyperinsulinemia in pasture-associated laminitis not only to reduce the prevalence of the 

condition but also so that possible therapeutics may come to light   
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CHAPTER 6 - Immunohistochemical analysis of incretin hormones in the 
intestinal tracts of normal horses  

This chapter is presented as the submitted manuscript of the peer-reviewed article submitted to 

Domestic Animal Endocrinology 

6.1  Abstract  

Hyperinsulinemia has been shown to cause acute endocrinopathic laminitis in ponies and 

horses, and a hyperinsulinemic response to dietary non-structural carbohydrates, such as 

sugars and starch, is considered to be a major risk factor for this condition.  Two incretin 

hormones, glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic 

polypeptide (GIP) are thought to play a major role in postprandial glucose-mediated insulin 

secretion, by acting on receptors located on pancreatic beta cells. These hormones are 

produced by L and K cells, respectively, located in the epithelial layer of the intestine; 

however there are some species differences in the regional location of these cells, and their 

distribution in the equine gastrointestinal tract has not been characterised. The aim of this 

study was to determine the locations of these cells by immunohistochemical analysis of 

sections taken from various regions of the equine gastrointestinal tract, obtained from animals 

euthanised for non-research purposes. Slender immuno-positive cells characteristic of 

enteroendocrine cells were identified in the mucosal epithelial layer of the intestinal sections. 

In the small intestine, these cells were found both on the surface of the villi and in the crypts 

of Leiberkuhn, in approximately equal numbers.  The number of GLP-1 immunoreactive cells 

in the jejunum (49.3 ±3.2 cells per cm of mucosa; mean ±SD) and ileum (55.0 ±4.3) were 

significantly greater than any other region of the intestine (P<0.05) with a smaller number 

identified in the duodenum (17.0 ±7.1). These cells were also identified (with lower 

frequency) in the mucosa of the large intestine, including the caecum, right ventral colon and 

left dorsal colon, and the descending (small) colon. Overall there were fewer GIP containing 

cells (K cells) than GLP-1 containing cells (L cells) in the equine intestinal tract, and these 

were mainly confined to the proximal small intestine. The K cells were significantly greater 

in the jejunum (24.0  ±3.7 cells per cm of mucosa; mean ±SD) and duodenum (14.0 ±2.4) 

than other regions (P<0.05), with very few in the ileum (3.0 ±1.8) and none identified further 

distally. The information gained from this study provides useful information to help 



122 
 

understand the incretin and insulin responses to dietary non-structural carbohydrates, 

furthering our understanding of EMS and the causes of endocrinopathic laminitis.    

Keywords: incretins, insulin, laminitis, equine, intestine, equine metabolic syndrome 

6.2  Introduction  

It is recognised that hyperinsulinemia is strongly correlated with the development of 

endocrinopathic laminitis (Bailey et al., 2008; Carter et al., 2009c; de Laat et al., 2010b). The 

significance of which has been shown in in vivo studies where laminitis was induced in 

healthy ponies and horses after a prolonged insulin infusion (Asplin et al., 2007; de Laat et 

al., 2010a) and also in in vitro studies where it was shown that cellular proliferation of 

lamellar epithelial cells is influenced by the concentration of insulin (Baskerville et al., 2018). 

However, whilst the significance of hyperinsulinemia in laminitis development is well 

understood, further research into the factors that link hyperinsulinemia and laminitis is 

required to help reduce the occurrence of the condition in the equine population.      

An area of particular interest at the moment is the effect of the incretin hormones in response 

to oral glucose and their role in postprandial insulin secretion, and as such, incretin-based 

therapies for the management of type 2 diabetes are of significant interest currently (Pratley 

and Salsali, 2007; Pappachan et al., 2015). Currently, there are two main incretin hormones 

of interest, they are glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic 

polypeptide (GIP). In humans the role of the incretin hormones in postprandial glucose-

mediated insulin secretion is significant, and it has been suggested that insulin secretion due 

to the incretin effect could be as high as 50-70% (Capozzi et al., 2018). Both GLP-1 and GIP 

are secreted from the intestine within minutes of the ingestion of nutrients and act through 

their respective receptors on the pancreatic islet of Langerhans cells to mediate insulin 

secretion (Baggio and Drucker, 2007).  

The role of the incretin hormones in hyperinsulinemia in horses is currently not that well 

understood. In the equid, Ponies and certain breeds of horses, such as Morgans, Paso Finos 

and the Pura Raza Española or Andalusian, are more prone to insulin dysregulation and 

developing equine metabolic syndrome (EMS) than other breeds of horses with a leaner 

phenotype, (Frank, 2006) like the Standardbred for example. This was further supported by a 

recent study showing that Ponies and Andalusians produce significantly more insulin after 

consuming a glucose-containing meal than Standardbred horses (Bamford et al., 2014). In a 



123 
 

previous paper by our group, postprandial area under the curve (AUC) values for GLP-1 were 

significantly higher in Ponies and Andalusian horses compared with Standardbred horses and 

correlated strongly with insulin over a 14 h sampling period (Bamford et al., 2015). Further 

unpublished studies from our group, have also shown that postprandial peak GIP levels were 

higher in ponies than Andalusians but not Standardbreds during both a morning feed and an 

afternoon feed. And the AUCGIP was higher in Ponies than Andalusians during the afternoon 

meal. It is therefore, possible that the increased insulin concentrations in ponies and 

Andalusian horses could be attributed to increased incretin release, particularly GLP-1, as 

well as decreased tissue insulin sensitivity. It may therefore, be important to localise where in 

the gastrointestinal tract (GIT) these incretins are produced in horses as this may provide 

clues as to which sources of non-structural carbohydrates (NSC) are most likely to stimulate 

their production. 

The incretin hormones are synthesised and secreted from the enteroendocrine cells of the 

intestines; GLP-1 from the intestinal L cells and GIP from the intestinal K cells. In humans, 

the density of L cells increases from the distal jejunum to the ileum (Eissele et al., 1992) and 

the GIP secreting K cells are found in greater density in the upper small intestine (Mortensen 

et al., 2006). The same has been shown in pigs where GIP is secreted from K cells 

predominantly located in the proximal end of the small intestine, namely the duodenum and 

the proximal jejunum (Mortensen et al., 2003). Smaller numbers of K cells are found in the 

distal jejunum and thus GIP secretion is reduced here, with no GIP secretion apparent from 

the distal ileum (Mortensen et al., 2003). The GLP-1 secreting L cells are most dense at the 

distal ileum and in pigs, 70% of GLP-1 secretion occurs here, L cell density reduces along the 

length of the small intestine with an associated decline in GLP-1 secretion through to none 

being secreted from the duodenum (Mortensen et al., 2003). Interestingly, in cats the 

distribution of K cells differs from other species where it has been shown that K cells are 

present in the caecum and colon as well as in the ileum. Furthermore, whilst the highest 

concentration of L cells was found in the ileum the distribution of L cells in cats does not 

follow the same pattern of density as that from other species with L cells distributed widely 

throughout the length of the intestine (Gilor et al., 2013). This suggests that whilst the 

incretin hormones are highly conserved it is important to continue species specific research as 

extrapolating from other models may not be appropriate (Irwin, 2009).      

The aim of this study therefore was to determine where in the equine gastrointestinal tract 

these hormones are produced through immunohistochemical analysis of sections of equine 
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stomach, duodenum, jejunum, ileum, caecum, right ventral colon, left dorsal colon and 

descending (small) colon. 

6.3  Materials and Methods 

6.3.1  Animals and tissues   
Samples were harvested from four mixed breed horses from an abattoir; horses were 

euthanised for reasons unrelated to the study and not for research purposes. All were adult 

horses (between 6 and approximately 15 years of age), and were greater than 14.2 hands in 

height (i.e. horses rather than ponies). None of the horses were in obese condition or 

demonstrated any evidence of EMS or laminitis. There were no signs of clinical disease and 

no gross or histological evidence of intestinal pathology.  

Full-thickness sections of stomach, duodenum, jejunum, ileum, caecum, right ventral colon, 

left dorsal colon and descending (small) colon were obtained and placed into 10% buffered 

neutral formalin. Tissue pieces were then embedded in paraffin and 5µm sections were cut 

and mounted on slides.  

6.3.2  Immunohistochemistry  
Sections were deparaffinized in 3 changes of xylene (5 min), followed by 1 min in each of 

100%, 95% and 70% ethanol, before being rinsed in distilled water. Antigen retrieval was 

then performed using a citrate buffer (Dako, Victoria, Australia) at 95 ºC for 30 min and then 

allowing to cool for 20 min before washing with PBS/Tween. Sections were then blocked 

with 1% hydrogen peroxide for 5 min and normal horse serum for 20 min.  

The primary antibodies used were: a rabbit polyclonal anti-GLP-1 (7-36) antibody (Merck; 

1:50 dilution; applied for 2h at RT) and a rabbit polyclonal anti-GIP antibody (Bioss 

Antibodies Inc., Woburn, Mass, USA; 1:20 dilution; applied overnight at 4 ºC). After 

washing with PBS/Tween (3 x 5min), the slides were incubated with the secondary antibody 

for 1h at room temperature. For GLP-1 sections, the secondary antibody used was the 

Vectastain Universal Secondary Antibody (Vectastain ABC-HRP kit; Vector Laboratories 

Inc., Burlingame, CA, USA) followed by the Vectastain ABC reagent (avidin/HRP; 10 min at 

RT), and for GIP the secondary antibody used was a mouse anti-rabbit IgG-HRP monoclonal 

antibody (Santa Cruz Biotechnology Inc., Dallas, Texas, USA).  Negative control sections 

were incubated with the secondary antibody only. Diaminobenzidine (DAB) substrate-
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chromogen solution (Sigma-Aldrich Pty Ltd., Sydney, NSW, Australia) was used to develop 

the immunostain, and Mayer’s hematoxylin was used as a counterstain. Sections were then 

dehydrated through ethanol (75, 95 and 100% respectively) and xylene, and mounted using 

DPX mountant (Sigma-Aldrich Pty Ltd., Sydney, NSW, Australia).  

6.3.3 Identification and counting of immunopositive cells 
Negative control sections did not demonstrate any positive immunostaining. The presence of 

individual slender brown staining cells identified in the mucosal epithelial layer of the 

intestinal sections stained with the relevant antibodies was considered as immunopositive for 

GLP-1 or GIP. More than 8 different primary antibodiesa were tested in order to find suitable 

antibodies that provided specific staining.  

The quantitative assessment of the number of positively stained cells per cm of mucosa 

(approximately equating to one field of view at x40 magnification) was determined by light 

microscopy in 5 separate areas on each slide and the average of these 5 fields was calculated. 

Individual cells were examined at higher power (x100) if there was any doubt about their 

identification. The mean ± standard deviation for each region of the intestinal tract was 

obtained from the 4 horses.  

6.3.4  Data analysis 
The number of positive staining cells in each region of the intestinal tract was compared to 

other regions, using a oneway analysis of variance (ANOVA) with Holm-Sidak’s multiple 

comparisons post hoc test (GraphPad Prism, version 6.02, GraphPad Inc., La Jolla, CA). 

Significance was accepted at P<0.05. 

6.4   Results 

6.4.1  Cell identification and morphology 
Slender brown staining cells characteristic of L or K enteroendocrine cells were identified in 

the mucosal epithelial layer of the intestinal sections. Examples of these cells are shown in 

Figures 1 and 2 (GLP-1) and Figures 4 and 5 (GIP). In the small intestinal sections, these 

cells were found both on the surface of the villi and in the crypts of Leiberkuhn, in 

approximately equal numbers.   
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Nearly all of the anti-GIP primary antibodies evaluated for this study exhibited non-specific 

staining of the paneth cells at the base of the crypts (Figure 5). These cells are not 

enteroendocrine cells and would not be expected to contain this hormone. The antibody that 

was ultimately chosen for this study (Bioss Antibodies Inc., Woburn, Mass, USA) gave clear 

staining of K cells but with feint staining of paneth cells as well.  

6.4.2  Cell numbers 
The GLP-1 immunoreactive cells were found mainly in the mucosal epithelium of the 

jejunum (49.3 ±3.2 cells per cm of mucosa; mean ±SD) and ileum (55.0 ±4.3), with a smaller 

number identified in the duodenum (17.0 ±7.1). These cells were also identified (with lower 

frequency) in the mucosa of the large intestine (Figure 3), including the caecum, right ventral 

colon and left dorsal colon, and the descending (small) colon. The number of cells in the 

jejunum and ileum were significantly greater than any other region of the intestine (P<0.05).  

Overall there were fewer GIP containing cells (K cells) than GLP-1 containing cells (L cells) 

in the equine intestinal tract, and these were mainly confined to the proximal small intestine. 

The K cells were significantly greater in the duodenum (14.0 ±2.4 cells per cm of mucosa; 

mean ±SD) and jejunum (24.0 ±3.7) than other regions (P<0.05), with very few in the ileum 

3.0 ±1.8) and none identified further distally. 

6.5   Discussion  

The immunopositive GLP-1 and GIP cells shown in this study sit within the epithelium of the 

gut mucosa, and their slender shape is consistent with the morphology of L and K cells 

described in other species (Gunawardene et al., 2011). The cells are usually isolated and 

interspersed with epithelial cells without endocrine function (Gunawardene et al., 2011). 

Laser scanning confocal microscopy of human incretin cells shows the cells have long 

luminal projections that possibly function to detect the contents of the lumen (Theodorakis et 

al., 2006).  

The enteroendocrine cells differentiate similarly to the absorptive and goblet cell lineages, 

that is, they begin as pluripotent stem cells at the base of the intestinal crypts and migrate 

toward the luminal surface, however they are slower to migrate than absorptive and goblet 

cells (Gunawardene et al., 2011). In contrast to this, Paneth cells migrate from the luminal 

surface towards the intestinal crypts as they mature (Gunawardene et al., 2011). Here, the 
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anti-GIP primary antibody used in this study exhibited non-specific staining of the Paneth 

cells located at the base of the intestinal crypts of Lieberkühn, these cells are distinct not only 

due to their location but also the apparent granules within the cytoplasm. The staining of 

these cells by the GIP antibodies is unlikely to be specific due to the distinct cell lineages of 

these cells and is not likely to be physiologically relevant due to the completely different 

function of Paneth cells which is to inhibit the movement of bacteria through the intestinal 

barrier (Vaishnava et al., 2008).  

Studies of L and K cell distribution in other species have also shown that GLP-1 and GIP are 

in some instances, co-localised to the same cell (Mortensen et al., 2003). These K/L cells 

have been localised primarily to the proximal small intestine in pigs (Mortensen et al., 2003). 

There is also emerging evidence from studies in Type 2 diabetes that suggest that the co-

expression of these cells in the duodenum shifts to the L phenotype with diabetes onset 

(Theodorakis et al., 2006). Here, as only one antibody was used at each time to stain each 

slide, the possibility that K/L cells are present in equine intestine cannot be ruled out. Co-

localisation of the GLP-1 hormone may explain why there were a number of immunopositive 

GLP-1 cells present in the duodenum, however studies of co-localised cells in porcine 

intestine have shown that these cells are most dense in the mid-jejunum and mid-ileum, with 

no co-localised cells expressed in the duodenum (Mortensen et al., 2003). As the horses 

sampled here were non-diseased, further studies on the distribution of co-expressed GLP-1 

and GIP cells of equids with and without metabolic syndrome may be beneficial in the future 

to determine if a similar phenomenon is apparent.          

It is apparent from our findings that the distribution of K and L cells in the small intestine of 

horses follows a similar distribution to that of porcine and human species, that is GLP-1 

immunoreactive cells are found mainly in the jejunum and ileum, with a smaller number 

identified in the duodenum. And, whilst there were significantly fewer GIP immunoreactive 

cells than GLP-1 in the small intestines of the horses sampled, these were largely localised to 

the duodenum and jejunum. There was however, also a number of GLP-1 immunoreactive 

cells localised to the mucosa of the large intestine, including the caecum, right ventral colon 

and left dorsal colon, and as far distal as the descending (small) colon. This finding is 

interesting as this may have implications for understanding the incretin response to dietary 

carbohydrates and other nutrients in horses. 
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Simple sugars, starches and fructans, collectively known as non-structural carbohydrates 

(NSC), can accumulate in pasture (Longland and Byrd, 2006). Alone, excessive NSC intake 

has implications for the inflammatory form of  laminitis (Garner et al., 1975). However,  

under normal conditions, hydrolysable carbohydrates are digested to sugars such as glucose 

and fructose in the small intestine of the horse, where they are efficiently absorbed; whereas 

some other non-structural carbohydrate molecules such as fructans, pass through the small 

intestine relatively unchanged (along with the structural carbohydrates) and are fermented in 

the hindgut (Bailey et al., 2003; Ince et al., 2014). The fact that GLP-1 producing cells are 

present in the large intestine suggests that GLP-1 production might be stimulated in response 

to the release of fructose from fructans (although most of these sugars would be utilised by 

intestinal bacteria such as Streptococcus bovis and Lactobacillus spp.). A study in rats has 

shown that L cell density is significantly increased in the proximal colon after 

fructooligosaccharide supplementation (Kaji et al., 2011) and a study of mixed-breed non-

obese ponies found that the ponies pre-disposed to laminitis were not only insulin resistant 

but they also had increased insulin responses to fructan supplementation (Bailey et al., 2007).  

Further studies identifying the distribution of L cells in response to fructan feeding, as well as 

those comparing the distribution of L cells of normal ponies and insulin resistant ponies, may 

be beneficial in the future to determine if GLP-1 could be upregulated and thus, indirectly 

causing an increase in circulating insulin concentrations in response to dietary fructans (e.g. 

from lush pasture).   

There is also some evidence to suggest that GLP-1 secretion from the L cells of the large 

intestine may also occur in response to volatile fatty acids (also known as short-chain fatty 

acids). In the carbohydrate and oligofructose overload models of laminitis, excessive 

carbohydrates in the hindgut causes a change to the normal bacterial flora which is associated 

with increases in lactate and volatile fatty acid concentrations (Berg et al., 2005; Milinovich 

et al., 2006; Bailey et al., 2009; Katz and Bailey, 2012). Interestingly, a study of 

fructooligosaccharide supplementation in Quarter Horse yearlings found that even at doses 

far lower than those used to induce laminitis, fructooligosaccharide supplementation can still 

cause increases in volatile fatty acid and lactate concentrations (Berg et al., 2005). And in a 

recent study, it was shown that short-chain fatty acid receptors are present within the L cells 

of mice, and that the secretion of GLP-1 is reduced in mice lacking these G-protein-coupled 

receptors (Tolhurst et al., 2012). To the author’s knowledge, there have been no studies to 
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date localising these receptors to the equine GLP-1 producing L cells, but this would be 

useful to know in order to determine their role in the secretion of GLP-1 in horses. 

Other dietary components have been shown to stimulate incretin release, namely fat and 

protein. Studies in mice have shown that the secretion of GLP-1 is increased following 

ingestion of a whey protein whereas GIP secretion was unchanged in response to protein 

(Gunnarsson et al., 2006). Interestingly, results from the same study suggest that GLP-1 

secretion was significantly higher following a protein meal in combination with glucose 

compared to glucose alone, yet, again, this had no effect on GIP secretion (Gunnarsson et al., 

2006). Earlier studies in humans yielded similar results, with carbohydrate and fat ingestion 

causing an increase in GIP secretion, but no change was detected in response to protein 

(Elliott et al., 1993). However, a study in adult males has shown that that early GIP release 

(0-30 minutes) is higher after a protein meal than a fat meal and GIP but not GLP-1 

correlated strongly with insulin release (Carr et al., 2008). Findings from these studies 

suggest that the type of nutrient digested can influence postprandial incretin release which 

may be due to the location and density of the incretin cells in the intestine. Further studies in 

this area are required, particularly looking at the effects of a high glucose diet and high 

protein diet together on L cell distribution and density as this may have implications for 

horses prone to EMS.           

In previous studies by our group measuring circulating postprandial GLP-1 and GIP 

concentrations of horses and ponies, AUCGLP-1 was found to be significantly different 

between breeds, with Ponies and Andalusians displaying higher concentrations in response to 

a grain based meal than the Standardbred horses (Bamford et al., 2015). This was slightly 

dissimilar to the GIP concentrations where it was found that there was no significant 

difference between the Ponies and the Standardbreds but differences between Ponies and 

Andalusians under the same study conditions (Baskerville et al, unpublished data). In the 

present study we have shown that immunopositive GIP cells are present in significantly lower 

numbers than the GLP-1 immunopositive cells in normal horses which may account for the 

apparent differences in the circulating GIP and GLP-1 concentrations found in the previous 

studies by our group. And whilst the circulating GIP correlated poorly with GLP-1 

concentrations, this may not necessarily mean that GIP is less biologically significant than 

GLP-1.   
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Further studies comparing L and K cell numbers in different equine breeds may also be 

beneficial in the future. Here the intestinal sections were harvested from normal Standardbred 

and Stockhorse breed types not typically predisposed to EMS. Our previous findings 

mentioned above suggest that circulating GLP-1 and GIP concentrations differ between 

breeds of equid, this suggests that L and K cell numbers may also vary. Further research in 

this area, specifically, comparing breeds predisposed to EMS to non EMS prone breeds, may 

elucidate differences between the groups to determine whether GLP-1 is released in higher 

concentrations in EMS prone horses due to increased L cells within the intestine. This may 

provide a link to the breed related differences in postprandial insulin release in response to a 

glucose containing meal as described previously in these breeds (Bamford et al., 2014).  

6.6   Conclusions 

In conclusion, although we cannot rule out the presence of co-localised GLP-1/GIP cells, the 

distribution and cellular density of immunopositive GLP-1 and GIP cells are reasonably 

distinct from each other, with GIP localised primarily to the proximal intestines and GLP-1 

with a more widespread distribution throughout the intestinal tract, including the more distal 

regions. The distribution of GLP-1 producing L cells as far distally as the caecum through to 

the small colon suggests that they may have a role in pancreatic stimulation in response to 

dietary fructans or perhaps metabolic responses to volatile fatty acids. The information 

provided from this study will be useful in aiding the understanding of further research into 

the incretin and insulin responses to dietary non-structural carbohydrates, which may help us 

to understand EMS and endocrinopathic laminitis.    

 

 

 



131 
 

6.1    Figures 

 

 

 

 

 

 

 

 

 

Figure 13. GLP-1 immunoreactive cells (L cells; solid arrows) in the mucosal epithalial layer of the 

equine ileum.   

Bar represents 100 µm. 
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Figure 14. GLP-1 immunoreactive cells (L cells; solid arrows) in the mucosal epithalial layer of the 

equine right ventral colon.   

Bar represents 100 µm. 
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Figure 15. Distribution of GLP-1 immunoreactive cells (L cells) in different regions of the normal 

equine digestive tract.    

Different letters denote significant differences between regions (P<0.05). 
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Figure 16. GIP immunoreactive cells (K cells; solid arrows) in the mucosal epithalial layer of the 

equine jejunum.   

Bar represents 100 µm. 
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Figure 17. GIP immunoreactive cells (K cells; solid arrows) in the mucosal epithalial layer of the 

equine jejunum, crypts of Leiberkuhn.  

Note also the non-specific staining of the Paneth cells at the base of the crypts (open arrows).  Bar 

represents 100 µm. 

  



136 
 

 

Figure 18. Distribution of GIP immunoreactive cells (K cells) in different regions of the normal 

equine digestive tract. 

Different letters denote significant differences between regions (P<0.05). 

Footnotes 

a Abcam, Melbourne Australia; Abexxa Ltd, Cambridge, UK; Biorbyt Ltd, Cambridge, UK; 

R&D Systems, Minneapolis, MN; Merck, Darmstadt, Germany; Santa Cruz Biotechnology, 

Inc., Dallas TX 
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CHAPTER 7 - General Discussion 

7.1 Overview  

Equine laminitis is a significant welfare concern in the domestic equine population and thus, 

it is vitally important to continue research in this area so that therapeutics may be elucidated 

to treat or delay the progression of the condition in the future. The studies within this thesis 

have sought to further investigate the relationship between equine laminitis and 

hyperinsulinaemia by looking at the direct effects of insulin on lamellar epithelial cells 

through IGF-1R activation. The studies presented here have also sought to further explore the 

circulating concentrations of IGF-1 as well as postprandial incretin responses of different 

breeds to determine if animals of a certain phenotype are more predisposed to laminitis. And 

finally, the studies within this thesis sought to localise the GLP-1 and GIP secreting cells for 

the first time in horses. A significant outcome of the studies presented here is the possible 

application of two novel therapeutics which may have a significant positive impact on the 

management of laminitis in the future.     

7.2  The direct effects of insulin on lamellar epithelial cells 

The studies presented in Chapter 2 have shown that insulin causes a concentration-dependant 

proliferative effect on cultured equine lamellar epithelial cells. This finding is significant as it 

has been shown in previous histological studies that the insulin-induced model of laminitis is 

distinct from other forms of laminitis, with lengthening of the SEL and an associated increase 

in basal cell mitosis (Asplin et al., 2010; Karikoski et al., 2014). The studies outlined in 

Chapter 2 have also shown that at similar concentrations, human recombinant IGF-1 and 

insulin cause comparable rates of proliferation, demonstrating that insulin can activate 

pathways similar to IGF-1, namely the ERK 1/2 pathway. It was further shown that the 

proliferative effects of both insulin and IGF-1 could be inhibited by blocking the IGF-1Rs on 

cultured lamellar epithelial cells showing that the IGF-1R could be the causal link between 

hyperinsulinaemia and equine laminitis.   

Previous studies by other groups as well as supplementary studies within this thesis have 

confirmed the presence of the IGF-1R on the lamellar epithelial cells, particularly the 

epidermal epithelial cells where the pathological changes associated with laminitis are 
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apparent (Burns et al., 2013) (see also Supplemental file, Appendix E, Figure 1). This is in 

contrast to the insulin receptor which has only been localised to the vascular dermal layer of 

the lamellae (Burns et al., 2013) (see also Supplemental file, Appendix E, Figure 2). Research 

has also shown that IGF-1R and insulin receptors may form hybrid receptors when co-

localised to the same cell (Cox et al., 2009), the studies presented here cannot rule out the 

possibility that hybrid receptors are present on epidermal epithelial cells. It is also possible 

that the polyclonal anti-IGF-1R primary antibody could cross-react with insulin receptors or 

insulin receptor related protein. However, as both the IGF-1R and insulin receptors were 

localised and found to be distributed very differently, this is unlikely to impact on the studies 

with any significance.  

It has been shown that activation of the IGF-1R causes a number of downstream cascades 

that lead to different cellular responses including cellular proliferation (Vigneri et al., 2010) 

through activation of the ERK 1/2 kinase pathway (Dupont and LeRoith, 2001). The studies 

presented in Chapter 2 have confirmed that the ERK 1/2 pathway is activated when lamellar 

epithelial cells are incubated with both IGF-1 and insulin suggesting that insulin can bind to 

and activate the IGF-1R, causing similar cellular cascades as the IGF-1/IGF-1R complex. 

Previous studies into mechanisms of laminitis have investigated the ERK 1/2 pathway where 

it was shown that concentrations of activated ERK 1/2 were increased in the carbohydrate 

overload model (Gardner et al., 2016) as well as the insulin-induced model of laminitis (Lane 

et al., 2017) suggesting that this pathway may be an important component in the 

pathophysiology of laminitis. An ERK 1/2 targeted therapeutic that modulates the activity of 

the pathway has been suggested as a potential laminitis treatment in previous reports 

(Gardner et al., 2016) and the studies presented in Chapter 2 suggest that further investigation 

is certainly warranted.    

Further to this, an IGF-1R antagonist may also warrant further investigation. The findings 

reported in Chapter 2 show that concentrations of insulin that induce proliferative changes in 

the lamellar epithelial cells in vitro are comparable to those reported to induce laminitis in in 

vivo experiments of insulin-induced laminitis (Asplin et al., 2007; de Laat et al., 2010a). 

Furthermore, cellular proliferation was apparent in cultured lamellar epithelial cells from 

insulin concentrations of 50mIU/mL, and previous studies where animals were fed a meal 

high in NSC have shown that these concentrations are achievable in vivo (Bamford et al., 

2015). Whilst the possibility of hybrid receptors cannot be ruled out, the fact that the 

proliferative effects of insulin can be halted by IGF-1R blocking suggests that the studies 
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presented in Chapter 2 have revealed a potential, novel therapeutic. Further studies are 

required in the future to determine if an IGF-1R antagonist may be beneficial in limiting the 

pathological changes associated with insulin-induced laminitis and thus, limiting the impact 

and severity of the disease in the domestic equine population.  

7.3  Circulating levels of IGF-1 and IGFBP-3  

Due to the significant role that the IGF-1R appears to play in equine laminitis, concentrations 

of circulating IGF-1 in horses were investigated to determine if it too may have a role in the 

pathophysiology of laminitis. The studies of Chapter 3 outline the process of validating an 

IGF-1 ELISA for use in the horse. The validation studies presented here measured the CV, 

parallelism and percentage recovery of three immunoenzymic assays. Pooled samples from 

each breed group were used to calculate the CV and the target acceptance measure for intra- 

and inter-assay variation was <10%. Dilutional parallelism was also determined, and 

percentage recovery was performed by spiking pooled samples from each breed group with 

human recombinant IGF-1. Equine IGF-1 protein is not as yet available, and there is no gold 

standard method for its measurement. However, Assay C gave concentrations close to those 

observed in previous studies using a radioimmunoassay method (which is now no longer 

available), and had a reasonable % recovery. Therefore there was confidence that this assay 

gave a ‘true’ reading.  Since Assay C was the most suitable for measuring IGF-1 

concentrations in the horse and thus, this assay was then used to measure the IGF-1 plasma 

concentrations of animals as reported in Chapter 4. 

The studies from Chapter 4 have shown that regardless of adiposity, the plasma 

concentrations of IGF-1 were higher in the EMS and laminitis prone pony breeds, than 

Standardbred horses, a leaner breed of horse with heightened SI (Bamford et al., 2014). 

Whilst these findings are interesting, the EMS prone Andalusian horse had IGF-1 

concentrations similar to the Standardbred, suggesting that not all breeds of horse 

predisposed to endocrinopathic laminitis will have increased IGF-1 concentrations and thus, 

circulating IGF-1 may not play a significant role in the development of these metabolic 

conditions.  

However, in a recent longitudinal study of a large cohort of ponies, IGF-1 was found to be a 

risk factor associated with laminitis development where laminitic ponies in fact had lower 

IGF-1 levels than non-laminitic ponies (Menzies-Gow et al., 2017). It was hypothesised that 
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IGF-1 concentrations would increase with weight gain and decrease with weight loss, 

following a similar pattern to that found in overweight humans during weight loss (Lukanova 

et al., 2002). However, despite animals reaching a BCS associated with obesity, mean plasma 

IGF-1 concentrations were lower at the completion of weight gain than at the completion of 

weight loss, with exercise having no significant effect on IGF-1 concentration across any 

breed group. Furthermore, whilst there was no significant differences in the IGFBP-3 

concentrations between the breeds during weight gain, there was a significant difference in 

the IGF-1:IGFBP-3 ratios between the subjects. Specifically, obese horses tended to have 

lower IGF-1 concentrations and higher IGFBP-3 concentrations and thus a lower IGF-

1:IGFBP-3 ratio, suggesting that the bioavailability of IGF-1 may be lowered during weight 

gain. It is not fully understood why the pony may have higher IGF-1 concentrations than 

other breed groups or why IGF-1 and the IGF-1:IGFBP-3 ratio may be decreased with weight 

gain, this may be due to inherent differences in the GH/IGF-1 axis between the breeds, 

however to the author’s knowledge there have been no studies of a similar nature 

investigating GH. Further studies of the GH/IGF-1 axis may be beneficial in the future to 

determine if this axis is of significance in the aetiology of laminitis.    

Similar studies may also be beneficial in the future inducing obesity in the horse through 

pasture consumption alone. As shown here, the digestible energy target of 200% was 

sufficient to induce weight gain and whilst this target range was largely speculated based on 

equine nutritional needs, it would however, be difficult to ensure this digestible energy target 

was being met in each study subject on a daily basis. Although the voluntary dry matter 

intake of the study subjects was not measured here, it would also be likely that the appetites 

of each animal would be variable considering the different breeds studied. Furthermore, the 

NSC content in pasture can vary quite markedly from day to day and at different times of 

day, depending on temperature and sunlight. Therefore, whilst these studies would be 

beneficial, it would be difficult to manage these factors under controlled, experimental 

conditions.          

7.4 Postprandial incretin release in the horse 

It was hypothesised that GIP concentrations would correlate with the GLP-1 and insulin 

concentrations as reported in a previous study by our group of the same horses, where there 

was a significant difference in the AUCinsulin between both ponies and Andalusians and 
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Andalusians and Standardbreds, with AUCGLP-1 correlating strongly with AUCinsulin (Bamford 

et al., 2015). However, the studies presented in Chapter 5 show that whilst peak GIP and 

AUCGIP were higher in ponies than Andalusians and there was a similar trend observed 

between ponies and Standardbreds, there was poor correlation between GIP and GLP-1 as 

well as, GIP and insulin concentrations across the breeds. There was also no significant 

difference in the GIP concentrations between the EMS prone Andalusian horse and the 

Standardbred, a breed that is particularly SI (Bamford et al., 2014). 

It is interesting to consider the outlier pony from the studies presented in Chapter 5 alone. In 

the trials from previous studies, this pony had significantly higher glucose concentrations, 

which may be due to an enhanced response to the maize meal with increased SGLT1 and 

GLUT2 glucose transporter expression. The SGLT1 and GLUT2 transporters regulate the 

response of the GLP-1 secreting L cells and the GIP secreting K cells (Mace et al., 2012), and 

the increased expression of the transporters may in turn, account for the associated increases 

in insulin. However, GIP but not GLP-1 concentrations were significantly higher in this pony 

and whilst there have been no studies in the past that localise the glucose transporters within 

the small intestine of horses, the GLUT2 transporter has been localised to the duodenum, 

jejunum and ileum in rodents. Furthermore, the studies presented in Chapter 6 show that K 

cells were predominantly located in the duodenum and the jejunum, which may suggest that 

GIP was secreted in response to stimulation of the K cells in the small intestine causing the 

associated increase in peak insulin levels in this pony. This may have significant implications 

in the carbohydrate overload model of laminitis but also pasture-associated laminitis as the 

recent study by Fitzgerald et al (2018) showed that an increase in AUCGIP, also coincided 

with a behavioural response that favoured an increase in the consumption of pasture. Further 

research measuring the incretin concentrations of animals during carbohydrate overload and 

in response to increased pasture consumption may be beneficial in the future to better 

understand the incretin effect in response to various diet challenges. 

Considering the localised density of L and K cells along the GIT of the horse has further 

implications in the release of incretins in response to digestion of certain NSCs. As 

mentioned in Chapter 6, NSC are known to accumulate in pasture (Longland and Byrd, 2006) 

and under normal conditions, glucose and fructose are absorbed rapidly in the small intestine 

of the horse, where some structural carbohydrates and larger NSCs, like fructans primarily 

pass through the small intestine for fermentation in the equine hindgut (Bailey et al., 2003). It 

has also been shown, that excessive carbohydrate load in the hindgut causes an increase in 
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volatile fatty acids (Berg et al., 2005; Milinovich et al., 2006; Bailey et al., 2009), however, 

even at low doses, fructooligosaccharide supplementation has been shown previously to 

cause an increase in volatile fatty acid concentrations (Berg et al., 2005).  The findings from 

the studies presented in Chapter 6 show that the GLP-1 producing L cells are not only present 

in the small intestine but also along the length of the large intestine. As shown in our previous 

study, the fact that GLP-1 concentrations are higher in ponies and Andalusians when 

compared to Standardbreds, and that insulin correlates strongly with GLP-1 (Bamford et al., 

2015) suggests that GLP-1 secretion and thus, insulin release may be in response to the 

fermentation of larger NSCs, particularly fructans, but also possibly in response to volatile 

fatty acids.  

Given the findings from Chapters 5 and 6, it is reasonable to propose that therapeutics 

targeting the enteroinsular axis may benefit animals predisposed to pasture-associated 

laminitis, namely a GLP-1 or a GLP-1/GIP combination antagonist. Further research is 

required to determine if blocking the effects of the incretin hormones would be beneficial in 

reducing the release of insulin and thus minimising the consequences of hyperinsulinaemia 

on the proliferation of lamellar epithelial cells.       

7.5   Conclusions 

In conclusion the studies presented in this thesis suggest that whilst circulating IGF-1 may 

not be a factor in development of equine laminitis, the IGF-1R appears to play a significant 

and influential role in the pathophysiology of the condition under conditions of 

hyperinsulinaemia, and blocking this receptor may be a viable therapeutic in the future. 

Further to this the studies from this thesis have shown that the incretin hormones may 

influence the secretion of insulin and due to the location of the incretin secreting L and K 

cells along the intestine, insulin secretion may be heightened in response to NSCs such as 

fructans and/or volatile fatty acids. The studies presented here also suggest that a GLP-1 

antagonist or a GLP-1/GIP dual antagonist may be another viable treatment for horses to 

reduce the release of insulin and thus minimise the risk of laminitis development in response 

to hyperinsulinaemia. Further studies towards the development of the novel therapeutics as a 

result of this thesis may have significant positive consequences in reducing the impact of 

laminitis development in the domestic equine population.  
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7.6  Future Research  

Currently there are numerous research projects underway that will benefit our understanding 

of laminitis greatly, and from the studies presented in this thesis, areas of continued research 

that may be beneficial in the future include: 

• Further research into the ERK 1 /2 pathway using a more sensitive method, this may 

demonstrate subtle increases in ERK activation associated with the lower range of 

insulin concentrations and thus measure the effects of this pathway more closely over 

time. 

• Further histopathological studies that investigate other changes that are stimulated by 

insulin activation of the IGF-1R to determine whether this indeed causes the 

weakening and stretching of the SEL observed in endocrinopathic laminitis. 

• Further studies of the efficacy of an IGF-1R antagonist as a potential therapeutic 

target for preventing endocrinopathic laminitis. 

• Further research into the ERK 1/2 signalling pathway as a potential therapeutic target 

to limit the severity and impact of endocrinopathic laminitis. 

• Further investigations into the circulating concentration of IGFBPs in horses to 

determine if IGFBP-3 is as biologically significant in the horse as it is in humans.  

• Investigating circulating GH concentrations may be beneficial in the future to 

determine whether GH concentrations in the horse are similar to the IGF-1 

concentrations seen here. 

• Further investigations into the enteroinsular axis in horses to determine if there are 

inherent differences across the various breeds of horses and ponies.   

• Further research to determine the roles that incretins may play in influencing the 

release of insulin in response to different feeds and types of carbohydrate.   

• Further studies investigating the efficacy of a GLP-1 antagonist or GLP-1/GIP dual 

antagonist as a potential therapeutic target to limit the secretion of insulin 

• Future studies considering the enteroinsular axis in ponies during laminitic episodes 

to determine if the enteroinsular axis is downregulated similar to that of diabetic 

people or upregulated. 

• Further studies on the distribution of co-expressed GLP-1 and GIP cells in the horse. 

• Further investigations into the distribution of L cells, particularly in response to 

fructan feeding to determine if these cells are upregulated in response to fructans. 
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• Further research comparing the distribution of L cells of normal ponies and insulin 

resistant ponies to determine if GLP-1 could be upregulated and thus, indirectly 

causing an increase in circulating insulin concentrations in response to dietary 

fructans. 

• Further studies localising the short-chain fatty acid receptors to determine if they play 

a role in the secretion of GLP-1 in horses.  

• Further studies into the effects of a high glucose diet and high protein diet together on 

L cell distribution and density in the horse to determine if this has implications for 

horses prone to EMS.  

• Further studies comparing L and K cell numbers in different equine breeds.   

7.7  Study Limitations  

Whilst every effort has gone into ensuring the studies presented in this thesis contribute 

positively to the current understandings of endocrinopathic laminitis, there are some 

limitations to the studies carried out. These include: 

• The assessment of body condition is a subjective measurement and as there were only 

a small number of people working with the horses, blinding the investigator to group 

allocation was not feasible. To maintain consistency, only one investigator measured 

BCS throughout the duration of this project. 

• The studies presented cannot rule out the presence of the co-localised K/L cells as 

only one antibody was used at each time to stain each slide. 

• As GIP and GLP-1 are inactivated rapidly by dipeptidyl peptidase-IV (DPP-4), 

circulating GLP-1 and GIP is mainly inactive. As such, measurements of the total 

concentration of the hormones should include both intact and total concentrations of 

the hormones. However, due to time constraints it would not have been possible to 

validate these assays for use in the horse but maybe an important consideration for 

future studies. 

• The relatively small number of study animals. 

 

 

 



 
 

APPENDICES 

Appendix A  

Modified Henneke (Henneke et al,. 1983) body condition scoring system described by Kohnke (1992). 
BCS General condition Neck Shoulder Withers Ribs Loin Tail head 

1 Very poor Individual bone structure 
visible; feels 
bony 

Bone structure very 
visible and sharp to 
touch 

Bones easily visible; 
no fat; 
razor-like 

Ribs very visible and 
skin furrows 
between ribs 

Spine bones visible; ends 
feel pointed 

Tail head and hips 
very visible 

2 Very thin Bones just visible; 
animal emaciated 

Bone structure can be 
outlined 

Withers obvious; 
very minimal fat 
covering 

Ribs prominent; 
slight depression 
between ribs 

Slight fat covering 
over spine 
projections; ends feel 
rounded 

Tail head and hipbones 
obvious to the eye 

3 Thin Thin, flat muscle 
covering; no raised 
muscle or fat 

Shoulder accentuated; 
some fat cover but thinner 
than desirable 

Withers thin and 
accentuated with 
some, although little, 
fat cover 

Slight fat cover over 
ribs; rib outline 
obvious to the eye 

Fat build-up halfway on 
vertical spines, but easily 
visible; spinal bones not 
felt 

Tail head prominent; hip 
bones appear rounded, but 
easily 
visible; pin bones 
covered 

4 Moderately thin Some fat; not 
obviously thin 

Shoulder not obviously 
thin, some fat cover 

Withers not obviously 
thin, 
edges smooth but 
prominent 

Faint outline visible to 
the eye 

Slight outward ridge 
along back 

Fat can be felt 

5 Moderate Neck blends smoothly into 
body, some fat 
cover 

Shoulder blends 
smoothly into body 

Withers smoothly 
rounded over top 

Ribs cannot be seen but 
can be felt 
easily 

Back level Fat around tail head 
beginning to feel 
spongy 

6 Moderately fleshy Fat can easily be felt Fat layer can be felt Fat can be felt Fat over ribs feels 
spongy 

May have slight 
inward crease down 
back 

Fat around tail head feels 
soft and palpable 

7 Fleshy Visible fat deposits or 
lumps along neck 

Fat build-up behind shoulder Fat covering 
withers is firm 

Individual ribs can still 
be felt 

May have slight 
inward crease down 
back 

Fat around tail head is soft 
and rounded off 

8 Fat Noticeable thickening of 
neck 

Area behind shoulder 
filled in flush with 
body 

Area along withers 
filled with fat 

Difficult to feel ribs Crease down back 
evident 

Tail head fat very soft and 
flabby 

9 Extremely fat Bulging fat Bulging fat Bulging fat Patchy fat over ribs Obvious deep crease 
down back 

Building fat around 
tail head 
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Appendix B 

 

Cresty Neck Scoring System described by Carter et al. (2009a). 
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A B S T R A C T

The relationships between diet, obesity and insulin dysregulation in equids require further investiga-
tion due to their association with laminitis. This study examined the effect of dietary glycaemic load and
increased adiposity on insulin sensitivity and adipokine concentrations in different equine breeds. Equal
numbers of Standardbred horses, mixed-breed ponies and Andalusian horses were providedwith ad libitum
hay plus either cereal-rich (CHO; n = 12), fat-rich (FAT; n = 12) or control (CON; n = 9) meals over 20 weeks.
The isocaloric CHO and FAT diets were fed to induce obesity by gradually increasing the supplementary
feeds to provide 200% of daily digestible energy requirements by Week 20. The CON group were fed a
basal ration only and maintained moderate body condition.

At Week 20, the CHO and FAT groups demonstrated significantly increased body condition score,
bodyweight, total body fat mass and plasma leptin concentrations comparedwith the CON group (P < 0.001).
The CHO group had lower insulin sensitivity (SI; P < 0.001) and higher acute insulin response to glucose
(P = 0.002) than the CON group. In contrast, the FAT group was no different to the control group. Ponies
and Andalusians had lower SI values compared with Standardbreds, regardless of diet group (P = 0.001).
Adiponectin concentrations were similar between the FAT and CON groups, but were significantly lower
in the CHO group (P = 0.010). The provision of cereal-rich meals appeared to be a more important de-
terminant of insulin sensitivity than the induction of obesity per se. Whether hypoadiponectinaemia is
a cause or consequence of insulin dysregulation warrants further investigation.

© 2016 Elsevier Ltd. All rights reserved.

Introduction

Laminitis associated with insulin dysregulation is an impor-
tant cause of morbidity in domestic equine populations (Harris et al.,
2006; Katz and Bailey, 2012). Insulin dysregulation is an umbrella
term that refers to insulin resistance, fasting hyperinsulinaemia and/
or exaggerated insulin responses to oral carbohydrates (Frank and
Tadros, 2014). Together with obesity (generalised or regional adi-
posity), insulin dysregulation is considered to be a central component
of equinemetabolic syndrome (EMS), the clinical phenotype of many
equids predisposed to pasture-associated laminitis (Frank et al.,
2010). Pasture-associated laminitis also occurs in non-obese horses
and ponies (Bailey et al., 2007; Geor, 2010); therefore, the link
between obesity and insulin dysregulation requires further inves-
tigation. Other aspects of EMS that warrant additional study include
alterations to adipokines (adipose-derived hormones such as leptin

and adiponectin) and proinflammatory cytokines (Burns et al., 2010;
Caltabilota et al., 2010; Wooldridge et al., 2012; Wray et al., 2013).

An apparent association between the induction of obesity and
the development of hyperinsulinaemia and insulin resistance was
demonstrated in a controlled study of Arabian geldings (Carter et al.,
2009a). These changes occurred when horses were provided with
multiple ‘sweet feed’ (cereal-rich) meals per day. The role of diet
in the development of insulin dysregulation is an important con-
sideration, because the adaptation of horses to ‘sweet feed’ meals
can induce insulin resistance independent of obesity (Hoffman et al.,
2003; Treiber et al., 2005). There is also evidence that weight gain
can occur without reduced insulin sensitivity when horses and
ponies are provided with relatively low-glycaemic rations (Quinn
et al., 2008; Bamford et al., 2016). Additionally, a once-daily oral
glycaemic load appeared to improve insulin sensitivity in a group
of horses and ponies (Bamford et al., 2016). Therefore, multiple daily
episodes of hyperinsulinaemia may be necessary for insulin resis-
tance to develop because of chronic over-stimulation of insulin
receptors (Kronfeld et al., 2005; Suagee et al., 2011). The breed of
animals studied is another consideration, as differences in the innate
insulin sensitivity of different breeds can influence the insulinaemic
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response of an individual to oral non-structural carbohydrates
(Bamford et al., 2014).

We aimed to examine the relative influence of a prolonged twice-
daily dietary glycaemic load, compared with an isocaloric intake of
vegetable fat, on insulin sensitivity and adipokine concentrations
after the induction of obesity in horses and ponies. In addition, the
metabolic responses of different equine breeds were compared by
enrolling three groups with previously-documented differences in
innate insulin sensitivity: Standardbred horses, mixed-breed ponies
and Andalusian horses (Bamford et al., 2014). We hypothesised that
animals gaining weight on a cereal-rich diet would demonstrate
lower insulin sensitivity than animals that gained weight on a fat-
rich diet.

Materials and methods

Animals

Eleven Standardbred horses (9.5 ± 1.8 years, 457 ± 8 kg, body condition score [BCS]
5.0 ± 0.2), 11 mixed-breed ponies (9.0 ± 1.2 years, 305 ± 17 kg, BCS 5.3 ± 0.3) and 11
Andalusian-cross horses (8.3 ± 1.2 years, 475 ± 17 kg, BCS 5.5 ± 0.2) were studied. No
animals demonstrated evidence of pituitary pars intermedia dysfunction when
screened with a low-dose dexamethasone suppression test (McFarlane, 2011), nor
did they have clinical or radiographic evidence of prior laminitis. They were kept
in large dry lot paddocks with ad libitum access to fresh water and hay for at least
8 weeks prior to the study. Routine hoof trimming, dental prophylaxis and anthel-
mintic treatments were provided as appropriate. The use of animals in this study
was approved by the University of Melbourne Animal Ethics Committee (ID 1011918).

Study design and diets

Animals were blocked by breed and randomly assigned to one of three diet groups:
a cereal-rich diet (CHO), a fat-rich diet (FAT) or a control diet (CON). The CHO and
FAT groups contained 12 animals (four of each breed) and received a hypercaloric
ration to induce obesity. The CON group contained nine animals (three of each breed)
and received only the basal ration.

Over a 20-week study period, all animals were provided with ad libitum access
to fresh water and the same hay in dry lot paddocks. Diet groups differed in the type
and amount of complementary feed provided in twice-daily meals (fed at 08:00 and
16:00) on each day of the study period (Table 1). To facilitate the individual provi-
sion of meals, animals were fed in separate yards along the perimeter of the dry
lot paddocks. All meals contained a base ration of soaked soyahull pellets (Maxisoy,
Energreen Nutrition) and lucerne chaff, with a balanced vitamin and mineral sup-
plement (60 mg/kg BW; Ranvet) added to the morning meals. Animals in the CHO
group received additional energy in the form of micronisedmaize (Micrmaize, Hygain).

The amount of micronised maize added to the base ration was gradually increased
over the study period to allow for gastrointestinal adaptation (Fig. 1). The final amount
of micronised maize in the diet reached 4.55 g/kg BW (providing 3.34 g/kg BW of
additional non-structural carbohydrate), with the total ration providing approxi-
mately 200% of daily digestible energy (DE) requirements (NRC, 2007). Animals in
the FAT group received an isocaloric amount of supplementary vegetable fat as an
equal mix (by weight) of liquid oil (Energy Gold, Kohnke’s Own) and granulated (Cool
Calories, Buckeye Nutrition) fats. Mirroring the gradual increase in micronised maize
for the CHO meals, supplementary vegetable fat was gradually increased in the FAT
meals over the study period to allow for gastrointestinal adaptation (Fig. 1). To control
for seasonal and environmental influences, animals in the CON group also had ad
libitum access to hay and received meals containing the base ration only through-
out the study.

Hay consumption was accurately quantified on three separate occasions (Week
0, Week 12 and Week 20) when horses and ponies were kept in individual yards
for a 24 h period.

Assessment of adiposity

Bodyweight (BW)wasmeasuredweekly using calibrated scales. Percentage change
from Week 0 (ΔBW) was calculated to account for differences in average starting
BW between breeds. BCS was determined weekly by an experienced observer using
a 9-point scale (Henneke et al., 1983; Kohnke, 1992). Regional adiposity along the
nuchal ligament was assessed using the cresty neck score (CNS) described by Carter
et al. (2009b). Total body fat mass (TBFM) was accurately determined during Week
0 and Week 20 using deuterium oxide (D2O) dilution (Dugdale et al., 2011). Briefly,
a dose of 0.12 g/kg BW D2O (Cambridge Isotope Laboratories) was administered
through a temporary catheter in the left jugular vein. Blood samples (20 mL) were
collected by venepuncture of the right jugular vein immediately before and 4 h after
D2O infusion. Syringes were weighed to determine the exact weight of D2O admin-
istered to each animal. Heparinised plasma samples were analysed using gas isotope
ratio mass spectrometry (Iso-Analytical). Total body fat mass was determined using
previously described calculations (Dugdale et al., 2011).

Assessment of insulin sensitivity

Insulin sensitivity was assessed using a previously described insulin-modified
frequently-sampled IV glucose tolerance test (FSIGT) during Week 0 and Week 20
(Hoffman et al., 2003). Briefly, horses and ponies were moved from the dry lot on
the morning of testing and IV catheters were placed in the left jugular vein under
local anaesthesia. Blood samples were collected 60 min, 45 min and immediately
before the infusion of a glucose solution (300mg/kg BW; 40%weight/volume) through
the jugular catheter. Twenty minutes later, an insulin bolus (20mU/kg BW; Actrapid,
Novo Nordisk) was delivered by venepuncture of the right jugular vein. Blood samples
(10 mL) were collected 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 14, 16, 19, 22, 23, 24, 25, 27, 30,
35, 40, 50, 60, 70, 80, 90, 100, 120, 150, 180, 210, 240, 270, 300, 330 and 360 min
after the glucose infusion. Samples were transferred to tubes containing lithium
heparin anticoagulant (Vacutainer, BD) and placed on ice until centrifugation.

Blood collection

Blood samples were collected during Week 0 and Week 20 to determine
plasma concentrations of glucose, insulin, leptin, adiponectin, tumournecrosis factor-α

Table 1
Proximate analysis and ingredient composition of the study diets at Week 20.

Hay Supplementary feed

CHO FAT CON

Energy
DE (MJ/kg feed, DM basis) 7.1 12.4 16.4 9.4
DE (as fed; MJ/100 kg BW) 13.1 13.1 3.8

Nutrient (%)
CP 7.7 15.6 14.7 11.9
ADF 46.0 22.1 27.3 37.9
NDF 75.8 33.1 38.7 58.6
NSC 9.2 35.9 5.9 18.4
WSC 7.3 5.3 5.5 11.4
Starch 1.8 30.6 0.4 7.0
Fat 1.8 4.0 27.8 3.8
Ash 5.5 5.0 5.9 5.7

Ingredient (g/100 kg BW)
Soyahull pellets 300 300 200
Chaff 300 300 200
Micronised maize 455 0 0
Fat supplement 0 200 0
Vitamin/mineral supplement 6 6 6

Proximate analysis performed at Equi-Analytical Laboratories. Hay was sourced from
a single batch for the duration of the study. Animals were fed either cereal-rich (CHO),
fat-rich (FAT) or control (CON) supplementary feeds divided into 2 daily meals. DM,
dry matter; DE, digestible energy; CP, crude protein; ADF, acid detergent fibre; NDF,
neutral detergent fibre; NSC, non-structural carbohydrate; WSC, water soluble
carbohydrate.

Fig. 1. Amount of micronisedmaize (left y axis) or fat supplement (right y axis) added
to the base ration in the cereal-rich (CHO) and fat-rich (FAT) meals over the study
period. The fat supplement consisted of an equal mixture (by weight) of liquid oil
and granulated vegetable fats. The total amount of each supplement was divided
into twice-daily meals.
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(TNF-α) and serum amyloid A (SAA). Samples (20mL) were collected from the left
jugular vein immediately before the morning meals and transferred to tubes con-
taining lithium heparin (for glucose, insulin, TNF-α and SAA) or EDTA (for leptin and
adiponectin) anticoagulants (Vacutainer, BD). Samples were placed on ice until
centrifugation.

Laboratory analysis

Blood samples were centrifuged (1000 g at 4 °C for 10min), with separated plasma
stored at −80 °C pending analysis. In all samples, glucose concentrations were mea-
sured using an enzymatic colorimetric assay (Cayman Chemical) and insulin
concentrations were measured using a radioimmunoassay (Coat-A-Count, Siemens
Diagnostics) previously validated for equine samples (Tinworth et al., 2011). Plasma
concentrations of leptin (Coat-A-Count, Siemens Diagnostics), high-molecular weight
adiponectin (Millipore), TNF-α (Thermo Fisher Scientific) and SAA (Tridelta) were
measured in samples fromWeeks 0 and Week 20 using previously validated assays
(Buff et al., 2002; Lavoie-Lamoureux et al., 2010; Wooldridge et al., 2012).

Data analysis

Glucose and insulin curves from the FSIGT were interpreted using MinMod Mil-
lennium software (Version 6.02; University of Pennsylvania). Values of insulin
sensitivity (SI), acute insulin response to glucose (AIRg), disposition index (DI) and
glucose effectiveness (Sg) were obtained (Boston et al., 2003).

Statistical analyses were performed using the general linear model function in
SPSS (Version 22, IBM). Each outcome variable was evaluated using the fixed effects
of diet, breed and the interaction between diet and breed. Week 0 values were in-
cluded as a covariate for all variables with the exception of ΔBW. Significant main
effects were compared using Fisher’s least significance difference test. Age and sex
were not significant (P > 0.20) for any of the variables and were therefore not in-
cluded in the final model. Assumptions of the final model were checked using the
Shapiro–Wilk test (normality of residual values) and Levene’s test (homogeneity of
variance). Data were reported as mean ± standard error unless stated otherwise, with
statistical significance accepted when P < 0.05.

Results

Animals and diets

All animals remained clinically healthy throughout the study
period and no episodes of laminitis were observed. The study diets
were well tolerated; meal refusals were negligible and there were
no signs of gastrointestinal disturbance. Hay consumption (%BW on
a dry matter basis) was 2.21 ± 0.06%, 2.04 ± 0.11% and 2.39 ± 0.08%
for the CHO, FAT and CON groups, respectively. Hay consumption
was lower for the FAT group compared with the CON group
(P = 0.027), but was not different between other pairwise compari-
sons (P = 0.34). Group hay intake over the study periodwas consistent
with the values recorded for individual consumption.

Adiposity

BCS, TBFM, CNS and ΔBWwere significantly increased (P < 0.001
for each) at Week 20 in the CHO and FAT groups compared with

the CON group (Table 2; Fig. 2). Animals in the CHO and FAT groups
were considered ‘obese’ (BCS ≥ 7), whereas the CON group were in
‘moderate’ body condition (BCS ≤ 6). Median (range) values for CNS
were 3.5 (3.0–4.5) for the CHO group, 3.0 (2.5–4.5) for the FAT group
and 2.0 (1.5–4.0) for the CON group. No effect of breed was de-
tected for any of the methods used to assess adiposity.

Table 2
Morphometric measurements (mean ± standard error) of horses and ponies fed a cereal-rich (CHO; n = 12), fat-rich (FAT; n = 12) or control (CON; n = 9) diet. Each diet group
consisted of an equal number of Standardbred horses, mixed-breed ponies and Andalusian horses.

Variable Week Diet group P

CHO FAT CON Diet Breed Diet x breed

BCS (1–9 scale) 0 5.5 ± 0.2 4.9 ± 0.2 5.3 ± 0.3
20 7.8 ± 0.1a 7.4 ± 0.1a 5.6 ± 0.2b <0.001 0.80 0.25

TBFM (%) 0 8.1 ± 0.9 8.9 ± 0.9 7.7 ± 1.9
20 16.6 ± 0.7a 16.0 ± 1.0a 7.8 ± 1.4b <0.001 0.83 0.99

CNS (1–5 scale) 0 2.1 ± 0.1 2.0 ± 0.2 2.0 ± 0.3
20 3.6 ± 0.1a 3.2 ± 0.2a 2.2 ± 0.3b <0.001 0.59 0.52

ΔBW (%) 0 0 0 0
20 16.0 ± 0.7a 14.6 ± 0.7a 8.1 ± 1.7b <0.001 0.95 0.91

BCS, body condition score (Henneke et al., 1983; Kohnke, 1992); TBFM, total body fat mass (determined by deuterium oxide dilution); CNS, cresty neck score (Carter et al.,
2009b); Δ BW, percentage change in bodyweight from Week 0. P values represent the effects on Week 20 values.
a,b Significant difference between diet groups at Week 20 (P < 0.05).

Fig. 2. Weekly measurements (mean ± standard error) of body condition score (BCS;
A) and percentage change in bodyweight (ΔBW; B) in the cereal-rich (CHO; n = 12),
fat-rich (FAT; n = 12) and control (CON; n = 9) diet groups. Each diet group con-
sisted of an equal number of Standardbred horses, mixed-breed ponies and Andalusian
horses.
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Insulin sensitivity

Insulin sensitivity was decreased in the CHO group relative to
the FAT and CON groups (Table 3; P < 0.001). There was no signif-
icant effect of the high-fat diet compared with the control diet. A
significant effect of breedwas observed, with ponies and Andalusians
demonstrating lower values for SI compared with Standardbreds
(Fig. 3; P = 0.001). Values for AIRg were higher in the CHO group
compared with the FAT and CON groups (P = 0.002). Glucose effec-
tiveness was not different between diet groups, but there was a
significant effect of breed, with Standardbreds demonstrating lower
Sg values than ponies and Andalusians (P = 0.013).

Plasma measurements

Basal glucose and insulin concentrations were not different
between diet groups (Table 4). Increased adiposity resulted in higher
leptin concentrations in both the CHO and FAT groups than in the
CON group (P < 0.001). When breeds were compared, leptin con-
centrations in the Andalusians compared with the Standardbreds
and ponies resulted in a P value of 0.084. Adiponectin concentra-
tions were lower in the CHO group than the FAT and CON groups
(P = 0.010). Serum amyloid A concentrations were higher in the CHO
group than the FAT and CON groups (P = 0.009), with no differ-
ences in TNF-α detected between groups.

Discussion

In the present study, the induction of obesity was associated with
reduced insulin sensitivity in horses and ponies that consumed a
cereal-rich ration. In contrast, animals that consumed an isoca-
loric fat-rich (low-glycaemic) ration did not exhibit a change in
insulin sensitivity despite reaching levels of adiposity that did not
differ significantly from the CHO group. There was a significant effect
of breed across all diet groups, with ponies and Andalusians dem-
onstrating lower insulin sensitivity compared with Standardbreds.
Plasma adiponectin concentrations were reduced in the CHO group,
supporting an association between hypoadiponectinaemia and
insulin dysregulation in equids. These data enable a distinction to
be made between the effects of dietary glycaemic load and short-
term obesity on certain metabolic changes in equids. Furthermore,
this study highlights the influence of breed when investigating these
responses.

Insulin sensitivity was assessed using a FSIGT, which is consid-
ered to be one of the most accurate quantitative methods used by
equine researchers (Firshman and Valberg, 2007). The SI parame-
ter of the minimal model quantifies the ability of insulin to promote
glucose uptake from the bloodstream. Significantly lower SI values
were recorded in the CHO group compared with the FAT and CON
groups. An effect of breed was also present, with ponies and
Andalusians having lower SI values compared with Standard-

Table 3
Minimal model analysis of an insulin-modified frequently-sampled IV glucose tolerance test (FSIGT; mean ± standard error) in horses and ponies fed a cereal-rich (CHO;
n = 12), fat-rich (FAT; n = 12) or control (CON; n = 9) diet. Each diet group consisted of an equal number of Standardbred horses, mixed-breed ponies and Andalusian horses.

Variable Week Diet group P

CHO FAT CON Diet Breed* Diet x breed

SI (x10−4/[mU·min]) 0 3.66 ± 0.61 2.48 ± 0.32 2.85 ± 0.68
20 1.49 ± 0.23a 2.65 ± 0.46b 2.66 ± 0.94b <0.001 0.001 0.61

AIRg ([mU·min]/L) 0 280 ± 58 289 ± 61 193 ± 36
20 502 ± 76a 281 ± 43b 229 ± 40b 0.002 0.38 0.40

DI (x10−2) 0 9.14 ± 2.02 5.88 ± 1.03 4.93 ± 1.50
20 6.58 ± 0.94 6.53 ± 1.54 5.72 ± 0.92 0.75 0.31 0.93

Sg (x10−2/min) 0 1.64 ± 0.22 1.80 ± 0.35 1.18 ± 0.34
20 2.22 ± 0.23 1.92 ± 0.20 1.73 ± 0.37 0.37 0.013 0.15

SI, insulin sensitivity; AIRg, acute insulin response to glucose; DI, disposition index; Sg, glucose effectiveness. P values represent the effects on Week 20 values.
a, b Significant difference between diet groups at Week 20 (P < 0.05).
* Significant effect of breed indicative of lower SI values in ponies and Andalusians compared with Standardbreds (P < 0.05) and lower Sg values in Standardbreds com-

pared with ponies and Andalusians (P < 0.05).

Table 4
Plasma concentrations (mean ± standard error) in horses and ponies fed a cereal-rich (CHO; n = 12), fat-rich (FAT; n = 12) or control (CON; n = 9) diet. Each diet group con-
sisted of an equal number of Standardbred horses, mixed-breed ponies and Andalusian horses.

Variable Week Diet group P

CHO FAT CON Diet Breed Diet x breed

Glucose (mmol/L) 0 5.0 ± 0.1 4.9 ± 0.1 4.9 ± 0.2
20 5.0 ± 0.1 5.1 ± 0.1 5.1 ± 0.1 0.38 0.19 0.68

Insulin (mU/L) 0 6.7 ± 1.3 4.5 ± 0.8 4.1 ± 0.6
20 7.1 ± 0.6 6.6 ± 0.8 4.4 ± 0.6 0.088 0.99 0.75

Leptin (ng/mL) 0 0.80 ± 0.18 1.33 ± 0.27 1.62 ± 0.36
20 7.07 ± 0.56a 7.29 ± 0.59a 1.97 ± 0.29b <0.001 0.084 0.33

Adiponectin (μg/mL) 0 4.88 ± 0.78 3.99 ± 0.62 3.15 ± 0.73
20 2.15 ± 0.27a 4.14 ± 0.66b 3.89 ± 0.48b 0.010 0.18 0.72

TNF-α (ng/mL) 0 0.58 ± 0.26 0.86 ± 0.56 1.58 ± 1.06
20 0.58 ± 0.25 0.63 ± 0.27 1.50 ± 1.01 0.44 0.99 0.36

SAA (μg/mL) 0 1.69 ± 0.28 0.93 ± 0.14 1.76 ± 0.49
20 6.34 ± 1.12a 2.46 ± 0.60b 2.72 ± 1.13b 0.009 0.58 0.55

TNF-α, tumour necrosis factor-α; SAA, serum amyloid A. P values represent the effects on Week 20 values.
a, b Significant difference between diet groups at Week 20 (P < 0.05).
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breds. A compensatory increase in insulin secretion following the
IV glucose infusion was observed as higher AIRg values in the CHO
group. The disposition index (multiplication product of SI and AIRg)
is used to determine the adequacy of the insulin response to a given
level of insulin sensitivity, which was not detectably different
between diet groups. Glucose effectiveness (Sg) quantifies the ability
of glucose to promote its own removal from the bloodstream. Al-

though not different between diet groups, Sg values were lower in
Standardbreds than in ponies and Andalusians. There is some ev-
idence that insulin-independent glucose disposalmay be upregulated
in animals predisposed to obesity (Hoffman et al., 2003).

The finding of reduced insulin sensitivity in the CHO group is
consistent with that of Carter et al. (2009a), who induced obesity
in a cohort of Arabian geldings using ‘sweet feed’ (cereal-rich) meals.
The mean SI value reported in the present study of 1.49 × 10−4/
(mU·min) is relatively modest when compared with that of the
Arabians studied by Carter et al. of 0.62 × 10−4/(mU·min). This is
due in part to the influence of Standardbreds within each diet group;
if Standardbreds are not considered, mean SI in the present study
was 0.97 × 10−4/(mU·min). Differences in the level of adiposity may
also have influenced results from the FSIGT. The Arabian horses
demonstrated slightly higher mean (±SD) values for BCS (8.0 ± 0.7)
than horses and ponies in the present study (7.8 ± 0.4). Total body
fat mass was also higher in the Arabian horses, but a direct com-
parison of TBFM values is difficult due to differences in methodology
between studies (ultrasonographic fat depth vs. D2O dilution). Carter
and colleagues fed approximately 200% DE requirements for 16
consecutive weeks. In contrast, we gradually increased the amount
of micronised maize in each meal over 20 weeks, reaching 200%
DE requirements for the last 2 weeks of the study. Animal ethics
approval for the present study determined the cautious increase
in grain over time due to the use of breeds potentially at risk of
developing laminitis.

The present study was designed similarly to a previous report
by our group that described the metabolic responses of horses and
ponies fed either a high-fat diet or an isocaloric diet containing a
once-daily glycaemic stimulus (Bamford et al., 2016). Yielding com-
parable results to the present study, a decrease in SI was not detected
in the high-fat group after the induction of obesity. However, there
was a significant increase in SI values for the group provided with
a once-daily glycaemic stimulus (as 1.5 g/kg BW dextrose) after the
induction of obesity. Based on this finding, it was hypothesised that
high insulin concentrations were not sustained for long enough to
cause insulin receptor downregulation, and that chronic stimula-
tion of the pancreas bymore than one cereal-richmeal per daymight
be required to cause a decrease in insulin sensitivity (Williams et al.,
2001; Kronfeld et al., 2005; Suagee et al., 2011).

The glycaemic and insulinaemic properties of the CHO and FAT
meals used in this study have been previously reported (Bamford
et al., 2015, 2016). Maize was chosen as the supplementary cereal
because of its high starch content. The micronised form ensured
that starch underwent as much precaecal digestion as possible, re-
ducing the risk of hindgut disturbances that can lead to laminitis
(Kronfeld and Harris, 2003; Vervuert et al., 2004). Although the
CHO meals have been shown to induce robust insulinaemic re-
sponses in a previous report, an important observation was the
discrepancy in responses between different breeds (Bamford et al.,
2015).

Ponies and Andalusians experience a more profound postpran-
dial hyperinsulinaemia than Standardbreds, which is associated with
differences in innate insulin sensitivity between these breeds
(Bamford et al., 2014). The hyperinsulinaemia experienced by ponies
and Andalusians in the CHO group of the present study may have
contributed to the lower SI values compared with the Standard-
breds. However, despite relatively modest postprandial insulin
responses to the CHOmeal, Standardbreds exhibited lower SI values
at Week 20 compared with Week 0. It is not clear whether the de-
crease in SI values was solely due to the effects of twice-daily
postprandial hyperinsulinaemia, or whether there may be other
effects of feeding cereals that are involved. Hyperinsulinaemia has
been hypothesised to represent one aspect of a genetic predispo-
sition to laminitis in horses and ponies (Harris et al., 2006; Treiber
et al., 2006).

Fig. 3. Insulin sensitivity (SI; A), acute insulin response to glucose (AIRg; B) and glucose
effectiveness (Sg; C) determined by a FSIGT. Equal numbers of Standardbred horses
(white bars), mixed-breed ponies (stippled bars) and Andalusian horses (grey bars)
were fed either cereal-rich (CHO; n = 12), fat-rich (FAT; n = 12) or control (CON; n = 9)
meals over 20 weeks. Data are expressed as mean ± standard error. *Indicates sig-
nificant difference between diet groups (P < 0.05). The model indicated a significant
effect of breed for SI, with lower values for ponies and Andalusians compared with
Standardbreds (P = 0.001). The model indicated a significant effect of breed for Sg,
with lower values for Standardbreds compared with ponies and Andalusians
(P = 0.013).

18 N.J. Bamford et al. / The Veterinary Journal 214 (2016) 14–20



No signs of gastrointestinal upset were observed in any of the
diet groups, indicating that the rate of supplementary feed in-
crease was sufficiently cautious. Supplementary vegetable fat was
well tolerated while providing up to 25% of daily DE in the total
ration, supporting a previous finding that supplementary vegeta-
ble fat is well tolerated in the horse (Harris et al., 1999; Kronfeld
et al., 2004). Hay consumption in the FAT group appeared slightly
lower than the CHO group, although the difference between means
was not statistically significant. The CON groupwas included to verify
that observations in the CHO and FAT groups were due to the effects
of diet and adiposity, and not related to environmental or manage-
ment factors. Percentage change in BW was increased in control
animals at Week 20 (relative to Week 0) despite equivocal TBFM
values. The increase in BWwithout increase in adiposity in the con-
trols could be a limitation of the study, although this finding could
potentially be due to increased gut fill or more likely an increase
in lean body mass in these animals. The control diet included good
quality protein from the soybean hulls and chaff and it has been pre-
viously reported that adult horses may increase rates of muscle
protein synthesis in response to feeding increased protein (Urschel
et al., 2011).

Leptin is an adipokine that is constitutively secreted by mature
adipocytes, functioning to signal the existing state of energy balance
and aid in the regulation of BW (Jéquier, 2002). Whether a state of
leptin resistance contributes to the exacerbation of obesity in horses
with insulin dysregulation has not been determined. Certainly, there
is a strong correlation between leptin concentrations and fat mass
in horses (Buff et al., 2002; Kearns et al., 2006). In the present study,
leptin mirrored adiposity; higher concentrations were present in
the CHO and FAT groups compared with the CON group. Leptin was
similar between the CHO and FAT groups despite differences in SI
and AIRg, suggesting that leptin was reflective of fat mass and not
of insulin sensitivity.

In contrast to leptin, adiponectin is often inversely proportion-
al to adiposity (Maury and Brichard, 2010). Hypoadiponectinaemia
has been postulated to play a role in the pathogenesis of several
comorbidities in humans with metabolic syndrome due to a re-
duction in the anti-inflammatory, anti-arthrogenic and insulin-
sensitising actions of adiponectin (Fisman and Tenenbaum, 2014).
Previous studies of horses have found adiponectin to be negative-
ly correlated with basal insulin concentrations and inversely
proportional to fat mass (Kearns et al., 2006; Wooldridge et al.,
2012). When laminitis status was considered, previously-laminitic
ponies had lower adiponectin concentrations than control ponies
(Wray et al., 2013). The present study found adiponectin concen-
trations to be similar between the FAT and CON groups despite
differences in TBFM. However, adiponectin concentrations were sig-
nificantly lower in the CHO group even though leptin concentrations
and TBFM were similar to the FAT group. This finding suggests that
relative hypoadiponectinaemia occurred in animals with lower
insulin sensitivity, without concurrent differences in leptin con-
centrations or TBFM. Further work is required to determine the
role of adiponectin in the pathogenesis of equine insulin
dysregulation.

There is conflicting information about whether obesity repre-
sents a pro-inflammatory state in the horse (Frank and Tadros, 2014).
We did not detect differences in plasma TNF-α concentration
between groups, supporting a previous finding that cytokine-
mediated inflammation was not associated with obesity or insulin
dysregulation in horses (Holbrook et al., 2012). Recent work has in-
dicated that SAA might be a better marker of obesity-associated
inflammation in horses (Suagee et al., 2013). In the present study,
higher plasma concentrations of SAAwere detected in the CHO group
compared with the FAT and CON groups. Adiposity was similar
between the CHO and FAT groups; therefore, a possible explana-
tion for this increase could be a reduction in anti-inflammatory

activity due to the relative hypoadiponectinaemia in this group. It
is important to note that absolute concentrations of SAA in the CHO
group were within the reference interval for horses without infec-
tious or inflammatory conditions (Belgrave et al., 2013).

Specific recommendations for the use of high-energy provid-
ing complementary feeds in horses predisposed to laminitis cannot
be made on the basis of this study. It is clear, however, that the use
of this particular form of supplementary vegetable fat did not result
in decreased insulin sensitivity in a population of horses and ponies
that became obese. This finding may support the rationale for the
use of low-glycaemic meals as an appropriate energy source in
breeds predisposed to EMS that require more calories than low non-
structural carbohydrate forage can provide. A reduction in dietary
glycaemic load has also been shown to reduce basal insulin con-
centrations and improve insulin sensitivity in clinical cases of EMS
(Morgan et al., 2015). There seems to be a threshold level of dietary
non-structural carbohydrates such as starch which lead to a sig-
nificant glycaemic response and sufficiently high insulin levels to
lead to insulin resistance. In the present study, the feed consumed
by the CON group contained relatively more starch (14.2 g per 100 kg
BW per meal) than the FAT group (1.6 g per 100 kg BW per meal);
however, this was still a lot less than the amount of starch con-
sumed by the CHO group (162.3 g per 100 kg BW per meal). Pilot
studies showed that both the control feed and the fat-rich feed pro-
duced minimal glycaemic and insulinaemic effects, and the control
feed caused no greater response than the fat-rich feed (data not
shown). This probably explains why the CON group did not become
more insulin resistant than the FAT group.

A limitation of the present study is that animals were only obese
for a short period of time. It cannot be discounted that chronic
obesity represents a different metabolic state; additional metabol-
ic derangements may occur with long-standing obesity that
predispose certain animals to endocrinopathic laminitis. Further in-
vestigation of the chronically obese equine phenotype is required.

Conclusions

The glycaemic load of the diets used in this 20-week study
appeared to be a more important influence on insulin sensitivity
than the induction of obesity per se. Differences in the glucose
and insulin dynamics of horse and pony breeds persisted regard-
less of the diet consumed, with ponies and Andalusian horses less
insulin sensitive than Standardbred horses. Adiponectin may play
a role in equine insulin dysregulation and warrants further inves-
tigation. These data suggest that the development of obesity and
insulin dysregulation may be functionally uncoupled, which is an
important premise in the further study of obesity-associated
disorders in equids.
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INTRODUCTION

Hyperinsulinemia is a risk factor for the occur
rence of laminitis in grazing equids (Treiber et al., 
2006; Bailey et al., 2008; Carter et al., 2009). Factors 
that influence postprandial glucose and insulin con
centrations include the type and amount of nonstruc

tural carbohydrate (NSC; starch and watersoluble 
carbohydrate) consumed, the prececal digestibility 
of starch, and the rate of meal ingestion (Harris and 
Geor, 2009). When highglycemic diets are regularly 
consumed, the downregulation of insulin receptors 
in target tissues can lead to a state of insulin resis
tance (Treiber et al., 2005). To adapt to decreased in
sulin sensitivity, postprandial insulin concentrations 
will increase in a self-perpetuating cycle (Frank and 
Tadros, 2014).

A potentiation of insulin responses when glu
cose is administered orally (as opposed to intrave
nously) is due to the release of incretin hormones 
from specialized enteroendocrine cells, which exert 

Postprandial glucose, insulin, and glucagon-like peptide-1 responses  
of different equine breeds adapted to meals containing micronized maize1

N. J. Bamford,* C. L. Baskerville,* P. A. Harris,† and S. R. Bailey*2

*Faculty of Veterinary Science, The University of Melbourne, Werribee, Victoria 3030, Australia;  
and †Equine Studies Group, WALTHAM Centre for Pet Nutrition, Melton Mowbray LE14 4RT, UK

ABSTRACT: The enteroinsular axis is a complex 
system that includes the release of incretin hormones 
from the gut to promote the absorption and utiliza
tion of glucose after a meal. The insulinogenic effect 
of incretin hormones such as glucagon-like peptide-1 
(GLP1) remains poorly characterized in the horse. 
The aim of this study was to compare postprandial 
glucose, insulin, and GLP1 responses of different 
equine breeds adapted to twice-daily meals contain
ing micronized maize. Four Standardbred horses, 4 
mixedbreed ponies, and 4 Andalusian cross horses 
in moderate BCS (5.5 ± 0.2 out of 9) were fed meals 
at 0800 and 1600 h each day. The meals contained 
micronized maize (mixed with soaked soybean hulls 
and lucerne chaff), with the amount of maize gradu
ally increased over 12 wk to reach a final quantity 
of 1.7 g/kg BW (1.1 g/kg BW starch) in each meal. 
Animals had ad libitum access to the same hay 
throughout. After 12 wk of acclimation, serial blood 
samples were collected from all animals over a 14h 

period to measure concentrations of glucose, insulin, 
and GLP1, with meals fed immediately after the 0 
and 8 h samples. Glucose area under the curve (AUC) 
values were similar between breed groups (P = 0.41); 
however, ponies and Andalusian horses exhibited sig
nificantly higher insulin AUC values after both meals 
compared with Standardbred horses (both P < 0.005). 
Postprandial GLP-1 AUC values were also significant
ly higher in ponies and Andalusian horses compared 
with Standardbred horses (breed × time interaction; 
P < 0.001). Correlation analysis demonstrated a 
strong positive association between concentrations of 
insulin and GLP1 over time (rs = 0.752; P < 0.001). 
The increased insulin concentrations in ponies and 
Andalusian horses may partly reflect lower insulin 
sensitivity but could also be attributed to increased 
GLP1 release. Given that hyperinsulinemia is a rec
ognized risk factor for the development of laminitis 
in domestic equids, this study provides evidence that 
the enteroinsular axis warrants further investigation.
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insulinogenic effects on the pancreas (Hampton et al., 
1986). Glucagon-like peptide-1 (GLP-1) is an incretin 
hormone that has been extensively investigated in hu
man and rodent studies, but equine data are lacking 
(De Graaf-Roelfsema, 2014). Genetic factors influ
ence glucose and insulin dynamics in equids (Treiber 
et al., 2006). Ponies and Andalusian horses produce 
significantly more insulin after consuming a glucose-
containing meal when compared with Standardbred 
horses (Bamford et al., 2014). It has not yet been de
termined whether an incretin response is a driver for 
the difference in postprandial insulin responses ob
served between breeds.

This study assessed postprandial concentrations of 
glucose, insulin, and GLP1 in horses and ponies after a 
12-wk adaptation to twice-daily meals containing micron
ized maize. We hypothesized that ponies and Andalusian 
horses would demonstrate increased postprandial insulin 
concentrations compared with Standardbred horses and 
furthermore that there would be an associated increase in 
GLP1 concentrations in these breeds.

MATERIALS AND METHODS

The study protocol was approved by the University 
of Melbourne Animal Ethics Committee (ID 1011918).

Animals and Diets

Four Standardbred horses (STB; 5 to 14 yr, 458 ± 17 
kg, BCS 5.2 ± 0.2), 4 mixed-breed ponies (PON; 5 to 10 
yr, 300 ± 19 kg, BCS 5.3 ± 0.3), and 4 Andalusian cross 
horses (AND; 4 to 11 yr, 509 ± 23 kg, BCS 5.7 ± 0.3) 
were enrolled in this 12-wk study. Animals were kept in 
large dirt paddocks with ad libitum access to hay (sourced 

from a single batch; Table 1) and fresh water throughout 
the study period. Meals were provided at 0800 h (AM 
meal) and 1600 h (PM meal) each day during the study 
period. To enable individual feeding at meal times, ani
mals were moved to small separate pens along the pe
rimeter of the paddock, with any meal refusals recorded. 
Each meal (Table 1) consisted of a base ration contain
ing an equal mix (1.5 g/kg BW of each ingredient by dry 
weight) of soaked soy hull pellets (Maxisoy, Energreen 
Nutrition, Shailer Park, QLD, Australia) and lucerne 
chaff. A balanced vitamin and mineral supplement (60 
mg/kg BW; Ranvet, East Botany, NSW, Australia) was 
added to the AM meal. Micronized maize (Micrmaize, 
Hygain, Officer, VIC, Australia) was mixed with the 
base ration in each meal to provide a glycemic and insu
linemic stimulus. Animals were fed on a “per kilogram 
BW” basis, using the BW of each animal recorded on 
the first day of every week during the study. The ingredi
ents for each meal were weighed and mixed individually 
to ensure the accurate provision of the study diets. The 
amount of grain added to each meal started at 0.7 g/kg 
BW and was gradually increased on a weekly basis over 
the 12-wk period to allow for digestive adaptation. The 
amount of micronized maize in each meal at wk 12 was 
1.7 g/kg BW, providing 1.1 g/kg BW starch.

Morphometric Measurements

On the first day of wk 0 and 12, BW was measured 
using calibrated horse scales, and BCS was assessed 
by a single experienced observer using a 9point scale 
(Henneke et al., 1983; Kohnke, 1992). Body weight at 
wk 12 was reported as the percentage change from wk 
0 to account for the large difference in size between 
ponies and horses.

Sample Collection

After 12 wk of meal feeding, all animals under
went a serial blood sampling procedure over a 14h 
period to assess the effect of the meals on glucose, 
insulin, and GLP1 concentrations. Testing occurred 
over a 2d period with 6 animals tested on each day in 
a randomized allocation. To replicate daily husbandry 
practices, animals remained in the dirt paddocks over
night with ad libitum access to hay and fresh water. 
On the day of testing, animals were moved to their 
individual pens, where they remained for the duration 
of the test. Meals were provided at the regular times 
of 0800 and 1600 h. Hay and fresh water were avail
able to the animals at all times during the sampling 
period. Approximately 1 h before the AM meal, an 
intravenous catheter was placed in the left jugular 
vein of each animal under local anesthesia. A baseline 

Table 1. Proximate analysis of ration components 
(DM basis)1

 
Item

 
Hay

Base  
ration2

Micronized 
maize3

DE, MJ/kg 7.1 9.5 16.3
CP, % 7.7 11.7 10.3
ADF, % 46.0 37.3 3.3
NDF, % 75.8 57.7 8.6
Nonstructural carbohydrate,4 % 9.2 13.1 73.4
Water-soluble carbohydrate, % 7.3 8.7 3.3
Starch, % 1.8 4.4 70.1
Fat, % 1.8 3.7 4.3
Ash, % 5.5 5.6 1.3

1Analysis performed at Equi-Analytical Laboratories, Ithaca, NY.
2Equal mixture (by dry weight) of soy hull pellets (Maxisoy, Energreen 

Nutrition, Shailer Park, QLD, Australia) and lucerne chaff.
3Micrmaize, Hygain, Officer, VIC, Australia.
4Nonstructural carbohydrate = starch + water-soluble carbohydrate.
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sample was drawn immediately before the AM meal, 
with serial blood samples drawn over the 14h period. 
The PM meals were provided immediately after the 
8 h blood sample. Samples (10 mL at each sampling 
time) were placed in tubes containing lithium heparin 
and kept on ice until centrifugation (1,000 × g for 10 
min at 4°C). Plasma was harvested, and 1-mL aliquots 
were stored at −80°C until analysis.

Plasma Analysis

Glucose was measured using a hexokinase colori
metric assay (Cayman Chemical Co., Ann Arbor, MI), 
and insulin was measured using a RIA (CoatACount, 
Siemens Diagnostics, Los Angeles, CA) previously 
validated for equine plasma (Tinworth et al., 2011). For 
samples in which insulin concentrations were above the 
range of the assay (389 mU/L), dilutions were performed 
using insulindepleted plasma (BorerWeir et al., 2012). 
Plasma concentrations of GLP1 were determined us
ing an ELISA (Merck Millipore, Darnstadt, Germany) 
previously validated for equine plasma (Chameroy et 
al., 2010a). Intra-assay CV were 0.8%, 3.8%, and 3.7%, 
and interassay CV were 0.9%, 5.8%, and 10.7% for glu
cose, insulin, and GLP1, respectively.

Data Analysis

The area under the curve (AUC) for glucose, insu
lin, and GLP1 was calculated using the nonoverlap
ping trapezoid method (GraphPad Prism, version 6.02, 
GraphPad Inc., La Jolla, CA). Baseline values for AUC 
calculations were defined as the 0-h sample for the AM 
meal and the 8-h sample for the PM meal. The AUC pe
riod for glucose and insulin was defined as the first 6 h 
after each meal. Concentrations of GLP1 at the 13 and 
14-h time points were not quantified because of the num
ber of assay plates available; therefore, the AUC period 
for GLP-1 was defined as the first 4 h after each meal. An 
outlier that demonstrated exaggerated glucose and insu
lin responses (greater than 5 SD above the mean for both 
AM and PM meals) was identified within the PON group 
and was excluded from statistical analysis. Data were as
sessed for normality with the Shapiro-Wilk test and were 
analyzed using a mixedmodel ANOVA (SPSS, version 
22, IBM Corp., New York, NY). The model included the 
main effects of breed, time (AM meal vs. PM meal), and 
the interaction term (breed × time), with the random ef
fect of individual animal. Significant main effects were 
compared in a pairwise manner using Tukey’s post hoc 
test when appropriate. Further assumptions of the mod
el were checked using Levene’s test (homogeneity of 
variance) and Box’s test (homogeneity of covariance). 
Relationships between glucose, insulin, and GLP1 were 

evaluated using Spearman’s rank-order correlation anal
ysis of 20 individual time points from each animal over 
the 14h sampling period. Data were reported as mean ± 
SEM, with significance defined as P < 0.05.

Figure 1. Plasma concentrations (mean ± SEM) of (A) glucose, (B) 
insulin, and (C) glucagon-like peptide-1 (GLP-1) in Standardbred horses 
(STB; n = 4), ponies (PON; n = 3), and Andalusian horses (AND; n = 4) 
over a 14h period. Animals were adapted to twicedaily meals containing 
micronized maize over a 12-wk period. Each meal contained a base ration 
(soybean hulls and lucerne chaff) with 1.7 g/kg BW micronized maize (1.1 
g/kg BW starch). The vertical dashed lines indicate the times of meal feed
ing at 0800 and 1600 h. Low–nonstructural carbohydrate hay was available 
throughout the sampling period.
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RESULTS

Animals
All animals remained clinically healthy, and there 

were no meal refusals recorded on any occasion. Body 
weight increased in all individuals (P < 0.001), with no 
difference detected between STB (12.5% ± 1.1%), PON 
(15.6% ± 1.4%), and AND (14.1% ± 1.0%) groups (P = 
0.22). Body condition score also increased in all indi
viduals (P < 0.001), with no difference detected between 
wk 12 BCS in STB (6.9 ± 0.1), PON (7.1 ± 0.3), and 
AND (7.3 ± 0.3) groups (P = 0.56). On the day of blood 
sampling, meals were consumed in a similar amount of 
time by STB (16 ± 1 min), PON (15 ± 2 min), and AND 
(16 ± 2 min) groups (P = 0.91). Individual hay con
sumption (% BW, DM basis) over a 24-h period was not 
detectably different between STB (2.1% ± 0.1%), PON 
(2.3% ± 0.2%), and AND (2.1% ± 0.1%) groups (P = 
0.54). Estimated group hay intake over the study period 
was consistent with the measured 24-h intake.

Glucose and Insulin Responses

Plasma concentrations of glucose and insulin over 
the 14h sampling period are shown in Fig. 1, with AUC 
values shown in Table 2. For glucose, a significant ef
fect of time was detected, with lower AUCglucose af
ter the PM meal relative to the AM meal (P = 0.037). 
No effect of breed on glucose responses was detected 
(P = 0.40). For insulin, there was a significant effect of 
breed, with PON and AND demonstrating significantly 
larger AUCinsulin compared with STB (P = 0.002 and 
P = 0.005, respectively). No effect of time (AM meal vs. 
PM meal) on insulin responses was detected (P = 0.87).

GLP-1 Responses

Plasma concentrations of GLP1 over the 14h sam
pling period are shown in Fig. 1, with AUC values shown 
in Table 2. For GLP-1, there was a significant breed × 
time interaction (P < 0.001). Values for AUCGLP1 were 
higher in the PON group compared with STB during the 
AM meal (P = 0.016) and were higher in the PON and 
AND groups compared with STB during the PM meal (P 
= 0.006 and P < 0.001, respectively).

Correlations

Insulin concentrations were strongly correlated 
with GLP1 concentrations over the sampling period 
(rs = 0.752; P < 0.001). Weaker correlations existed be
tween glucose and insulin (rs = 0.407; P < 0.001) and 
between glucose and GLP1 (rs = 0.271; P < 0.001).

Outlier Pony

The outlier identified within the PON group 
demonstrated exaggerated postprandial concen
trations of glucose (AM meal: peak 8.6 mmol/L, 
AUCglucose 12.9 mmol·h−1·L−1; PM meal: peak 10.4 
mmol/L, AUCglucose 14.9 mmol·h−1·L−1), and insu
lin (AM meal: peak 387.5 mU/L, AUCinsulin 1,454 
mU·h−1·L−1; PM meal: peak 506.3 mU/L, AUCinsulin 
1,816 mU·h−1·L−1). However, postprandial concentra
tions of GLP1 were not increased relative to the other 
ponies (AM meal: peak 11.8 pmol/L, AUCGLP1 35.7 
pmol·h−1·L−1; PM meal peak 28.9 pmol/L, AUCGLP1 
86.73 pmol·h−1·L−1). This pony did not demonstrate 
any clinical signs of laminitis despite the significant 
hyperinsulinemia observed.

Table 2. Area under the curve (AUC) values for glucose, insulin, and glucagon-like peptide-1 (GLP-1) in 
Standardbred horses (STB; n = 4), ponies (PON; n = 3), and Andalusian horses (AND; n = 4) consuming grain 
meals at 0800 h (AM) and 1600 h (PM)1

 
Variable

 
Time

 
STB

 
PON

 
AND

Pvalue
Breed Time Breed × Time

Glucose, mmol·h−1·L−1 AM 2.23 ± 0.38 2.78 ± 0.56 3.50 ± 1.05 0.40 0.037 0.96
PM 1.74 ± 0.34 2.12 ± 0.73 2.98 ± 0.70

Insulin, mU·h−1·L−1 AM 68.3 ± 4.1a 190.8 ± 29.7b 186.0 ± 38.6b 0.001 0.87 0.77
PM 56.0 ± 11.1a 226.3 ± 52.0b 183.2 ± 14.8b

GLP1,2 pmol·h−1·L−1 AM 9.4 ± 2.4a 42.8 ± 11.2b 27.2 ± 1.4a,b — —  <0.001
PM 15.0 ± 4.5a 63.6 ± 13.4b 84.4 ± 1.8b

a,bWithin a row, means without a common superscript differ (P < 0.05).
1Each meal contained a base ration (soybean hulls and lucerne chaff) mixed with 1.7 g/kg BW micronized maize (1.1 g/kg BW starch). Low nonstruc

tural carbohydrate hay was available throughout the sampling period.
2Significant breed × time interaction indicates greater PM AUCGLP1 compared with AM AUCGLP1 for the AND group (P < 0.001). No significant effect 

of time occurred for STB (P = 0.15) or PON (P = 0.13) groups.
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DISCUSSION

The evidence presented in this study supports po
tential breed differences in the enteroinsular axis in 
horses and ponies adapted to eating twicedaily meals 
containing micronized maize. Despite similar post
prandial glucose responses between breed groups, 
the ponies and Andalusian horses demonstrated sig
nificantly larger insulin responses compared with 
Standardbred horses. Postprandial GLP1 concentra
tions were positively correlated with insulin concen
trations, demonstrating an association between in
cretin hormones and hyperinsulinemia in ponies and 
Andalusian horses.

Prolonged hyperinsulinemia has been shown 
to cause acute laminitis in ponies and Standardbred 
horses under experimental conditions (Asplin et al., 
2007; de Laat et al., 2010). Therefore, postprandial 
hyperinsulinemia may be an important risk factor 
for laminitis in predisposed individuals (Frank and 
Tadros, 2014). Several important observations have 
supported this link, including the hyperinsulinemic re
sponse of previously laminitic ponies to various forms 
of NSC (glucose, fructose, and inulin) compared with 
nonlaminitic ponies (Bailey et al., 2007; Borer et al., 
2012) and the higher incidence of laminitis in grazing 
equids when pastures contain increased quantities of 
NSC (MenziesGow et al., 2010). Therefore, the pur
pose of this work was to examine a potential reason 
that some types of animals (grouped here by breed) 
exhibit a hyperinsulinemic response. A better under
standing of incretin physiology may lead to new meth
ods to control hyperinsulinemia in horses and ponies.

Micronized maize was selected as the source of 
supplementary NSC in the present study to ensure 
that starch underwent as much prececal digestion as 
possible (Vervuert et al., 2004). The quantity of grain 
in each meal was slowly increased to reduce the risk 
of grain overload and hindgut disturbances that could 
cause laminitis (Kronfeld and Harris, 2003). Although 
it would have been interesting, a preadaptation com
parison experiment was not feasible. It was considered 
that feeding the final amount of grain without adapta
tion would place the ponies and Andalusians at undue 
risk of laminitis. There is little evidence to suggest an 
appropriate time frame to adapt horses and ponies to 
grain meals, but there is some evidence that horses 
may be slow to adapt (Dyer et al., 2009). Therefore, 12 
wk was considered a suitably cautious time frame for 
the present study. The amount of grain in each meal 
during wk 12 provided 1.1 g/kg BW starch, a quantity 
previously shown to induce robust insulin responses 
(Vervuert et al., 2009). Although it may be common to 
feed larger quantities of grain to race horses (Crandell 

et al., 1999), it would be uncommon for ponies to re
ceive more than this amount in general practice.

Differences in postprandial insulin concentrations 
between Standardbred, pony, and Andalusian breed 
groups have been reported when animals of moderate 
body condition consumed a single glucosecontaining 
meal (Bamford et al., 2014). The present study found 
that differences of a similar magnitude were detected 
between the same breed groups after a period of di
etary adaptation to meals containing starch. Despite 
adapting to the same meals, Standardbred horses se
creted much less insulin to deal with the same glyce
mic load as ponies and Andalusian horses. This further 
emphasizes that studies of postprandial glucose and 
insulin responses to various types of NSC need to ac
count for the breeds examined and that the applica
tion of a generic glycemic index in equine dietetics 
remains difficult (Harris and Geor, 2009).

Previous studies of Standardbred and lightbreed 
horses have demonstrated reduced postprandial insu
lin concentrations after the second of 2 identical meals 
fed 8 h apart (Gordon and McKeever, 2005; Noble and 
Sillence, 2013); however, the present study did not ob
serve this decrease. It is unclear why postprandial in
sulin responses were equivalent between meals in the 
present study, but this result could be due to the nature 
of a gradual adaptation to meal feeding or the provi
sion of ad libitum hay throughout the study period.

The absorption and utilization of glucose from the 
mammalian intestinal tract is influenced by a complex 
enteroinsular axis, which has been scarcely studied 
in horses (De GraafRoelfsema, 2014). Two incretin 
hormones have been shown to exert insulinogenic ef
fects in other species: GLP1 and glucosedependent 
insulinotropic polypeptide (GIP). A previous study of 
horses confirmed the presence of an enteroinsular axis 
through the investigaiton of GIP, which is released 
from intestinal K cells (Duhlmeier et al., 2001). Higher 
glucosetoinsulin ratios were detected during an oral 
glucose tolerance test (associated with increased GIP 
concentrations) when compared with an equivalent in
travenous glucose tolerance test. Shetland ponies were 
found to have greater glucose and insulin concentra
tions than largebreed horses; however, glucoseto
insulin ratios were similar, suggesting a comparable 
enteroinsular axis between these animals.

Glucagon-like peptide-1 was selected as the incre
tin hormone of interest in the present study. This incre
tin is released from intestinal L cells and acts to enhance 
postprandial glycemic control by increasing pancreatic 
β-cell responsiveness to glucose-stimulated insulin 
secretion (Holz et al., 1993). Glucagon-like peptide-1 
has been extensively investigated in human and rodent 
studies; however, there has been little investigation of 
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GLP-1 in horses. One report confirmed an increase in 
GLP1 concentrations during an oral sugar test but did 
not detect a difference between healthy and insulinre
sistant groups (Chameroy et al., 2010b). Furthermore, 
8 wk of overfeeding with sweet feed did not change 
GLP1 concentrations in a group of obese, insulin resis
tant horses (Chameroy et al., 2011). In the present study, 
GLP1 concentrations were found to be different be
tween breed groups and were strongly correlated with 
insulin concentrations. Glucose concentrations were 
only weakly correlated with GLP-1, indicating that 
breedrelated differences in GLP1 may not be directly 
related to glycemic responses. These associations may 
be consistent with a potential role for incretin hormones 
in equine postprandial hyperinsulinemia.

One pony demonstrated extremely high glucose 
and insulin responses relative to the other individu
als in the pony group. This pony did not eat faster or 
exhibit increased BCS relative to the other ponies, nor 
was it found to have an exaggerated insulin response 
when fed a glucosecontaining meal in a previously 
reported study (Bamford et al., 2014). Because plas
ma glucose concentrations were also high, this pony 
might have had very efficient starch digestion and 
glucose absorption or decreased uptake of glucose by 
the liver. The GLP1 response was similar to that of 
other ponies, so plasma glucose was presumably the 
main stimulus for insulin secretion. The rate of insulin 
clearance by the liver will also influence the degree of 
postprandial hyperinsulinaemia. Therefore, the mea
surement of Cpeptide concentrations in future studies 
may be indicated to assess the postprandial dynamics 
of insulin secretion and clearance (Toth et al., 2010).

The increased insulin and GLP1 concentrations 
observed in the pony and Andalusian groups have 
implications for the feeding of highglycemic meals 
to these (and similarly predisposed) breeds. Large 
amounts of NSC in the diet of these breeds may easily 
produce the degree of hyperinsulinemia that has been 
implicated in causing laminitis (de Laat et al., 2012). 
However, not all forms of NSC may have the same 
effect on GLP1 (or indeed insulin). Because most 
cases of endocrinopathic laminitis are associated with 
grazing pasture, it would be best to assess insulin and 
GLP-1 responses under these conditions. It is difficult 
to feed controlled amounts of NSC as pasture; stud
ies of glucose and insulin dynamics in horses have 
therefore relied on feeding measured amounts of NSC 
as grain, powdered, or pelleted formulations. Further 
studies are required to determine the effect of different 
types of NSC on incretin responses in horses.

An improved understanding of the factors that con
tribute to equine hyperinsulinemia is of critical impor
tance in reducing the prevalence of laminitis in domes

tic horse populations. This study provides evidence that 
the enteroinsular axis warrants further investigation.
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Appendix E 

Baskerville et al. Supplemental file for Chapter 6 

Supplementary Figure 1. Comparison of IHC staining for the IGF-1 receptor between the 

chicken polyclonal anti-IGF-1R primary antibody used in the current paper and the rabbit 

polyclonal anti-IGF- 1R primary antibody that was used by Burns et al (2013; ref 11) and was 

previously validated for IHC on paraffin-embedded tissue by Yoon et al (2011; ref 22). Panel 

a): rabbit polyclonal anti-IGF-1R primary antibody (Santa Cruz Biotechnology) Panel b): 

chicken polyclonal anti-IGF-1R primary antibody (Abcam, Cambridge, UK) Panel c): 

negative control (no primary antibody) Panel d): isotype-matched control antibody (chicken 

IgY; Abcam). 

 
 
 

 
 
 
 
 
 

 
 
 
 
It can be seen from these images that the rabbit polyclonal antibody (Panel a) exhibits what 



  

 

152 
 

is likely to be some non-specific staining, including all cells within the vascular dermal 

lamellae, as well as the cell nuclei of the basal lamellar epithelial cells. The chicken 

polyclonal antibody used in the present study (Panel b) mainly stains the lamellar epithelium 

(cytoplasm only, not nuclei), with only some minor staining of the vascular endothelium and 

smooth muscle within the dermal lamella. The equine insulin receptor however, is located 

solely on the vascular endothelium (see Supplementary Figure 2 below).  

 
Supplementary Figure 2. IHC staining for the insulin receptor using the mouse monoclonal 

anti-IR Primary antibody (Abcam, Cambridge, UK) previously used by Burns et al (2013; 

ref 11). 

 

 
Consistent with the previous findings by Burns et al (2013; ref 11), the image shows that 

the insulin receptor is only found on the vascular endothelium in this tissue, and is not 

apparent on the epidermal lamellar epithelial cells.



 
 

Appendix F 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S T ANDARD AR T I C L E

Influence of dietary restriction and low-intensity exercise on
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Background: The importance of including exercise with dietary modification for the manage-

ment of obese equids is not clearly understood.

Objectives: To evaluate the effect of a practical low-intensity exercise regimen, in addition to die-

tary restriction, on indices of insulin sensitivity (SI) and plasma adipokine concentrations in obese

equids.

Animals: Twenty-four obese (body condition score [BCS] ≥ 7/9) horses and ponies.

Methods: Over a 12-week period, animals received either dietary restriction only (DIET) or die-

tary restriction plus low-intensity exercise (DIET+EX). All animals were provided with a

restricted ration of grass hay at 1.25% body weight (BW) on a dry matter basis, providing 82.5%

estimated digestible energy requirements. The DIET+EX group undertook low-intensity exercise

5 days per week on an automated horse walker. Before and after weight loss, total body fat

mass (TBFM) was determined, indices of SI were calculated using minimal model analysis of a

frequently sampled IV glucose tolerance test, and adipokines plus inflammatory biomarkers

were measured using validated assays.

Results: Decreases in BCS, BW, and TBFM were similar between groups (all P > .05). After

weight loss, animals in both groups had decreased basal insulin and leptin concentrations, and

increased adiponectin concentrations (all P < .001). Furthermore, animals in the DIET+EX group

had significantly improved SI and decreased serum amyloid A concentrations relative to animals

in the DIET group (both P = .01).

Conclusions and Clinical Importance: Regular low-intensity exercise provided additional health

benefits compared with dietary restriction alone in this population of obese equids.
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1 | INTRODUCTION

The clinical clustering of obesity and insulin dysregulation, termed

equine metabolic syndrome (EMS), is linked to the development of

laminitis in horses and ponies.1–3 The prevalence of obesity has

reached alarming rates within domestic equine populations in recent

times.4–6 A lack of effective treatments for laminitis suggests that pre-

ventative countermeasures need to be instituted for animals with

EMS before the onset of disease.7 Current recommendations for the

management of animals with EMS are directed at weight loss and alle-

viating insulin dysregulation.8 Dietary modification is the cornerstone

of an effective management program, with caloric restriction essential

to achieve weight loss and control of nonstructural carbohydrate

(NSC) intake is key to mitigating hyperinsulinemia.9

Abbreviations: AIRg, acute insulin response to glucose; BCS, body condition

score; BW, body weight; CNS, cresty neck score; DI, disposition index; DIET,

dietary restriction study group; DIET+EX, dietary restriction plus low-intensity

exercise study group; DM, dry matter; EMS, equine metabolic syndrome; FSIGT,

insulin-modified frequently sampled IV glucose tolerance test; NSC, nonstruc-

tural carbohydrates; SAA, serum amyloid A; SI, insulin sensitivity; TBFM, total

body fat mass.
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Weight loss and improved glucose tolerance or tissue insulin sen-

sitivity (SI) for animals with EMS has been demonstrated using various

protocols of dietary restriction, with or without prescriptive

exercise.10–17 The addition of exercise is recommended for horses

and ponies that presently are not lame.1,17,18 However, previous work

in equids has yielded conflicting results regarding the benefit of exer-

cise, which could stem from differences in research methodology (eg,

diet, exercise regimen, and method of SI assessment) and the charac-

teristics of horses studied (eg, breed, level of adiposity, and degree of

insulin dysregulation).19–25 Exercise without dietary modification

might be insufficient to improve SI in equids despite inducing weight

loss,21,24 although exercise could provide other health benefits,

including decreased biomarkers of systemic inflammation such as

serum amyloid A (SAA) concentration.23

Controlled studies that separate the effects of dietary restriction

and exercise have been recommended to further appraise the benefits

of exercise for animals with EMS.17 Our study aimed to evaluate the

addition of a practical low-intensity exercise regimen to a program of

dietary restriction in a group of obese horses and ponies. Assessed

outcome variables included measures of adiposity, indices of SI, and

plasma concentrations of adipokines and biomarkers of systemic

inflammation. The null hypothesis was that regular low-intensity exer-

cise in combination with dietary restriction would not provide addi-

tional health benefits over dietary restriction alone.

2 | MATERIALS AND METHODS

2.1 | Animals and study design

Twenty-four equids were studied, including 8 Standardbred horses

(9 � 2 years; 530 � 30 kg; 5 geldings, 3 mares), 8 mixed-breed ponies

(9 � 3 years; 350 � 60 kg; 5 geldings, 3 mares), and 8 Andalusian-

Cross horses (8 � 2 years; 550 � 70 kg; 3 geldings, 5 mares). All ani-

mals were in obese body condition as defined by body condition score

(BCS) ≥ 7/9 at the study outset and had been so for between 4 and

8 weeks before the start of the study. Twenty-two animals were

enrolled previously in a study of diet-induced weight gain;26 2 others

(1 Standardbred and 1 pony) from the study of diet-induced weight

gain were replaced for reasons unrelated to the study protocol. The

2 replacement animals had been kept in an adjacent dry lot paddock

for the previous 6 months with similar daily husbandry procedures. All

animals had remained sedentary (no prescriptive exercise) for at least

the previous 12 months. An a priori estimate of study power indicated

that 10 animals per group were appropriate to detect a 1-unit change

in SI with a power of 80% (alpha = 0.05, 2-tailed). The use of animals

was approved by the University of Melbourne Animal Ethics Commit-

tee (ID: 1011918).

The horses and ponies underwent an initial acclimation period of

4 weeks, during which they were kept in large dry lot paddocks and

provided with ad libitum access to mixed grass hay and fresh water. A

small meal containing lucerne chaff (0.5 g/kg body weight [BW], as

fed) and a vitamin/mineral powder (60 mg/kg BW; Ranvet, East

Botany, New South Wales, Australia) was provided 5 days per week,

with animals moved to individual yards (4 × 4 m) along the perimeter

of the dry lot during meal times.

The weight loss program lasted 12 weeks. Horses and ponies

were blocked by both breed and the diet group to which they were

assigned in the previous study of diet-induced weight gain. They were

then randomly assigned to 1 of 2 intervention groups (such that each

group contained 12 animals; 4 of each breed): dietary restriction only

(DIET) or dietary restriction plus low-intensity exercise (DIET+EX).

Animals spent most of each day in separate yards (4 × 4 m) to ensure

individual feed intake, with group turnout into large dry lot paddocks

(no forage available) occurring between 1000 and 1600 hours each

day. All animals were provided with a restricted ration of the same

batch of mixed grass hay (Supporting Information Table S1) at 1.25%

BW (dry matter [DM] basis) daily (7.5 MJ/kg DM, 9.1% NSC) that was

divided and fed at 0700 hours (one-quarter), 1600 hours (one-quar-

ter), and 1900 hours (one-half ). Hay was placed in a commercial

feeder covered with a small-holed steel mesh to slow the rate of

intake. A single daily meal containing soybean meal (1.0 g/kg BW, as

fed), lucerne chaff (1.0 g/kg BW, as fed), and a vitamin/mineral pow-

der (60 mg/kg BW; Ranvet) was provided at 0900 hours. The ratio-

nale for the daily meal was to ensure adequate dietary protein intake

and minimize muscle protein degradation during the period of dietary

restriction.12,15 The total ration offered 11.5 MJ/100 kg BW, provid-

ing 82.5% of estimated daily digestible energy requirements.27 Individ-

ual feed provisions were adjusted weekly according to changes in BW.

The DIET+EX group was subjected to a low-intensity exercise

program using an automated horse walker (Priefert, Scone, New South

Wales, Australia) on a surface of soil and sand (1:1 ratio). Animals in

this group were trained to use the horse walker during the final

2 weeks of the acclimation period. During the 12-week weight loss

program, exercise occurred 5 days per week between 0800 and

1000 hours, and consisted of 5 minutes walking, 15 minutes brisk

trotting (2.0 m/s for ponies, 3.0 m/s for smaller Andalusians, and

3.5 m/s for Standardbreds and larger Andalusians), and 5 minutes

walking. This protocol was developed after seeking feedback from

horse owners regarding practicality (data not shown) and was similar

to previously described programs of low-intensity exercise for

equids.15,16 It was determined that dietary restriction would be termi-

nated for any animals that reached BCS ≤ 5/9, with the amount of

hay increased to meet maintenance digestible energy requirements

until the end of the study period.

2.2 | Assessment of adiposity

Adiposity was assessed before and after dietary restriction occurred.

Body weight was measured using calibrated scales (Horse Weigh,

Penybont, United Kingdom). Body condition score and cresty neck

score (CNS) were assessed by an experienced observer using the

modified Henneke (1-9) scale and Carter (0-5) scale, respectively.28–30

Total body fat mass (TBFM) was determined by a heavy isotope

dilution method as previously described.31 Briefly, animals were

weighed and a baseline blood sample was collected immediately

before 0.12 g/kg BW deuterium oxide was administered IV through a

temporary jugular catheter. Syringes were weighed (�0.01 g) to

accurately determine the actual dose delivered. After a 4-hour
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equilibration period, a second blood sample was drawn from the con-

tralateral jugular vein. Plasma deuterium oxide concentrations in both

samples were measured with gas isotope ratio mass spectroscopy

(Iso-Analytical, Crewe, United Kingdom), with calculations to derive

TBFM performed as previously described.31

2.3 | Assessment of SI

Insulin-modified frequently sampled IV glucose tolerance tests (FSIGT)

were performed in all animals over 5 days, before the start of the

acclimation period and after the period of dietary restriction. A stan-

dard FSIGT procedure for equids was followed as previously

described.32 Animals were allowed access to hay until 1 hour before

commencement of the FSIGT and water throughout. Briefly, between

0800 and 0830 hours, a catheter was placed in the left jugular vein

under local anesthesia and blood samples were collected 60 minutes,

45 minutes, and immediately before a glucose bolus (300 mg/kg BW;

40% weight/volume) administered over 2 minutes through the jugular

catheter, then irrigated thoroughly with 0.9% saline solution. Twenty

minutes later, a rapid insulin bolus (20 mU/kg BW; Actrapid, Novo

Nordisk, Bagsvaerd, Denmark) was delivered via the right jugular vein.

Blood samples were collected 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 14,

16, 19, 22, 23, 24, 25, 27, 30, 35, 40, 50, 60, 70, 80, 90, 100,

120, 150, 180, 210, 240, 270, 300, 330, and 360 minutes after the

glucose bolus. Samples were transferred to tubes containing lithium

heparin anticoagulant (BD Vacutainer, Plymouth, United Kingdom)

and placed on ice until centrifugation (1000g at 4�C for 10 minutes),

with separated plasma stored at −80�C until analysis.

2.4 | Blood collection and plasma measurements

Blood samples were collected from each animal before the morning

meal, and before and after the period of dietary restriction. Blood

samples were transferred to tubes containing lithium heparin or EDTA

anticoagulant (BD Vacutainer) and kept on ice until centrifugation

(1000g at 4�C for 10 minutes), with separated plasma stored at −80�C

until analysis.

Glucose was measured using a colorimetric assay (Cayman Chem-

ical Co, Ann Arbor, Michigan). Insulin (Coat-A-Count, Siemens Diag-

nostics, Los Angeles, California), leptin (Coat-A-Count), high-molecular

weight adiponectin (Millipore, Billerica, Massachusetts), tumor necro-

sis factor-α (Thermo Fisher Scientific, Scoresby, Victoria, Australia),

and SAA (Tridelta Development, Maynooth, Ireland) were measured

using assays previously validated for equine samples.33–37

2.5 | Data analysis

Minimal model analysis of glucose and insulin curves from the

FSIGT was performed by MinMod Millennium computer software

(Version 6.02, University of Pennsylvania, Kennett Square,

Pennsylvania). Values for SI, acute insulin response to glucose

(AIRg), disposition index (DI; SI × AIRg), and glucose effectiveness

were obtained.38

Statistical analysis was performed by SPSS (Version 22, IBM,

New York, New York) and GraphPad Prism (Version 6.0, GraphPad, La

Jolla, California). Measured outcome variables with repeated measures

were analyzed using a mixed-model analysis of variance (ANOVA), fac-

toring the effects of time (before and after dietary restriction), breed

group, and intervention group (DIET or DIET+EX). Individuals were

nested within intervention as a random effect. Data were assessed for

normality by the Shapiro-Wilk test, and Levene's test was used to

evaluate homogeneity of variances. When significant 3-way or 2-way

interactions were present, these were further explored using simple

2-way or simple main effects as appropriate. Pairwise comparisons

were performed by Fisher's least significant difference test. Body

weight was analyzed as percentage change from starting values to

account for heterogeneity in body mass among breeds using a mixed-

model ANOVA that included the effects of breed and intervention

group. Data were reported as mean � SD. Significance was accepted

at P < .05.

3 | RESULTS

3.1 | Animals

No signs of ill health or lameness were observed in any of the animals

studied. No feed refusals were noted at any time, and all animals

assigned to the DIET+EX group participated in every session of pre-

scriptive exercise throughout the study.

3.2 | Adiposity

Body weight decreased by 6.2 � 4.3% for the DIET group and

7.7 � 2.1% for the DIET+EX group (P = .30). Significant decreases in

BCS, CNS, and TBFM occurred relative to starting values for both

groups (Table 1; all P < .001). A main effect of breed was present for

CNS, with Standardbreds having lower scores relative to ponies and

Andalusians at both time points (P = .003). A significant 3-way inter-

action was detected for TBFM (P = .04), with ponies exhibiting lower

TBFM within the DIET+EX group when compared to ponies in the

DIET group after weight loss (P = .01).

TABLE 1 Adiposity (mean � SD) of equids subjected to a 12-week

weight loss program consisting of dietary restriction alone (DIET;
n = 12) or dietary restriction plus low-intensity exercise (DIET
+EX; n = 12)

Variable Before weight loss After weight loss

BCS (1-9 scale)

DIET 7.6 � 0.6a 6.1 � 1.1b

DIET+EX 7.5 � 0.5a 5.8 � 0.6b

CNS (0-5 scale)

DIET 3.4 � 0.7a 2.7 � 0.8b

DIET+EX 3.4 � 0.5a 2.5 � 0.7b

TBFM (%)

DIET 17.1 � 3.0a 12.3 � 3.2b

DIET+EX 16.3 � 1.5a 10.8 � 1.6b

Different superscript letters indicate significant difference between groups
or time points for each variable (P < .05).
Abbreviations: BCS, body condition score; CNS, cresty neck score; TBFM,
total body fat mass.
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3.3 | Insulin sensitivity

Results of the FSIGT are shown in Table 2 and Figure 1. A significant

2-way interaction between time and intervention group was detected

for SI (P = .009). Values for SI were similar between intervention

groups before weight loss (P = .34), but animals in the DIET+EX group

had higher values than those in the DIET group after weight loss

occurred (P = .01). A main effect of breed was present for both SI and

AIRg, with Standardbreds having higher SI values and lower AIRg

values relative to ponies and Andalusians at both time points

(P = .001 and .009, respectively). A significant 2-way interaction

between time and intervention group was detected for DI (P = .005).

Values for DI were similar between intervention groups before weight

loss (P = .60) but were higher in the DIET+EX group after weight loss

compared to the DIET group (P < .001).

3.4 | Plasma analytes

Results of plasma analyses are shown in Table 3. A significant effect

of time was detected for several plasma analytes, with both interven-

tion groups having lower basal insulin and leptin concentrations (both

P < .001), and higher adiponectin concentrations (P < .001), after

weight loss. A significant 2-way interaction between time and inter-

vention group was detected for SAA (P = .04). Intervention groups

were similar before weight loss (P = .42), but SAA concentrations

were lower in the DIET+EX group after weight loss compared to the

DIET group (P = .01).

4 | DISCUSSION

Our results suggest that regular low-intensity exercise provides

additional health benefits when combined with dietary restriction as

part of a weight loss program for obese equids. At the end of a

12-week weight loss program, animals in both the DIET and DIET+EX

groups had decreased adiposity (BCS, BW, CNS, and TBFM),

decreased basal insulin and leptin concentrations, and increased

adiponectin concentrations. Furthermore, horses and ponies in the

DIET+EX group exhibited improved SI and decreased SAA

TABLE 2 Frequently sampled intravenous glucose tolerance test

results (mean � SD) of equids subjected to a 12-week weight loss
program consisting of dietary restriction alone (DIET; n = 12) or
dietary restriction plus low-intensity exercise (DIET+EX; n = 12)

Variable Before weight loss After weight loss

SI (×10−4/[mIU�min])

DIET 2.21 � 1.21a 1.97 � 1.22a

DIET+EX 1.88 � 1.31a 3.62 � 1.76b

AIRg ([mIU�min]/L)

DIET 416 � 286 354 � 225

DIET+EX 415 � 244 347 � 186

DI (×10−2)

DIET 721 � 343a 566 � 326a

DIET+EX 641 � 335a 1093 � 399b

Sg (×10−2/min)

DIET 1.91 � 0.54 2.22 � 0.62

DIET+EX 2.24 � 0.89 2.37 � 0.51

Different superscript letters indicate significant difference between groups
or time points for each variable (P < .05).
Abbreviations: AIRg, acute insulin response to glucose; DI, disposition
index; Sg, glucose effectiveness; SI, insulin sensitivity.

FIGURE 1 Insulin sensitivity (SI) of Standardbred horses (circles),

mixed-breed ponies (squares), and Andalusians horses (triangles)
subjected to a 12-week weight loss program consisting of dietary
restriction alone (DIET; n = 12) or dietary restriction plus low-intensity
exercise (DIET+EX; n = 12). A main effect of breed was present, with
Standardbreds having higher SI values compared with ponies and
Andalusians (P < .05). *P < .05 for group × time interaction, with higher
values detected for the DIET+EX group after weight loss

TABLE 3 Plasma analytes (mean � SD) of equids subjected to a

12-week weight loss program consisting of dietary restriction alone
(DIET; n = 12) or dietary restriction plus low-intensity exercise (DIET
+EX; n = 12)

Variable Before weight loss After weight loss

Glucose (mg/dL)

DIET 90 � 5 91 � 6

DIET+EX 92 � 5 92 � 4

Insulin (mIU/L)

DIET 6.8 � 2.8a 4.8 � 2.0b

DIET+EX 6.3 � 2.0a 4.3 � 1.2b

Leptin (ng/mL)

DIET 7.0 � 1.8a 3.0 � 2.0b

DIET+EX 7.5 � 2.2a 2.8 � 1.5b

Adiponectin (μg/mL)

DIET 2.2 � 0.9a 3.6 � 1.8b

DIET+EX 2.5 � 1.5a 3.9 � 2.1b

SAA (μg/mL)

DIET 4.8 � 2.5a 3.4 � 2.2a

DIET+EX 6.1 � 4.9a 1.4 � 0.9b

TNF-α (pg/mL)

DIET 670 � 110 580 � 92

DIET+EX 650 � 71 540 � 53

Different superscript letters indicate significant difference between groups
or time points for each variable (P < 0.05).
Abbreviations: SAA, serum amyloid A; TNF-α, tumor necrosis factor-α.
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concentrations relative to those in the DIET group. Ponies and

Andalusians exhibited lower SI and higher AIRg values compared to

Standardbreds, although each breed demonstrated the same trends

across these variables over time.

A central finding of our study was the improvement in SI

observed in animals that were exercised compared with those that

were not. Previous studies have yielded conflicting results regarding

the effect of exercise on glucose and insulin dynamics in equids,

although heterogeneity exists among the characteristics of animals

studied and the design of exercise programs evaluated. Low-intensity

exercise without dietary modification appears insufficient to improve

SI despite decreases in TBFM.21,24 A combined approach of dietary

modification and low-intensity exercise yielded improvements in SI or

glucose tolerance in different populations of obese ponies.10,15–17

Our study separated the effects of dietary restriction and exercise,

providing evidence that a combined approach offers advantages over

dietary restriction alone.

The reason for a lack of improvement in SI for the DIET group is

unclear. This finding does not agree with several previous studies that

achieved weight loss and improvements in SI or glucose tolerance by

dietary restriction without prescriptive exercise.11–14 Direct compari-

sons among studies can be difficult because of different methodolo-

gies. For example, a study of obese Shetland ponies demonstrated

improved glucose tolerance using a protocol that gradually restricted

forage intake to as little as 35% of maintenance energy requirements,

yielding much greater reductions in body mass of approximately 16%

BW over 17 weeks.11 Greater levels of dietary restriction or a longer

study period might therefore have yielded different results for animals

in the DIET group.

The weight loss program in our study was designed to reflect cur-

rent dietary recommendations for the management of animals with

EMS. The restriction of forage to achieve weight loss while avoiding

the potentially negative health consequences of negative energy bal-

ance, such as hyperlipemia, is suggested at 1.0%-1.5% BW.1,9,17 In

addition to the restriction of DM intake, NSC content is a key consid-

eration to minimize postprandial hyperinsulinemia, with existing rec-

ommendations suggesting an upper limit of 10% NSC content.1,9

Consistent with several previous studies of weight loss in equids, we

chose to restrict forage to 1.25% BW (DM basis) using a mixed grass

hay containing 9.1% NSC.13,14,17 A steady rate of weight loss similar

to those of previous studies was observed without any untoward

health consequences being appreciated. Feeding 4 times each day

(and using slow feeders) aimed to ensure that although animals were

without feed for 6 hours during daily turnout, periods without feed

were no longer than would have been the case for previously

described weight loss protocols.11–13,16

Plasma adiponectin concentrations were higher in both DIET and

DIET+EX groups after weight loss compared to starting concentra-

tions. Adiponectin is an adipokine secreted by mature adipocytes that

has insulin sensitizing and anti-inflammatory properties.39 Hypoadipo-

nectinemia has been associated with insulin resistance in humans with

metabolic syndrome,40 and also has been identified in equids with

insulin resistance and a history of laminitis.16,26,36,41 Importantly, low

plasma adiponectin concentration has been identified as a risk factor

for future episodes of laminitis in ponies.42 Strategies that can

ameliorate hypoadiponectinemia are therefore desirable in the man-

agement of animals with EMS to decrease the likelihood of laminitis.

A previous study failed to detect changes in adiponectin in ponies

after short-term low-intensity exercise without dietary modification.23

Our study supports the observation that a decrease in body fat,

regardless of whether exercise was undertaken or not, might be

important to improve plasma adiponectin concentration in equids.16

Serum amyloid A concentrations were decreased in the DIET+EX

group, but unchanged in the DIET group, after weight loss occurred.

This finding is supportive of a beneficial effect of exercise in decreas-

ing this biomarker of systemic inflammation, as previously demon-

strated in ponies subjected to short-term low-intensity exercise

without dietary modification.23 Conflicting evidence exists that EMS

represents a chronic low-grade proinflammatory state.43,44 Serum

amyloid A has been proposed as a useful biomarker of systemic

inflammation in obese horses with insulin dysregulation.26,45 Although

significant differences were detected in the DIET+EX group, the mean

concentrations of SAA for both groups were within the reference

interval for healthy horses.46

Our study evaluated 3 different breeds: Standardbred horses,

mixed-breed ponies, and Andalusian horses. Previous investigations by

our group have reported innate differences in glucose and insulin

dynamics among these breeds, with ponies and Andalusians having

lower SI and higher AIRg values, as well as greater incretin responses to

cereal grains, compared with Standardbreds.26,47,48 The present study

affirmed these observations during a period of weight loss, with the

same effect of breed observed for SI and AIRg values. There were no

statistical interactions involving breed for FSIGT results or plasma

measurements, and importantly, there were no differences in BCS or

TBFM detected among breed groups, meaning that the observed breed

differences in SI and AIRg were independent of relative adiposity.

Further evaluation of the weight loss program described here is

warranted to determine whether our findings are broadly applicable.

The animals enrolled had been obese for only a short period of time

after a prior study of diet-induced weight gain, and exhibited a range

of starting SI values. Whether the weight loss protocol described

would have yielded different results using animals with chronic obe-

sity or more severe insulin dysregulation is not known. We did not

control for free activity during the period of daily turnout and did not

quantify free activity during these times. However, the aim was to

evaluate the effect of additional prescriptive low-intensity exercise as

part of a practical weight loss program, and a period of daily turnout

was considered important to the welfare of the animals studied.

Dietary modification to decrease caloric intake and minimize

postprandial hyperinsulinemia remains the cornerstone of manage-

ment for obese animals with EMS. In our study, weight loss was asso-

ciated with decreases in basal insulin and leptin concentrations, and

increases in adiponectin concentration, regardless of exercise status.

The inclusion of regular low-intensity exercise resulted in improve-

ments in SI and decreases in SAA. Although animals in our study were

not selected with the prerequisite of severe insulin dysregulation, our

findings were consistent across several breeds and a wide range of

insulin sensitivities, supporting recommendations that exercise should

be included, whenever possible, as part of a holistic management pro-

gram for animals with obesity or EMS.
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PRODUCT SOURCES 

i. Antigen-retrieval solution: Dako, Victoria, Australia 

ii. Cellular proliferation reagents: TACS™ MTT Cellular Proliferation and Viability 

Assay, R & D Systems, Bio-Scientific Pty Ltd, NSW, Australia 

iii. Chicken IgY: Abcam, Cambridge, UK 

iv. Chicken polyclonal anti-IGF-1R primary antibody: Abcam, Cambridge, UK  

v. DAB substrate-chromogen solution: Sigma-Aldrich, NSA, Australia 

vi. Densitometric analysis: Unscanit Gel software ver 5.1, Silk Scientific Inc, Orem, 

Utah, USA 

vii. DPX mounting medium: Leica Biosystems, NSW, Australia 

viii. Dulbecco’s modified eagle medium: Gibco® Life Technologies Australia Pty Ltd, 

Victoria, Australia 

ix. Easysep biotin positive selection kit: StemCell Technologies, Vancouver, Canada 

x. Electrocheminulescent solution: Pierce ECL Plus, ThermoFisher Scientific, Scoresby, 

VIC, Australia 

xi. GIP assay: Human GIP [total] ELISA kit, EMD Millipore Corporation, St. Charles, 

Missouri USA 

xii. GLP-1 assay: Glucagon Like Peptide-1 (Active) ELISA, Merck Millipore, Darnstadt, 

Germany 

xiii. Goat anti-chicken IgY biotinylated secondary antibody: Abcam, Cambridge, UK 

xiv. Graphpad Software Inc, La Jolla, California USA 

xv. Hexokinase colorimetric assay: Cayman Chemical Co., Ann Arbor, Michigan USA 

xvi. HRP-conjugated donkey anti-rabbit IgG: Abcam, Melbourne, VIC, Australia 

xvii. IBFBP-3 ELISA: IGFPB-3 ELISA IBL-International, Hamburg, Germany 

xviii. IGF-1 assay: ab100545 IGF-1 Human ELISA kit, Abcam Inc, Massachusetts, USA 

xix. IGF-1 assay: Horse insulin-like growth factor 1 (somatomedin C) (IGF1) ELISA kit, 

Cusabio Biotech, Hubei Province, China 

xx. IGF-1 assay: IGF-1 ELISA-Immunoenzymometric assay for the quantitative 

determination of Insulin-like growth factor-1 in human serum or plasma 

Immunodiagnostic Systems (IDS), Boldon, UK 

xxi. Insulin RIA: Coat-A-Count, Siemens Diagnostics, Los Angeles, California USA 

xxii. Lysis buffer: CelLytic, Sigma-Aldrich, Sydney, NSW, Australia 

xxiii. Maxisoy, Energreen Nutrition, Shailer Park, QLD, Australia 
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xxiv. Micrmaize, Hygain, Officer, VIC, Australia 

xxv. Microplate Reader Software: Gen5 Microplate Reader Software, BioTek, Vermont, 

USA 

xxvi. Microplate reader: Synergy H1 Hybrid Reader, BioTek, Vermont, USA 

xxvii. Mouse anti-rabbit IgG-HRP monoclonal antibody: Santa Cruz Biotechnology Inc., 

Dallas, Texas, USA 

xxviii. MTT Cellular Proliferation and Viability Assay: R & D Systems, Bio-Scientific Pty 

Ltd, NSW, Australia 

xxix. OCT compound: Tissue-Tek® ProSciTech, Qld, Australia 

xxx. Pierce BCA protein assay kit: ThermoFisher Scientific, Scoresby, VIC, Australia 

xxxi. Portable scales: EziWeigh, Tru-Test Ltd., Auckland, New Zealand. 

xxxii. Rabbit polyclonal anti-GIP antibody: Bioss Antibodies Inc., Woburn, Massachusetts 

USA 

xxxiii. Rabbit polyclonal anti-GLP-1 (7-36) antibody: Merck Millipore, Darnstadt, Germany 

xxxiv. Rabbit polyclonal anti-phospho ERK 1/2 primary antibody: Abcam, Melbourne, VIC, 

Australia 

xxxv. Recombinant human IGF-1: Abcam, Cambridge, UK 

xxxvi. Six horse walker: Priefert® Australia, NSW, Australia 

xxxvii. Statistical software: Graphpad Prism 4, Graphpad Software, California, USA 

xxxviii. Statistical software: Mintab 15 Statistical Software, Minitab Pty Ltd, NSW, Australia.  

xxxix. Stripping buffer: Chemicon ReBlot Plus, Merck Millipore, Bayswater, VIC, Australia 

xl. Type II collagenase from Clostridium histolyticum: Sigma-Aldrich, Sydney, NSW, 

Australia 

xli. Universal secondary antibody amplification solution: Vectastain Universal Quick Kit 

R.T.U., Vector Labs, Peterborough, UK 

xlii. Vitamin and mineral supplement: Ranvet’s Vitamin and Mineral Supplement, 

Banksmeadow, NSW, Australia  

 

 

 



  

 

156 
 

BIBLIOGRAPHY 

Abbas, A., H. Imrie, H. Viswambharan, P. Sukumar, A. Rajwani, R. M. Cubbon, M. Gage, J. Smith, 
S. Galloway, and N. Yuldeshava. 2011. The insulin-like growth factor-1 receptor is a negative 
regulator of nitric oxide bioavailability and insulin sensitivity in the endothelium. Diabetes 
60(8):2169-2178.  

Ait-Omar, A., M. Monteiro-Sepulveda, C. Poitou, M. Le Gall, A. Cotillard, J. Gilet, K. Garbin, A. 
Houllier, D. Château, and A. Lacombe. 2011. GLUT2 accumulation in enterocyte apical and 
intracellular membranes: a study in morbidly obese human subjects and ob/ob and high fat–
fed mice. Diabetes:DB_101740.  

Alford, P., S. Geller, B. Richrdson, M. Slater, C. Honnas, J. Foreman, J. Robinson, M. Messer, M. 
Roberts, D. Goble, D. Hood, and M. Chaffin. 2001. A multicenter, matched case-control 
study of risk factors for equine laminitis. Preventive Veterinary Medicine 49(3):209-222. doi: 
https://doi.org/10.1016/S0167-5877(01)00188-X 

Allard, J. B., and C. Duan. 2018. IGF-binding proteins: why do they exist and why are there so many? 
Frontiers in endocrinology 9:117.  

Asplin, K., J. Patterson‐Kane, M. Sillence, C. Pollitt, and C. Mc Gowan. 2010. Histopathology of 
insulin‐induced laminitis in ponies. Equine veterinary journal 42(8):700-706.  

Asplin, K. E., M. N. Sillence, C. C. Pollitt, and C. M. McGowan. 2007. Induction of laminitis by 
prolonged hyperinsulinaemia in clinically normal ponies. The veterinary journal 174(3):530-
535.  

Assink, H., H. Brouwer, B. Blijenberg, and B. Leijnse. 1983. The influence of the label on the quality 
of a solid-phase immunoassay: evaluation of a commercial ELISA kit for serum ferritin. 
Clinical Chemistry and Laboratory Medicine 21(11):695-702.  

Baggio, L. L., and D. J. Drucker. 2007. Biology of Incretins: GLP-1 and GIP. Gastroenterology 
132(6):2131-2157. doi: https://doi.org/10.1053/j.gastro.2007.03.054 

Bailey, S., and S. Chockalingham. 2010. Proliferative effects of insulin on equine lamellar epithelial 
cells mediated by the IGF-1 receptor. Journal of Equine Veterinary Science 30(2):96.  

Bailey, S., N. Menzies‐Gow, C. Marr, and J. Elliott. 2004a. The effects of vasoactive amines found in 
the equine hindgut on digital blood flow in the normal horse 1. Equine veterinary journal 
36(3):267-272.  

Bailey, S. R., H. S. Adair, C. R. Reinemeyer, S. J. Morgan, A. C. Brooks, S. L. Longhofer, and J. 
Elliott. 2009. Plasma concentrations of endotoxin and platelet activation in the developmental 
stage of oligofructose-induced laminitis. Veterinary Immunology and Immunopathology 
129(3):167-173. doi: https://doi.org/10.1016/j.vetimm.2008.11.009 

Bailey, S. R., M.-L. Baillon, A. N. Rycroft, P. A. Harris, and J. Elliott. 2003. Identification of Equine 
Cecal Bacteria Producing Amines in an In Vitro Model of Carbohydrate Overload. Applied 
and Environmental Microbiology 69(4):2087-2093. doi: 10.1128/aem.69.4.2087-2093.2003 

Bailey, S. R., J. L. Habershon-Butcher, K. J. Ransom, J. Elliott, and N. J. Menzies-Gow. 2008. 
Hypertension and insulin resistance in a mixed-breed population of ponies predisposed to 
laminitis. American journal of veterinary research 69(1):122-129.  

Bailey, S. R., C. M. Marr, and J. Elliott. 2004b. Current research and theories on the pathogenesis of 
acute laminitis in the horse. The Veterinary Journal 167(2):129-142.  

Bailey, S. R., N. J. Menzies-Gow, P. A. Harris, J. L. Habershon-Butcher, C. Crawford, Y. Berhane, R. 
C. Boston, and J. Elliott. 2007. Effect of dietary fructans and dexamethasone administration 
on the insulin response of ponies predisposed to laminitis. Journal of the American Veterinary 
Medical Association 231(9):1365-1373.  

Baldeweg, S., A. Golay, A. Natali, B. Balkau, S. P. Del, and S. Coppack. 2000. Insulin resistance, 
lipid and fatty acid concentrations in 867 healthy Europeans. European Group for the Study of 
Insulin Resistance (EGIR). European journal of clinical investigation 30(1):45-52.  

Balkan, B., and X. Li. 2000. Portal GLP-1 administration in rats augments the insulin response to 
glucose via neuronal mechanisms. American Journal of Physiology-Regulatory, Integrative 
and Comparative Physiology 279(4):R1449-R1454. doi: 10.1152/ajpregu.2000.279.4.R1449 

https://doi.org/10.1016/S0167-5877(01)00188-X
https://doi.org/10.1053/j.gastro.2007.03.054
https://doi.org/10.1016/j.vetimm.2008.11.009


  

 

157 
 

Bamford, N., C. Baskerville, P. Harris, and S. Bailey. 2015. Postprandial glucose, insulin, and 
glucagon-like peptide-1 responses of different equine breeds adapted to meals containing 
micronized maize. Journal of animal science 93(7):3377-3383.  

Bamford, N., S. Potter, C. Baskerville, P. Harris, and S. Bailey. 2016. Effect of increased adiposity on 
insulin sensitivity and adipokine concentrations in different equine breeds adapted to cereal-
rich or fat-rich meals. The Veterinary Journal 214:14-20.  

Bamford, N. J., S. J. Potter, C. L. Baskerville, P. A. Harris, and S. R. Bailey. 2018. Influence of 
dietary restriction and low‐intensity exercise on weight loss and insulin sensitivity in obese 
equids. Journal of veterinary internal medicine  

Bamford, N. J., S. J. Potter, P. A. Harris, and S. R. Bailey. 2014. Breed differences in insulin 
sensitivity and insulinemic responses to oral glucose in horses and ponies of moderate body 
condition score. Domestic Animal Endocrinology 47:101-107. doi: 
https://doi.org/10.1016/j.domaniend.2013.11.001 

Baskerville, C. L., N. J. Bamford, P. A. Harris, and S. R. Bailey. 2017. Comparison and validation of 
ELISA assays for plasma insulin-like growth factor-1 in the horse. Open veterinary journal 
7(1):75-80.  

Baskerville, C. L., S. Chockalingham, P. A. Harris, and S. R. Bailey. 2018. The effect of insulin on 
equine lamellar basal epithelial cells mediated by the insulin-like growth factor-1 receptor. 
PeerJ 6:e5945. doi: 10.7717/peerj.5945 

Belknap, J. K. 2010. Black Walnut Extract: An Inflammatory Model. Veterinary Clinics of North 
America: Equine Practice 26(1):95-101. doi: https://doi.org/10.1016/j.cveq.2009.12.007 

Belknap, J. K., and R. J. Geor. 2017. Equine laminitis. Ames, Iowa : John Wiley and Sons, Inc. ; 
Wiley-Blackwell, 2017. 

Belknap, J. K., S. GiguÈRe, A. Pettigrew, A. M. Cochran, A. W. Van Eps, and C. C. Pollitt. 2007. 
Lamellar pro-inflammatory cytokine expression patterns in laminitis at the developmental 
stage and at the onset of lameness: innate vs. adaptive immune response. Equine Veterinary 
Journal 39(1):42-47. doi: 10.2746/042516407X155406 

Berg, E., C. Fu, J. Porter, and M. Kerley. 2005. Fructooligosaccharide supplementation in the yearling 
horse: effects on fecal pH, microbial content, and volatile fatty acid concentrations. Journal of 
animal science 83(7):1549-1553.  

Boosman, R., F. Nemeth, and E. Gruys. 1991. Bovine laminitis: clinical aspects, pathology and 
pathogenesis with reference to acute equine laminitis. Veterinary Quarterly 13(3):163-171.  

Borer-Weir, K. E., S. R. Bailey, N. J. Menzies-Gow, P. A. Harris, and J. Elliott. 2012. Evaluation of a 
commercially available radioimmunoassay and species-specific ELISAs for measurement of 
high concentrations of insulin in equine serum. American journal of veterinary research 
73(10):1596-1602.  

Brown, J., and D. Yalden. 1973. The description of mammals–2 Limbs and locomotion of terrestial 
mammals. Mammal Review 3(4):107-134.  

Buddington, R., and A. Rashmir‐Raven. 2002. Carbohydrate digestion by the horse: is it a limiting 
factor? Equine veterinary journal 34(4):326-327.  

Budras, K. D., R. E. Habel, C. K. Mülling, P. R. Greenough, G. Jahrmärker, R. Richter, and D. Starke. 
2011. Bovine anatomy: an illustrated text. Schlütersche. 

Budras, K. D., W. O. Sack, S. Rock, A. Horowitz, and R. Berg. 2012. Anatomy of the Horse: 
Anatomy of the Horse. Schlütersche. 

Burns, T., M. Watts, P. Weber, L. McCutcheon, R. Geor, and J. Belknap. 2013. Distribution of insulin 
receptor and insulin‐like growth factor‐1 receptor in the digital laminae of mixed‐breed 
ponies: An immunohistochemical study. Equine veterinary journal 45(3):326-332.  

Caetano, A. R., and A. T. Bowling. 1998. Characterization of a microsatellite in the promoter region 
of the IGF1 gene in domestic horses and other equids. Genome 41(1):70-73.  

Cani, P. D., C. A. Daubioul, B. Reusens, C. Remacle, G. Catillon, and N. M. Delzenne. 2005. 
Involvement of endogenous glucagon-like peptide-1 (7–36) amide on glycaemia-lowering 
effect of oligofructose in streptozotocin-treated rats. Journal of Endocrinology 185(3):457-
465.  

https://doi.org/10.1016/j.domaniend.2013.11.001
https://doi.org/10.1016/j.cveq.2009.12.007


  

 

158 
 

Capozzi, M. E., R. D. DiMarchi, M. H. Tschöp, B. Finan, and J. E. Campbell. 2018. Targeting the 
Incretin/Glucagon System With Triagonists to Treat Diabetes. Endocrine Reviews 39(5):719-
738. doi: 10.1210/er.2018-00117 

Carr, R. D., M. O. Larsen, M. S. Winzell, K. Jelic, O. Lindgren, C. F. Deacon, and B. Ahrén. 2008. 
Incretin and islet hormonal responses to fat and protein ingestion in healthy men. American 
Journal of Physiology-Endocrinology and Metabolism 295(4):E779-E784. doi: 
10.1152/ajpendo.90233.2008 

Carter, R. A., R. J. Geor, W. B. Staniar, T. A. Cubitt, and P. A. Harris. 2009a. Apparent adiposity 
assessed by standardised scoring systems and morphometric measurements in horses and 
ponies. The Veterinary Journal 179(2):204-210.  

Carter, R. A., L. J. McCutcheon, L. A. George, T. L. Smith, N. Frank, and R. J. Geor. 2009b. Effects 
of diet-induced weight gain on insulin sensitivity and plasma hormone and lipid 
concentrations in horses. American journal of veterinary research 70(10):1250-1258.  

Carter, R. A., K. H. Treiber, R. J. Geor, L. Douglass, and P. A. Harris. 2009c. Prediction of incipient 
pasture-associated laminitis from hyperinsulinaemia, hyperleptinaemia and generalised and 
localised obesity in a cohort of ponies. Equine Veterinary Journal 41(2):171-178.  

Chameroy, K., N. Frank, and A. Schuver. 2010. validation Of An Enzyme-linked Immunosorbent 
Assay (elisa) For Measurement Of Active Glucagon-like Peptide 1 (glp-1) In Equine Plasma.: 
abstract# 358. Journal of Veterinary Internal Medicine 24(3):780.  

Chameroy, K. A., N. Frank, S. B. Elliott, and R. C. Boston. 2016. Comparison of Plasma Active 
Glucagon-Like Peptide 1 Concentrations in Normal Horses and Those With Equine Metabolic 
Syndrome and in Horses Placed on a High-Grain Diet. Journal of Equine Veterinary Science 
40:16-25. doi: https://doi.org/10.1016/j.jevs.2016.01.009 

Chan, K., and E. Spencer. 1998. Megakaryocytes endocytose insulin-like growth factor (IGF) I and 
IGF-binding protein-3: a novel mechanism directing them into α granules of platelets. 
Endocrinology 139(2):559-565.  

Chapman, R. 1986. Hair, wool, quill, nail, claw, hoof, and horn, Biology of the Integument. Springer. 
p. 293-317. 

Chhabra, Y., M. J. Waters, and A. J. Brooks. 2011. Role of the growth hormone–IGF-1 axis in cancer. 
Expert review of endocrinology & metabolism 6(1):71-84.  

Christensen, R., K. Malinowski, A. Massenzio, H. Hafs, and C. Scanes. 1997. Acute effects of short-
term feed deprivation and refeeding on circulating concentrations of metabolites, insulin-like 
growth factor I, insulin-like growth factor binding proteins, somatotropin, and thyroid 
hormones in adult geldings. Journal of animal science 75(5):1351-1358.  

Clemmons, D. 2012. Metabolic actions of insulin-like growth factor-I in normal physiology and 
diabetes. Endocrinology and metabolism clinics of North America 41(2):425-443, vii.  

Collins, S. N., C. Pollitt, C. E. Wylie, and K. Matiasek. 2010. Laminitic pain: parallels with pain 
states in humans and other species. Veterinary Clinics: Equine Practice 26(3):643-671.  

Coopman, K., R. Wallis, G. Robb, A. Brown, G. F. Wilkinson, D. Timms, and G. B. Willars. 2011. 
Residues within the transmembrane domain of the glucagon-like peptide-1 receptor involved 
in ligand binding and receptor activation: modelling the ligand-bound receptor. Molecular 
endocrinology 25(10):1804-1818.  

Cox, M. E., M. E. Gleave, M. Zakikhani, R. H. Bell, E. Piura, E. Vickers, M. Cunningham, O. 
Larsson, L. Fazli, and M. Pollak. 2009. Insulin receptor expression by human prostate 
cancers. The Prostate 69(1):33-40.  

Daradka, M., and C. Pollitt. 2004. Epidermal cell proliferation in the equine hoof wall. Equine 
veterinary journal 36(3):236-241.  

de Graaf-Roelfsema, E. 2014. Glucose homeostasis and the enteroinsular axis in the horse: A possible 
role in equine metabolic syndrome. The Veterinary Journal 199(1):11-18.  

de Graaf-Roelfsema, E., T. Tharasanit, K. G. van Dam, H. A. Keizer, E. v. van Breda, I. Wijnberg, T. 
A. Stout, and J. H. van der Kolk. 2005. Effects of short-and long-term recombinant equine 
growth hormone and short-term hydrocortisone administration on tissue sensitivity to insulin 
in horses. American journal of veterinary research 66(11):1907-1913.  

https://doi.org/10.1016/j.jevs.2016.01.009


  

 

159 
 

De Kock, S., J. Rodgers, B. Swanepoel, and A. Guthrie. 2001. Administration of bovine, porcine and 
equine growth hormone to the horse: effect on insulin-like growth factor-I and selected IGF 
binding proteins. Journal of endocrinology 171(1):163-171.  

De Koster, J. D., and G. Opsomer. 2013. Insulin Resistance in Dairy Cows. Veterinary Clinics of 
North America: Food Animal Practice 29(2):299-322. doi: 
https://doi.org/10.1016/j.cvfa.2013.04.002 

de Laat, M. A., M. Kyaw-Tanner, J. Patterson-Kane, M. Sillence, C. McGowan, and C. Pollitt. 2011. 
Insulin and the insulin-like growth factor system: a novel theory for hyperinsulinemic 
laminitis pathogenesis. Journal of Equine Veterinary Science 31(10):581-582.  

de Laat, M. A., C. McGowan, M. Sillence, and C. Pollitt. 2010a. Equine laminitis: induced by 48 h 
hyperinsulinaemia in Standardbred horses. Equine veterinary journal 42(2):129-135.  

de Laat, M. A., C. M. McGowan, M. N. Sillence, and C. C. Pollitt. 2010b. Hyperinsulinemic 
Laminitis. Veterinary Clinics of North America: Equine Practice 26(2):257-264. doi: 
https://doi.org/10.1016/j.cveq.2010.04.003 

de Laat, M. A., J. M. McGree, and M. N. Sillence. 2016. Equine hyperinsulinemia: investigation of 
the enteroinsular axis during insulin dysregulation. American Journal of Physiology-
Endocrinology and Metabolism 310(1):E61-E72. doi: 10.1152/ajpendo.00362.2015 

de Laat, M. A., C. C. Pollitt, M. T. Kyaw-Tanner, C. M. McGowan, and M. N. Sillence. 2013. A 
potential role for lamellar insulin-like growth factor-1 receptor in the pathogenesis of 
hyperinsulinaemic laminitis. The Veterinary Journal 197(2):302-306. doi: 
https://doi.org/10.1016/j.tvjl.2012.12.026 

De Meyts, P., and J. Whittaker. 2002. Structural biology of insulin and IGF1 receptors: implications 
for drug design. Nature reviews Drug discovery 1(10):769.  

De Palo, E. F., R. Gatti, F. Lancerin, E. Cappellin, and P. Spinella. 2001. Correlations of growth 
hormone (GH) and insulin-like growth factor I (IGF-I): effects of exercise and abuse by 
athletes. Clinica chimica acta 305(1-2):1-17.  

Dean, L. M. D., and J. McEntyre. 2004. The genetic landscape of diabetes. Bethesda, Md. : NCBI : 
NIDDK, 2004. 

Dorn, C., H. Garner, J. Coffman, A. Hahn, and L. Tritschler. 1975. Castration and other factors 
affecting the risk of equine laminitis. The Cornell veterinarian 65(1):57-64.  

Driessen, B., S. H. Bauquier, and L. Zarucco. 2010. Neuropathic Pain Management in Chronic 
Laminitis. Veterinary Clinics of North America: Equine Practice 26(2):315-337. doi: 
https://doi.org/10.1016/j.cveq.2010.04.002 

Drucker, D. J. 2006. The biology of incretin hormones. Cell metabolism 3(3):153-165.  
Duan, C., H. Ren, and S. Gao. 2010. Insulin-like growth factors (IGFs), IGF receptors, and IGF-

binding proteins: roles in skeletal muscle growth and differentiation. General and comparative 
endocrinology 167(3):344-351.  

Dühlmeier, R., E. Deegen, H. Fuhrmann, A. Widdel, and H.-P. Sallmann. 2001. Glucose-dependent 
insulinotropic polypeptide (GIP) and the enteroinsular axis in equines (Equus caballus). 
Comparative Biochemistry and Physiology Part A: Molecular & Integrative Physiology 
129(2-3):563-575.  

Dupont, J., and D. LeRoith. 2001. Insulin and insulin-like growth factor I receptors: similarities and 
differences in signal transduction. Hormone research in paediatrics 55(Suppl. 2):22-26.  

Durham, A. E., N. Frank, C. M. McGowan, N. J. Menzies‐Gow, E. Roelfsema, I. Vervuert, K. Feige, 
and K. Fey. 2019. ECEIM consensus statement on equine metabolic syndrome. Journal of 
veterinary internal medicine 33(2):335-349.  

Durham, A. E., K. J. Hughes, H. J. Cottle, D. I. Rendle, and R. C. Boston. 2009. Type 2 diabetes 
mellitus with pancreatic β cell dysfunction in 3 horses confirmed with minimal model 
analysis. Equine Veterinary Journal 41(9):924-929. doi: 10.2746/042516409X452152 

Dyer, J., M. Al-Rammahi, L. Waterfall, K. S. H. Salmon, R. J. Geor, L. Bouré, G. B. Edwards, C. J. 
Proudman, and S. P. Shirazi-Beechey. 2009. Adaptive response of equine intestinal 
Na+/glucose co-transporter (SGLT1) to an increase in dietary soluble carbohydrate. Pflügers 
Archiv - European Journal of Physiology 458(2):419-430. doi: 10.1007/s00424-008-0620-4 

https://doi.org/10.1016/j.cvfa.2013.04.002
https://doi.org/10.1016/j.cveq.2010.04.003
https://doi.org/10.1016/j.tvjl.2012.12.026
https://doi.org/10.1016/j.cveq.2010.04.002


  

 

160 
 

Dyer, J., E. F. C. MEREDIZ, K. Salmon, C. Proudman, G. Edwards, and S. Shirazi‐Beechey. 2002. 
Molecular characterisation of carbohydrate digestion and absorption in equine small intestine. 
Equine veterinary journal 34(4):349-358.  

Eigenmann, J., D. Patterson, J. Zapf, and E. Froesch. 1984. Insulin-like growth factor I in the dog: a 
study in different dog breeds and in dogs with growth hormone elevation. Acta 
Endocrinologica 105(3):294-301.  

Eissele, R., R. GÖke, S. Willemer, H.-P. Harthus, H. Vermeer, R. Arnold, and B. GÖke. 1992. 
Glucagon-like peptide-1 cells in the gastrointestinal tract and pancreas of rat, pig and man. 
European Journal of Clinical Investigation 22(4):283-291. doi: doi:10.1111/j.1365-
2362.1992.tb01464.x 

Elliott, J., and S. R. Bailey. 2006. Gastrointestinal derived factors are potential triggers for the 
development of acute equine laminitis. The Journal of nutrition 136(7):2103S-2107S.  

Elliott, R., L. Morgan, J. Tredger, S. Deacon, J. Wright, and V. Marks. 1993. Glucagon-like peptide-1 
(7–36) amide and glucose-dependent insulinotropic polypeptide secretion in response to 
nutrient ingestion in man: acute post-prandial and 24-h secretion patterns. Journal of 
Endocrinology 138(1):159-166.  

Faleiros, R. R., B. S. Leise, M. Watts, P. J. Johnson, S. J. Black, and J. K. Belknap. 2011. Laminar 
chemokine mRNA concentrations in horses with carbohydrate overload-induced laminitis. 
Veterinary Immunology and Immunopathology 144(1):45-51. doi: 
https://doi.org/10.1016/j.vetimm.2011.07.005 

Faria, T. N., V. A. Blakesley, H. Kato, B. Stannard, D. LeRoith, and C. T. Roberts. 1994. Role of the 
carboxyl-terminal domains of the insulin and insulin-like growth factor I receptors in receptor 
function. Journal of Biological Chemistry 269(19):13922-13928.  

Faust, M., A. Åkerblad, M. Buchfelder, G. Johannsson, P. Jonsson, P. Kann, P. Touraine, and M. K. 
Häggström. 2012. Growth hormone replacement in adults with severe growth hormone 
deficiency is effective even if baseline IGF-1 levels are in the normal range. Experimental and 
Clinical Endocrinology & Diabetes 120(10):P4.  

Firshman, A., and S. Valberg. 2007. Factors affecting clinical assessment of insulin sensitivity in 
horses. Equine veterinary journal 39(6):567-575.  

Fitzgerald, D. M., D. M. Walsh, M. N. Sillence, C. C. Pollitt, and M. A. de Laat. 2018. Insulin and 
incretin responses to grazing in insulin-dysregulated and healthy ponies. Journal of Veterinary 
Internal Medicine 0(0)doi: 10.1111/jvim.15363 

Fortier, L., M. Kornatowski, H. Mohammed, M. Jordan, L. O'cain, and W. Stevens. 2005. Age‐related 
changes in serum insulin‐like growth factor‐I, insulin‐like growth factor‐I binding protein‐3 
and articular cartilage structure in Thoroughbred horses. Equine veterinary journal 37(1):37-
42.  

Frank, N. 2006. Insulin resistance in horses. American Association of Equine Practitioners. 
Proceedings of the ... annual convention 52:51-54. doi: 
http://www.ivis.org/proceedings/toc3%5Fproceedings.asp 

Frank, N., R. J. Geor, S. R. Bailey, A. E. Durham, and P. J. Johnson. 2010. Equine Metabolic 
Syndrome. Journal of Veterinary Internal Medicine 24(3):467-475.  

French, K. R., and C. C. Pollitt. 2004. Equine laminitis: loss of hemidesmosomes in hoof secondary 
epidermal lamellae correlates to dose in an oligofructose induction model: an ultrastructural 
study. Equine Veterinary Journal 36(3):230-235.  

Gagnon, J., L. L. Baggio, D. J. Drucker, and P. L. Brubaker. 2015. Ghrelin Is a Novel Regulator of 
GLP-1 Secretion No. 64. p 1513-1521. 

Galey, F., H. Whiteley, T. Goetz, A. Kuenstler, C. Davis, and V. Beasley. 1991. Black walnut 
(Juglans nigra) toxicosis: a model for equine laminitis. Journal of comparative pathology 
104(3):313-326.  

Gallagher, E. J., Y. Fierz, R. D. Ferguson, and D. LeRoith. 2010. The pathway from diabetes and 
obesity to cancer: Insulin and IGF-1 signaling. Endocrine Practice 16(5):864-873.  

Gardner, A. K., C. S. Kelly, A. W. van-Eps, T. A. Burns, M. R. Watts, and J. K. Belknap. 2016. 
Mitogen-activated kinase pathway activation in epidermal lamellae in the acute stages of 
carbohydrate overload laminitis models and the effect of regional deep hypothermia on 
signalling pathways. Equine Veterinary Journal 48(5):633-640.  

https://doi.org/10.1016/j.vetimm.2011.07.005
http://www.ivis.org/proceedings/toc3_proceedings.asp


  

 

161 
 

Garner, H., J. Coffman, A. Hahn, D. Hutcheson, and M. Tumbleson. 1975. Equine laminitis of 
alimentary origin: an experimental model. American journal of veterinary research 36(4 Pt. 
1):441-444.  

Garner, H., D. Hutcheson, J. Coffman, A. Hahn, and C. Salem. 1977. Lactic Acidosis: a Factor 
Associated with Equine Laminitis 1, 2. Journal of Animal Science 45(5):1037-1041.  

Geor, R. 2010. Current Concepts on the Pathophysiology of Pasture-Associated Laminitis. The 
Veterinary clinics of North America. Equine practice 26(2):265-276.  

Geor, R. J. 2009. Pasture-associated laminitis. Veterinary Clinics of North America: Equine Practice 
25(1):39-50.  

Gérard, N., T. Delpuech, C. Oxvig, M. Overgaard, and P. Monget. 2004. Proteolytic degradation of 
IGF-binding protein (IGFBP)-2 in equine ovarian follicles: involvement of pregnancy-
associated plasma protein-A (PAPP-A) and association with dominant but not subordinated 
follicles. The Journal of endocrinology 182:457-466.  

Gilor, C., S. Gilor, T. K. Graves, L. B. Borst, P. Labelle, T. K. Ridge, D. Santoro, and O. Dossin. 
2013. Distribution of K and L cells in the feline intestinal tract. Domestic Animal 
Endocrinology 45(1):49-54. doi: https://doi.org/10.1016/j.domaniend.2013.04.004 

Goodson, J., W. J. Tyznik, J. H. Cline, and B. A. Dehority. 1988. Effects of an abrupt diet change 
from hay to concentrate on microbial numbers and physical environment in the cecum of the 
pony. Applied and Environmental Microbiology 54(8):1946-1950.  

Gunawardene, A. R., B. M. Corfe, and C. A. Staton. 2011. Classification and functions of 
enteroendocrine cells of the lower gastrointestinal tract. International journal of experimental 
pathology 92(4):219-231.  

Gunnarsson, P. T., M. S. r. Winzell, C. F. Deacon, M. O. Larsen, K. Jelic, R. D. Carr, and B. Ahrén. 
2006. Glucose-Induced Incretin Hormone Release and Inactivation Are Differently 
Modulated by Oral Fat and Protein in Mice. Endocrinology 147(7):3173-3180. doi: 
10.1210/en.2005-1442 

Hamrick, M. W. 2002. Development and evolution of the mammalian limb: adaptive diversification 
of nails, hooves, and claws. Evolution & Development 3(5):355-363. doi: 10.1046/j.1525-
142X.2001.01032.x 

Harris, P., S. R. Bailey, J. Elliott, and A. Longland. 2006. Countermeasures for pasture-associated 
laminitis in ponies and horses. The Journal of nutrition 136(7):2114S-2121S.  

Hartman, M. L., P. E. Clayton, M. L. Johnson, A. Celniker, A. J. Perlman, K. G. Alberti, and M. O. 
Thorner. 1993. A low dose euglycemic infusion of recombinant human insulin-like growth 
factor I rapidly suppresses fasting-enhanced pulsatile growth hormone secretion in humans. 
The Journal of Clinical Investigation 91(6):2453-2462. doi: 10.1172/JCI116480 

Hayirli, A. 2006. The role of exogenous insulin in the complex of hepatic lipidosis and ketosis 
associated with insulin resistance phenomenon in postpartum dairy cattle. Veterinary research 
communications 30(7):749-774.  

Henneke, D., G. Potter, J. Kreider, and B. Yeates. 1983. Relationship between condition score, 
physical measurements and body fat percentage in mares. Equine veterinary journal 
15(4):371-372.  

Herthel, D., and D. M. Hood. 1999. Clinical Presentation, Diagnosis, and Prognosis of Chronic 
Laminitis. Veterinary Clinics of North America: Equine Practice 15(2):375-394. doi: 
https://doi.org/10.1016/S0749-0739(17)30151-7 

Hoffman, R. M., R. C. Boston, D. Stefanovski, D. S. Kronfeld, and P. A. Harris. 2003. Obesity and 
diet affect glucose dynamics and insulin sensitivity in Thoroughbred geldings1. Journal of 
Animal Science 81(9):2333-2342. doi: 10.2527/2003.8192333x 

Horn, R., N. Bamford, T. Afonso, M. Sutherland, J. Buckerfield, R. Tan, C. Secombe, A. Stewart, and 
F. Bertin. 2018. Factors associated with survival, laminitis and insulin dysregulation in horses 
diagnosed with equine pituitary pars intermedia dysfunction. Equine veterinary journal  

Ince, J. C., A. C. Longland, M. J. S. Moore-Colyer, and P. A. Harris. 2014. In vitro degradation of 
grass fructan by equid gastrointestinal digesta. Grass and Forage Science 69(3):514-523. doi: 
10.1111/gfs.12061 

Irwin, D. M. 2009. Molecular evolution of mammalian incretin hormone genes. Regulatory Peptides 
155(1):121-130. doi: https://doi.org/10.1016/j.regpep.2009.04.009 

https://doi.org/10.1016/j.domaniend.2013.04.004
https://doi.org/10.1016/S0749-0739(17)30151-7
https://doi.org/10.1016/j.regpep.2009.04.009


  

 

162 
 

Janis, C. M. 1988. New ideas in ungulate phylogeny and evolution. Trends in Ecology & Evolution 
3(11):291-297. doi: https://doi.org/10.1016/0169-5347(88)90104-8 

Jansson, P. A. 2007. Endothelial dysfunction in insulin resistance and type 2 diabetes. Journal of 
internal medicine 262(2):173-183.  

Jessen, N., C. B. Djurhuus, J. O. L. Jørgensen, L. S. Jensen, N. Møller, S. Lund, and O. Schmitz. 
2005. Evidence against a role for insulin-signaling proteins PI 3-kinase and Akt in insulin 
resistance in human skeletal muscle induced by short-term GH infusion. American Journal of 
Physiology-Endocrinology and Metabolism 288(1):E194-E199. doi: 
10.1152/ajpendo.00149.2004 

Johnson, P. J. 2002. The equine metabolic syndrome peripheral Cushing's syndrome. The Veterinary 
clinics of North America. Equine practice 18(2):271-293.  

Johnson, P. J., C. E. Wiedmeyer, A. LaCarrubba, V. S. Ganjam, and N. T. Messer. 2010. Laminitis 
and the equine metabolic syndrome. Veterinary Clinics: Equine Practice 26(2):239-255.  

Jones, E., I. Viñuela-Fernandez, R. A. Eager, A. Delaney, H. Anderson, A. Patel, D. C. Robertson, A. 
Allchorne, E. C. Sirinathsinghji, and E. M. Milne. 2007. Neuropathic changes in equine 
laminitis pain. Pain 132(3):321-331.  

Jones, J. I., and D. R. Clemmons. 1995. Insulin-like growth factors and their binding proteins: 
biological actions. Endocrine reviews 16(1):3-34.  

Kaji, I., S.-i. Karaki, R. Tanaka, and A. Kuwahara. 2011. Density distribution of free fatty acid 
receptor 2 (FFA2)-expressing and GLP-1-producing enteroendocrine L cells in human and rat 
lower intestine, and increased cell numbers after ingestion of fructo-oligosaccharide. Journal 
of Molecular Histology 42(1):27-38. (journal article) doi: 10.1007/s10735-010-9304-4 

Kalck, K. A., N. Frank, S. B. Elliott, and R. C. Boston. 2009. Effects of low-dose oligofructose 
treatment administered via nasogastric intubation on induction of laminitis and associated 
alterations in glucose and insulin dynamics in horses. American journal of veterinary research 
70(5):624-632.  

Kalsbeek, H., T. Wensing, and H. Breukink. 1993. Equine pituitary neoplasia: a clinical report of 21 
cases (1990-1992). The Veterinary record 133(24):594-597.  

Kang, G., O. G. Chepurny, and G. G. Holz. 2001. cAMP-regulated guanine nucleotide exchange 
factor II (Epac2) mediates Ca2+-induced Ca2+ release in INS-1 pancreatic β-cells. The 
Journal of Physiology 536(2):375-385. doi: 10.1111/j.1469-7793.2001.0375c.xd 

Karikoski, N., J. Patterson Kane, K. Asplin, T. McGowan, M. McNutt, E. Singer, and C. McGowan. 
2014. Morphological and cellular changes in secondary epidermal laminae of horses with 
insulin-induced laminitis. American journal of veterinary research 75(2):161-168.  

Karikoski, N. P., I. Horn, T. W. McGowan, and C. M. McGowan. 2011. The prevalence of 
endocrinopathic laminitis among horses presented for laminitis at a first-opinion/referral 
equine hospital. Domestic Animal Endocrinology 41(3):111-117. doi: 
https://doi.org/10.1016/j.domaniend.2011.05.004 

Karikoski, N. P., C. M. McGowan, E. R. Singer, K. E. Asplin, R. M. Tulamo, and J. C. Patterson-
Kane. 2015. Pathology of Natural Cases of Equine Endocrinopathic Laminitis Associated 
With Hyperinsulinemia. Veterinary Pathology 52(5):945-956.  

Katz, L. E. L., K. A. Gralewski, P. Abrams, P. C. Brar, P. R. Gallagher, T. H. Lipman, L. J. Brooks, 
and D. Koren. 2016. Insulin‐like growth factor‐I and insulin‐like growth factor binding 
protein‐1 are related to cardiovascular disease biomarkers in obese adolescents. Pediatric 
diabetes 17(2):77-86.  

Katz, L. M., and S. R. Bailey. 2012. A review of recent advances and current hypotheses on the 
pathogenesis of acute laminitis. Equine Veterinary Journal 44(6):752-761.  

Kaur, J. 2014. A comprehensive review on metabolic syndrome. Cardiology research and practice 
2014 

Kim, J. K. 2009. Hyperinsulinemic–Euglycemic Clamp to Assess Insulin Sensitivity In Vivo. In: C. 
Stocker, editor, Type 2 Diabetes: Methods and Protocols. Humana Press, Totowa, NJ. p. 221-
238. 

Kim, S. J., S. B. Widenmaier, W. S. Choi, C. Nian, Z. Ao, G. Warnock, and C. H. S. McIntosh. 2011. 
Pancreatic β-cell prosurvival effects of the incretin hormones involve post-translational 

https://doi.org/10.1016/0169-5347(88)90104-8
https://doi.org/10.1016/j.domaniend.2011.05.004


  

 

163 
 

modification of Kv2.1 delayed rectifier channels. Cell Death And Differentiation 19:333. 
(Original Paper) doi: 10.1038/cdd.2011.102 

https://www.nature.com/articles/cdd2011102#supplementary-information 
Kohnke, J. R. 1992. Feeding and nutrition: the making of a champion. Birubi Pacific. 
Köller, G., K. Bassewitz, and G. Schusser. 2016. Reference ranges of insulin, insulin like growth 

factor-1 and adrenocorticotropic hormone in ponies. Tierarztliche Praxis. Ausgabe G, 
Grosstiere/Nutztiere 44(1):19-25.  

Kostecka, Y., and J. Blahovec. 1999. Insulin-like growth factor binding proteins and their functions 
(minireview). Endocr Regul 33(2):90-94.  

Krag, M. B., L. C. Gormsen, Z. Guo, J. S. Christiansen, M. D. Jensen, S. Nielsen, and J. O. L. 
Jørgensen. 2007. Growth hormone-induced insulin resistance is associated with increased 
intramyocellular triglyceride content but unaltered VLDL-triglyceride kinetics. American 
Journal of Physiology-Endocrinology and Metabolism 292(3):E920-E927. doi: 
10.1152/ajpendo.00374.2006 

Kronfeld, D., K. Treiber, T. Hess, and R. Boston. 2005a. Insulin resistance in the horse: Definition, 
detection, and dietetics. Journal of animal science 83(suppl_13):E22-E31.  

Kronfeld, D. S., K. H. Treiber, and R. J. Geor. 2005b. Comparison of nonspecific indications and 
quantitative methods for the assessment of insulin resistance in horses and ponies. Journal of 
the American Veterinary Medical Association 226(5):712-719.  

Krueger, A. S., D. A. Kinden, H. E. Garner, and R. F. Sprouse. 1986. Ultrastructural study of the 
equine cecum during onset of laminitis. American journal of veterinary research 47(8):1804-
1812.  

Kullmann, A., P. S. Weber, J. B. Bishop, T. M. Roux, B. Norby, T. A. Burns, L. J. McCutcheon, J. K. 
Belknap, and R. J. Geor. 2016. Equine insulin receptor and insulin-like growth factor-1 
receptor expression in digital lamellar tissue and insulin target tissues. Equine Veterinary 
Journal 48(5):626-632.  

Lane, H. E., T. A. Burns, O. C. Hegedus, M. R. Watts, P. S. Weber, K. A. Woltman, R. J. Geor, L. J. 
McCutcheon, S. C. Eades, L. E. Mathes, and J. K. Belknap. 2017. Lamellar events related to 
insulin-like growth factor-1 receptor signalling in two models relevant to endocrinopathic 
laminitis. Equine Veterinary Journal 49(5):643-654.  

Laron, Z. 1999. Somatomedin-1 (recombinant insulin-like growth factor-1). BioDrugs 11(1):55-70.  
Laron, Z. 2004. IGF-1 and insulin as growth hormones. In: Novartis Found Symp. p 56-77. 
Leise, B. S., R. R. Faleiros, M. Watts, P. J. Johnson, S. J. Black, and J. K. Belknap. 2011. Laminar 

inflammatory gene expression in the carbohydrate overload model of equine laminitis. Equine 
Veterinary Journal 43(1):54-61. doi: 10.1111/j.2042-3306.2010.00122.x 

Lejeune, J.-P., T. Franck, M. Gangl, N. Schneider, C. Michaux, G. Deby-Dupont, and D. Serteyn. 
2007. Plasma concentration of insulin-like growth factor I (IGF-I) in growing Ardenner 
horses suffering from juvenile digital degenerative osteoarthropathy. Veterinary research 
communications 31(2):185-195.  

LeRoith, D., and C. Roberts. 2003. The insulin-like growth factor system and cancer. Cancer letters 
195(2):127-137.  

Lindåse, S. S., K. E. Nostell, C. E. Müller, M. Jensen-Waern, and J. T. Bröjer. 2016. Effects of diet-
induced weight gain and turnout to pasture on insulin sensitivity in moderately insulin 
resistant horses. American journal of veterinary research 77(3):300-309.  

Loftus, J. P., S. J. Black, A. Pettigrew, E. J. Abrahamsen, and J. K. Belknap. 2007. Early laminar 
events involving endothelial activation in horses with black walnut–induced laminitis. 
American journal of veterinary research 68(11):1205-1211.  

Loftus, J. P., P. J. Johnson, J. K. Belknap, A. Pettigrew, and S. J. Black. 2009. Leukocyte-derived and 
endogenous matrix metalloproteinases in the lamellae of horses with naturally acquired and 
experimentally induced laminitis. Veterinary Immunology and Immunopathology 129(3):221-
230. doi: https://doi.org/10.1016/j.vetimm.2008.11.003 

Longland, A. C., and B. M. Byrd. 2006. Pasture Nonstructural Carbohydrates and Equine Laminitis. 
The Journal of Nutrition 136(7):2099S-2102S. doi: 10.1093/jn/136.7.2099S 

https://www.nature.com/articles/cdd2011102#supplementary-information
https://doi.org/10.1016/j.vetimm.2008.11.003


  

 

164 
 

Lukanova, A., S. Soderberg, P. Stattin, R. Palmqvist, E. Lundin, C. Biessy, S. Rinaldi, E. Riboli, G. 
Hallmans, and R. Kaaks. 2002. Nonlinear relationship of insulin-like growth factor (IGF)-I 
and IGF-I/IGF-binding protein-3 ratio with indices of adiposity and plasma insulin 
concentrations (Sweden). p 509. KLUWER ACADEMIC PUBLISHERS, Great Britain. 

Mace, O. J., M. Schindler, and S. Patel. 2012. The regulation of K- and L-cell activity by GLUT2 and 
the calcium-sensing receptor CasR in rat small intestine. The Journal of Physiology 
590(12):2917-2936. doi: doi:10.1113/jphysiol.2011.223800 

Main, N. 2011. Hightailing into the fires: Bushfire planning on ACT horse agistment centres. ACT 
Emergency Services Agency. 

McFarlane, D. 2007. Advantages and limitations of the equine disease, pituitary pars intermedia 
dysfunction as a model of spontaneous dopaminergic neurodegenerative disease. Ageing 
Research Reviews 6(1):54-63. doi: https://doi.org/10.1016/j.arr.2007.02.001 

McFarlane, D. 2011. Equine pituitary pars intermedia dysfunction. Veterinary Clinics: Equine 
Practice 27(1):93-113.  

McFarlane, D., P. J. Johnson, and H. C. Schott. 2017. Pituitary Pars Intermedia Dysfunction. Equine 
Laminitis:334-340.  

McGowan, C. 2010. Endocrinopathic laminitis. The Veterinary clinics of North America. Equine 
practice 26(2):233-237.  

McGowan, T., G. Pinchbeck, and C. McGowan. 2013. Prevalence, risk factors and clinical signs 
predictive for equine pituitary pars intermedia dysfunction in aged horses. Equine veterinary 
journal 45(1):74-79.  

Medina-Torres, C. E., S. L. Mason, R. V. Floyd, P. A. Harris, and A. Mobasheri. 2011. Hypoxia and a 
hypoxia mimetic up-regulate matrix metalloproteinase 2 and 9 in equine laminar 
keratinocytes. The Veterinary Journal 190(2):e54-e59. doi: 
https://doi.org/10.1016/j.tvjl.2011.02.026 

Meier, A. D., M. A. de Laat, D. B. Reiche, C. C. Pollitt, D. M. Walsh, J. M. McGree, and M. N. 
Sillence. 2018. The oral glucose test predicts laminitis risk in ponies fed a diet high in 
nonstructural carbohydrates. Domestic animal endocrinology 63:1-9.  

Menzies-Gow, N. J., P. A. Harris, and J. Elliott. 2017. Prospective cohort study evaluating risk factors 
for the development of pasture-associated laminitis in the United Kingdom. Equine 
Veterinary Journal 49(3):300-306. doi: doi:10.1111/evj.12606 

Menzies-Gow, N. J., L. M. Katz, K. J. Barker, J. Elliott, M. N. De Brauwere, N. Jarvis, C. M. Marr, 
and D. U. Pfeiffer. 2010. Epidemiological study of pasture-associated laminitis and 
concurrent risk factors in the South of England. Veterinary Record 167(18):690. doi: 
10.1136/vr.c5177 

Milinovich, G. J., D. J. Trott, P. C. Burrell, A. W. Van Eps, M. B. Thoefner, L. L. Blackall, R. A. M. 
Al Jassim, J. M. Morton, and C. C. Pollitt. 2006. Changes in equine hindgut bacterial 
populations during oligofructose-induced laminitis. Environmental Microbiology 8(5):885-
898. doi: 10.1111/j.1462-2920.2005.00975.x 

Milman, S., D. M. Huffman, and N. Barzilai. 2016. The somatotropic axis in human aging: 
framework for the current state of knowledge and future research. Cell metabolism 23(6):980-
989.  

Møller, N., and J. O. L. Jørgensen. 2009. Effects of Growth Hormone on Glucose, Lipid, and Protein 
Metabolism in Human Subjects. Endocrine Reviews 30(2):152-177. doi: 10.1210/er.2008-
0027 

Moore, B., E. S. Edie, and J. H. Abram. 1906. On the treatment of Diabetus mellitus by acid extract of 
Duodenal Mucous Membrane. Biochemical Journal 1(1):28.  

Morgan, R. A., T. W. McGowan, and C. M. McGowan. 2014. Prevalence and risk factors for 
hyperinsulinaemia in ponies in Queensland, Australia. Australian Veterinary Journal 
92(4):101-106. doi: 10.1111/avj.12159 

Morgan, S. J., D. A. Grosenbaugh, and D. M. Hood. 1999. The Pathophysiology of Chronic 
Laminitis: Pain and Anatomic Pathology. Veterinary Clinics of North America: Equine 
Practice 15(2):395-417. doi: https://doi.org/10.1016/S0749-0739(17)30152-9 

https://doi.org/10.1016/j.arr.2007.02.001
https://doi.org/10.1016/j.tvjl.2011.02.026
https://doi.org/10.1016/S0749-0739(17)30152-9


  

 

165 
 

Mortensen, K., L. L. Christensen, J. J. Holst, and C. Orskov. 2003. GLP-1 and GIP are colocalized in 
a subset of endocrine cells in the small intestine. Regulatory Peptides 114(2):189-196. doi: 
https://doi.org/10.1016/S0167-0115(03)00125-3 

Mortensen, K., L. L. Petersen, and C. ØRskov. 2006. Colocalization of GLP-1 and GIP in Human and 
Porcine Intestine. Annals of the New York Academy of Sciences 921(1):469-472. doi: 
10.1111/j.1749-6632.2000.tb07017.x 

Mungall, B. A., R. Collins, and C. Pollitt. 1998. Localisation of gelatinase activity in epidermal hoof 
lamellae by in situ zymography. Histochemistry and cell biology 110(5):535-540.  

Muniyappa, R. Muniyappa, M. Iantorno, and M. J. Quon. 2008. An Integrated View of Insulin 
Resistance and Endothelial Dysfunction. Endocrinology and metabolism clinics of North 
America 37(3):685-711.  

Ngo, T. H., R. J. Barnard, C. N. Tymchuk, P. Cohen, and W. J. Aronson. 2002. Effect of diet and 
exercise on serum insulin, IGF-I, and IGFBP-1 levels and growth of LNCaP cells in vitro 
(United States). Cancer Causes & Control 13(10):929-935.  

Nguyen, N. Q., T. L. Debreceni, J. E. Bambrick, B. Chia, J. Wishart, A. M. Deane, C. K. Rayner, M. 
Horowitz, and R. L. Young. 2015. Accelerated Intestinal Glucose Absorption in Morbidly 
Obese Humans: Relationship to Glucose Transporters, Incretin Hormones, and Glycemia. The 
Journal of Clinical Endocrinology & Metabolism 100(3):968-976. doi: 10.1210/jc.2014-3144 

Noble, G. K., E. Houghton, C. J. Roberts, J. Faustino-Kemp, S. S. de Kock, B. C. Swanepoel, and M. 
N. Sillence. 2007. Effect of exercise, training, circadian rhythm, age, and sex on insulin-like 
growth factor-1 in the horse1. Journal of Animal Science 85(1):163-171. doi: 
10.2527/jas.2006-210 

Noschka, E., M. L. Vandenplas, D. J. Hurley, and J. N. Moore. 2009. Temporal aspects of laminar 
gene expression during the developmental stages of equine laminitis. Veterinary immunology 
and immunopathology 129(3-4):242-253.  

Nourian, A., K. Asplin, C. McGowan, M. Sillence, and C. Pollitt. 2009. Equine laminitis: 
ultrastructural lesions detected in ponies following hyperinsulinaemia. Equine veterinary 
journal 41(7):671-677.  

Nourian, A., G. Baldwin, A. Van Eps, and C. Pollitt. 2007. Equine laminitis: ultrastructural lesions 
detected 24–30 hours after induction with oligofructose. Equine veterinary journal 39(4):360-
364.  

NRC. 2007. Nutrient Requirements of Horses. 6th ed. National Acadamies Press, Washington DC, 
USA. 

Pappachan, J. M., A. Raveendran, and R. Sriraman. 2015. Incretin manipulation in diabetes 
management. World journal of diabetes 6(6):774.  

Patterson-Kane, J. C., N. P. Karikoski, and C. M. McGowan. 2018. Paradigm shifts in understanding 
equine laminitis. The Veterinary Journal 231:33-40. doi: 
https://doi.org/10.1016/j.tvjl.2017.11.011 

Pearl, C., E. At Taras, T. Berger, and J. Roser. 2007. Reduced endogenous estrogen delays epididymal 
development but has no effect on efferent duct morphology in boars. Reproduction 
134(4):593-604.  

Pederson, R. A., and C. H. McIntosh. 2016. Discovery of gastric inhibitory polypeptide and its 
subsequent fate: Personal reflections. Journal of diabetes investigation 7 Suppl 1(Suppl Suppl 
1):4-7. doi: 10.1111/jdi.12480 

Pollitt, C. C. 1992. Clinical anatomy and physiology of the normal equine foot. Equine Veterinary 
Education 4(5):219-224.  

Pollitt, C. C. 1994. The basement membrane at the equine hoof dermal epidermal junction. Equine 
veterinary journal 26(5):399-407.  

Pollitt, C. C. 1996. Basement membrane pathology: a feature of acute equine laminitis. Equine 
Veterinary Journal 28(1):38-46.  

Pollitt, C. C. 1999. Equine laminitis: a revised pathophysiology. In: AAEP Proceedings. p 188-192. 
Pollitt, C. C. 2004. Anatomy and physiology of the inner hoof wall. Clinical techniques in equine 

practice 3(1):3-21.  
Pollitt, C. C., and S. N. Collins. 2016. The suspensory apparatus of the distal phalanx in normal 

horses. Equine veterinary journal 48(4):496-501.  

https://doi.org/10.1016/S0167-0115(03)00125-3
https://doi.org/10.1016/j.tvjl.2017.11.011


  

 

166 
 

Pollitt, C. C., and C. T. Davies. 1998. Equine laminitis: its development coincides with increased 
sublamellar blood flow. Equine Veterinary Journal 30(S26):125-132.  

Popot, M.-A., A. R. Woolfitt, P. Garcia, and J.-C. Tabet. 2008. Determination of IGF-I in horse 
plasma by LC electrospray ionisation mass spectrometry. Analytical and bioanalytical 
chemistry 390(7):1843-1852.  

Popot, M., S. Bobin, Y. Bonnaire, P. Delahaut, and J. Closset. 2001. IGF-I plasma concentrations in 
non-treated horses and horses administered with methionyl equine somatotropin. Research in 
veterinary science 71(3):167-173.  

Porter, R. M., R. M. Akers, R. D. Howard, and K. Forsten-Williams. 2006. Transcriptional and 
proteolytic regulation of the insulin-like growth factor-I system of equine articular 
chondrocytes by recombinant equine interleukin-1β. Journal of Cellular Physiology 
209(2):542-550. doi: 10.1002/jcp.20762 

Potter, S. J., N. J. Bamford, P. A. Harris, and S. R. Bailey. 2017. Incidence of laminitis and survey of 
dietary and management practices in pleasure horses and ponies in south-eastern Australia. 
Australian Veterinary Journal 95(10):370-374. doi: 10.1111/avj.12635 

Pratley, R. E., and A. Salsali. 2007. Inhibition of DPP-4: a new therapeutic approach for the treatment 
of type 2 diabetes. Current Medical Research and Opinion 23(4):919-931. doi: 
10.1185/030079906X162746 

Pratt, S. E., R. J. Geor, and L. J. McCutcheon. 2005. Repeatability of 2 methods for assessment of 
insulin sensitivity and glucose dynamics in horses. Journal of veterinary internal medicine 
19(6):883-888.  

Rajah, R., R. V. Nachajon, M. H. Collins, H. Hakonarson, M. M. Grunstein, and P. Cohen. 1999. 
Elevated Levels of the IGF-Binding Protein Protease MMP-1 in Asthmatic Airway Smooth 
Muscle. American Journal of Respiratory Cell and Molecular Biology 20(2):199-208. doi: 
10.1165/ajrcmb.20.2.3148 

Ralston, S. 1996. Hyperglycemialhyperinsulinemia after feeding a meal of grain to young horses with 
osteochondritis dissecans (OCD) lesions. month 3(1):4.  

Ralston, S. L. 2002. Insulin and glucose regulation. Veterinary Clinics of North America: Equine 
Practice 18(2):295-304. doi: https://doi.org/10.1016/S0749-0739(02)00014-7 

Ralston, S. L., and V. A. Rich. 1983. Black walnut toxicosis in horses. Journal of the American 
Veterinary Medical Association 183(10):1095.  

Rasouli, N., and P. A. Kern. 2008. Adipocytokines and the Metabolic Complications of Obesity. The 
Journal of Clinical Endocrinology & Metabolism 93(11_supplement_1):s64-s73. doi: 
10.1210/jc.2008-1613 

Redden, R. F. 2004. Preventing laminitis in the contralateral limb of horses with nonweight-bearing 
lameness. Clinical Techniques in Equine Practice 3(1):57-63. doi: 
https://doi.org/10.1053/j.ctep.2004.07.005 

Reimann, F., and F. M. Gribble. 2016. G protein-coupled receptors as new therapeutic targets for type 
2 diabetes. Diabetologia 59(2):229-233. doi: 10.1007/s00125-015-3825-z 

Reimer, R., and M. McBurney. 1996. Dietary fiber modulates intestinal proglucagon messenger 
ribonucleic acid and postprandial secretion of glucagon-like peptide-1 and insulin in rats. 
Endocrinology 137(9):3948-3956.  

Renaville, R., M. Hammadi, and D. Portetelle. 2002. Role of the somatotropic axis in the mammalian 
metabolism. Domestic animal endocrinology 23(1-2):351-360.  

Rendle, D. 2006a. Equine laminitis 1. Management in the acute stage. In Practice 28(8):434. doi: 
10.1136/inpract.28.8.434 

Rendle, D. 2006b. Equine laminitis 2. Management and prognosis in the chronic stage. In practice 
28(9):526-536.  

Rhodes, C. J. 2000. IGF-I and GH post-receptor signaling mechanisms for pancreatic beta-cell 
replication. Journal of Molecular Endocrinology 24(3):303-311.  

Riber, C., M. Rubio, F. Marquez, M. Pinedo, A. Munoz, and F. Castejon. 1995. Haematological 
changes observed in Andalusian horses with laminitis. Journal of Veterinary Medical Science 
57(5):981-984.  

Riedemann, J., and V. Macaulay. 2006. IGF1R signalling and its inhibition. Endocrine-related cancer 
13(Supplement 1):S33-S43.  

https://doi.org/10.1016/S0749-0739(02)00014-7
https://doi.org/10.1053/j.ctep.2004.07.005


  

 

167 
 

Rocca, A. S., and P. L. Brubaker. 1999. Role of the Vagus Nerve in Mediating Proximal Nutrient-
Induced Glucagon-Like Peptide-1 Secretion*. Endocrinology 140(4):1687-1694. doi: 
10.1210/endo.140.4.6643 

Ropp, J., R. Raub, and J. Minton. 2003. The effect of dietary energy source on serum concentration of 
insulin-like growth factor-I, growth hormone, insulin, glucose, and fat metabolites in 
weanling horses. Journal of animal science 81(6):1581-1589.  

Ruan, W., and M. Lai. 2010. Insulin-like growth factor binding protein: a possible marker for the 
metabolic syndrome? Acta diabetologica 47(1):5-14.  

Salazar-Ortiz, J., S. Camous, C. Briant, L. Lardic, D. Chesneau, and D. Guillaume. 2011. Effects of 
nutritional cues on the duration of the winter anovulatory phase and on associated hormone 
levels in adult female Welsh pony horses (Equus caballus). Reproductive biology and 
endocrinology 9(1):130.  

Salazar-Ortiz, J., P. Monget, and D. Guillaume. 2014. The influence of nutrition on the insulin-like 
growth factor system and the concentrations of growth hormone, glucose, insulin, 
gonadotropins and progesterone in ovarian follicular fluid and plasma from adult female 
horses (Equus caballus). Reproductive biology and endocrinology 12(1):72.  

Sánchez, M., P. Azor, A. Molina, T. Parkin, J. Rivero, and M. Valera. 2017. Prevalence, risk factors 
and genetic parameters of cresty neck in Pura Raza Español horses. Equine veterinary journal 
49(2):196-200.  

Schmidt, O., E. Deegen, H. Fuhrmann, R. Dühlmeier, and H. P. Sallmann. 2001. Effects of fat feeding 
and energy level on plasma metabolites and hormones in Shetland ponies. Journal of 
Veterinary Medicine Series A 48(1):39-49.  

Schott, H. C. 2002. Pituitary pars intermedia dysfunction: equine Cushing's disease. Veterinary 
Clinics of North America: Equine Practice 18(2):237-270. doi: https://doi.org/10.1016/S0749-
0739(02)00018-4 

Seino, Y., M. Fukushima, and D. Yabe. 2010. GIP and GLP-1, the two incretin hormones: Similarities 
and differences. Journal of diabetes investigation 1(1-2):8-23. doi: 10.1111/j.2040-
1124.2010.00022.x 

Shelton, A. P. T., P. Nørregaard, J. U. Fog, and C. B. Knudsen. 2018. GIP-GLP-1 dual agonist 
compounds and methods. Google Patents. 

Shibasaki, T., H. Takahashi, T. Miki, Y. Sunaga, K. Matsumura, M. Yamanaka, C. Zhang, A. 
Tamamoto, T. Satoh, J.-i. Miyazaki, and S. Seino. 2007. Essential role of Epac2/Rap1 
signaling in regulation of insulin granule dynamics by cAMP. Proceedings of the National 
Academy of Sciences 104(49):19333. doi: 10.1073/pnas.0707054104 

Silha, J. V., Y. Gui, and L. J. Murphy. 2002. Impaired glucose homeostasis in insulin-like growth 
factor-binding protein-3-transgenic mice. American Journal of Physiology-Endocrinology and 
Metabolism 283(5):E937-E945. doi: 10.1152/ajpendo.00014.2002 

Sjögren, K., K. Wallenius, J.-L. Liu, M. Bohlooly-Y, G. Pacini, L. Svensson, J. Törnell, O. G. P. 
Isaksson, B. Ahrén, J.-O. Jansson, and C. Ohlsson. 2001. Liver-Derived IGF-I is of 
Importance for Normal Carbohydrate and Lipid Metabolism. Diabetes 50(7):1539-1545. doi: 
10.2337/diabetes.50.7.1539 

Solounias, N., M. Danowitz, E. Stachtiaris, A. Khurana, M. Araim, M. Sayegh, and J. Natale. 2018. 
The evolution and anatomy of the horse manus with an emphasis on digit reduction. Royal 
Society open science 5(1):171782.  

Sparre-Ulrich, A. H., M. N. Gabe, L. S. Gasbjerg, C. B. Christiansen, B. Svendsen, B. Hartmann, J. J. 
Holst, and M. M. Rosenkilde. 2017. GIP(3–30)NH2 is a potent competitive antagonist of the 
GIP receptor and effectively inhibits GIP-mediated insulin, glucagon, and somatostatin 
release. Biochemical Pharmacology 131:78-88. doi: https://doi.org/10.1016/j.bcp.2017.02.012 

Staniar, W. B., D. S. Kronfeld, R. M. Akers, and P. A. Harris. 2007. Insulin-like growth factor I in 
growing thoroughbreds. Journal of Animal Physiology and Animal Nutrition 91(9-10):390-
399.  

Steward, M. L. 2003. How to construct and apply atraumatic therapeutic shoes to treat acute or 
chronic laminitis in the horse. In: American Association of Equine Practitioners 49th Annual 
Convention. p 337-346. 

https://doi.org/10.1016/S0749-0739(02)00018-4
https://doi.org/10.1016/S0749-0739(02)00018-4
https://doi.org/10.1016/j.bcp.2017.02.012


  

 

168 
 

Straus, D. 1984. Growth-Stimulatory Actions of Insulinin Vitroandin Vivo*. Endocrine Reviews 
5(2):356-369.  

Suagee, J., B. Corl, M. Crisman, R. Pleasant, C. Thatcher, and R. Geor. 2013. Relationships between 
body condition score and plasma inflammatory cytokines, insulin, and lipids in a mixed 
population of light‐breed horses. Journal of veterinary internal medicine 27(1):157-163.  

Sutter, N., C. Bustamante, K. Chase, M. Gray, K. Zhao, L. Zhu, B. Padhukasahasram, E. Karlins, S. 
Davis, P. Jones, P. Quignon, G. Johnson, H. Parker, N. Fretwell, D. Mosher, D. Lawler, E. 
Satyaraj, M. Nordborg, K. G. Lark, R. Wayne, and E. Ostrander. 2007. A single IGF1 allele is 
a major determinant of small size in dogs. Science 316(5821):112-115.  

Tadros, E. M., N. Frank, and R. L. Donnell. 2013. Effects of equine metabolic syndrome on 
inflammatory responses of horses to intravenous lipopolysaccharide infusion. American 
journal of veterinary research 74(7):1010-1019.  

Theodorakis, M. J., O. Carlson, S. Michopoulos, M. E. Doyle, M. Juhaszova, K. Petraki, and J. M. 
Egan. 2006. Human duodenal enteroendocrine cells: source of both incretin peptides, GLP-1 
and GIP. American Journal of Physiology-Endocrinology and Metabolism 290(3):E550-
E559. doi: 10.1152/ajpendo.00326.2004 

Thoefner, M. B., C. C. Pollitt, A. W. van Eps, G. J. Milinovich, D. J. Trott, O. Wattle, and P. H. 
Andersen. 2004. Acute Bovine Laminitis: A New Induction Model Using Alimentary 
Oligofructose Overload. Journal of Dairy Science 87(9):2932-2940. doi: 
https://doi.org/10.3168/jds.S0022-0302(04)73424-4 

Tinworth, K., P. Wynn, R. Boston, P. Harris, M. Sillence, M. Thevis, A. Thomas, and G. Noble. 2011. 
Evaluation of commercially available assays for the measurement of equine insulin. Domestic 
animal endocrinology 41(2):81-90.  

Tolhurst, G., H. Heffron, Y. S. Lam, H. E. Parker, A. M. Habib, E. Diakogiannaki, J. Cameron, J. 
Grosse, F. Reimann, and F. M. Gribble. 2012. Short-chain fatty acids stimulate glucagon-like 
peptide-1 secretion via the G-protein–coupled receptor FFAR2. Diabetes 61(2):364-371.  

Treiber, K., R. Carter, L. Gay, C. Williams, and R. Geor. 2009. Inflammatory and redox status of 
ponies with a history of pasture-associated laminitis. Veterinary Immunology and 
Immunopathology 129(3):216-220. doi: https://doi.org/10.1016/j.vetimm.2008.11.004 

Treiber, K. H., D. S. Kronfeld, T. M. Hess, B. M. Byrd, R. K. Splan, and W. B. Staniar. 2006. 
Evaluation of genetic and metabolic predispositions and nutritional risk factors for pasture-
associated laminitis in ponies. Journal of the American Veterinary Medical Association 
228(10):1538-1545.  

Trout, D. R., W. Hornof, R. Linford, and T. O'brien. 1990. Scintigraphic evaluation of digital 
circulation during the developmental and acute phases of equine laminitis. Equine Veterinary 
Journal 22(6):416-421.  

True, R. G., J. Lowe, J. Heissen, and W. Bradley. 1979. Black walnut shavings as a cause of acute 
laminitis. In: Proceedings of the... annual convention-American Association of Equine 
Practitioners 

Ullrich, A., A. Gray, A. W. Tam, T. Yang Feng, M. Tsubokawa, C. Collins, W. Henzel, T. Le Bon, S. 
Kathuria, and E. Chen. 1986. Insulin-like growth factor I receptor primary structure: 
comparison with insulin receptor suggests structural determinants that define functional 
specificity. The EMBO Journal 5(10):2503-2512.  

Unger, R. H., and A. M. Eisentraut. 1969. Entero-insular axis. Archives of Internal Medicine 
123(3):261-266.  

Unger, R. H., H. Ketterer, J. Dupré, and A. M. Eisentraut. 1967. The effects of secretin, 
pancreozymin, and gastrin on insulin and glucagon secretion in anesthetized dogs. The 
Journal of clinical investigation 46(4):630-645.  

USDA. 2000. Lameness and laminitis in U. S. horses. USDA:APHIS:VS, CEAH, National Animal 
Health Monitoring System. Fort Collins, CO. #N318.0400  

Vaishnava, S., C. L. Behrendt, A. S. Ismail, L. Eckmann, and L. V. Hooper. 2008. Paneth cells 
directly sense gut commensals and maintain homeostasis at the intestinal host-microbial 
interface. Proceedings of the National Academy of Sciences 105(52):20858-20863.  

https://doi.org/10.3168/jds.S0022-0302(04)73424-4
https://doi.org/10.1016/j.vetimm.2008.11.004


  

 

169 
 

van Eps, A., S. N. Collins, and C. C. Pollitt. 2010. Supporting Limb Laminitis. Veterinary Clinics of 
North America: Equine Practice 26(2):287-302. doi: 
https://doi.org/10.1016/j.cveq.2010.06.007 

van Eps, A. W., and C. C. Pollitt. 2006. Equine laminitis induced with oligofructose. Equine 
Veterinary Journal 38(3):203-208. doi: 10.2746/042516406776866327 

Van Eps, A. W., and C. C. Pollitt. 2009. Equine laminitis model: Cryotherapy reduces the severity of 
lesions evaluated seven days after induction with oligofructose. Equine Veterinary Journal 
41(8):741-746. doi: 10.2746/042516409X434116 

Vervuert, I., M. Coenen, and C. Bothe. 2004. Effects of corn processing on the glycaemic and 
insulinaemic responses in horses. Journal of Animal Physiology and Animal Nutrition 88(9‐
10):348-355. doi: doi:10.1111/j.1439-0396.2004.00491.x 

Verwilghen, D., L. Vanderheyden, T. Franck, V. Busoni, E. Enzerink, M. Gangl, J.-P. Lejeune, G. 
Van Galen, S. Grulke, and D. Serteyn. 2009. Variations of plasmatic concentrations of 
Insulin-like Growth Factor-I in post-pubescent horses affected with developmental 
osteochondral lesions. Veterinary research communications 33(7):701-709.  

Vick, M., A. Adams, B. Murphy, D. Sessions, D. Horohov, R. Cook, B. Shelton, and B. Fitzgerald. 
2007. Relationships among inflammatory cytokines, obesity, and insulin sensitivity in the 
horse. Journal of animal science 85(5):1144-1155.  

Vigneri, R., S. Squatrito, and L. Sciacca. 2010. Insulin and its analogs: actions via insulin and IGF 
receptors. Acta Diabetologica 47(4):271-278. doi: 10.1007/s00592-010-0215-3 

Vijayakumar, A., R. Novosyadlyy, Y. Wu, S. Yakar, and D. LeRoith. 2010. Biological effects of 
growth hormone on carbohydrate and lipid metabolism. Growth Hormone & IGF Research 
20(1):1-7. doi: https://doi.org/10.1016/j.ghir.2009.09.002 

Vilsbøll, T., and J. J. Holst. 2004. Incretins, insulin secretion and Type 2 diabetes mellitus. 
Diabetologia 47(3):357-366. doi: 10.1007/s00125-004-1342-6 

Vilsbøll, T., T. Krarup, S. Madsbad, and J. J. Holst. 2003. Both GLP-1 and GIP are insulinotropic at 
basal and postprandial glucose levels and contribute nearly equally to the incretin effect of a 
meal in healthy subjects. Regulatory Peptides 114(2):115-121. doi: 
https://doi.org/10.1016/S0167-0115(03)00111-3 

Visser, M. B., and C. C. Pollitt. 2010. Characterization of extracellular matrix macromolecules in 
primary cultures of equine keratinocytes. BMC Veterinary Research 6(1):16. (journal article) 
doi: 10.1186/1746-6148-6-16 

Volaire, F., and F. Lelievre. 1997. Production, persistence, and water-soluble carbohydrate 
accumulation in 21 contrasting populations of Dactylis glomerata L. subjected to severe 
drought in the south of France. Australian Journal of Agricultural Research 48(7):933-944.  

Waldrop, G., J. Zhong, M. Peters, A. Goud, Y.-H. Chen, S. N. Davis, B. Mukherjee, and S. 
Rajagopalan. 2018. Incretin-based therapy in type 2 diabetes: An evidence based systematic 
review and meta-analysis. Journal of Diabetes and its Complications 32(1):113-122. doi: 
https://doi.org/10.1016/j.jdiacomp.2016.08.018 

Werner, H., D. Weinstein, and I. Bentov. 2008. Similarities and differences between insulin and IGF-
I: Structures, receptors, and signalling pathways. Archives of physiology and biochemistry 
114(1):17-22.  

Wiedner, E., J. Holland, J. Trupkiewicz, and F. Uzal. 2014. Severe laminitis in multiple zoo species. 
Veterinary Quarterly 34(1):22-28.  

Wilcox, G. 2005. Insulin and insulin resistance. The Clinical biochemist. Reviews 26(2):19-39.  
Wylie, C. E., S. N. Collins, K. L. P. Verheyen, and J. Richard Newton. 2011. Frequency of equine 

laminitis: A systematic review with quality appraisal of published evidence. The Veterinary 
Journal 189(3):248-256. doi: https://doi.org/10.1016/j.tvjl.2011.04.014 

Yakar, S., H. Sun, H. Zhao, P. Pennisi, Y. Toyoshima, J. Setser, B. Stannard, L. Scavo, and D. 
Leroith. 2005. Metabolic effects of IGF-I deficiency: lessons from mouse models. Pediatr 
Endocrinol Rev 3(1):11-19.  

Yamanaka, Y., E. M. Wilson, R. G. Rosenfeld, and Y. Oh. 1997. Inhibition of insulin receptor 
activation by insulin-like growth factor binding proteins. Journal of Biological Chemistry 
272(49):30729-30734.  

https://doi.org/10.1016/j.cveq.2010.06.007
https://doi.org/10.1016/j.ghir.2009.09.002
https://doi.org/10.1016/S0167-0115(03)00111-3
https://doi.org/10.1016/j.jdiacomp.2016.08.018
https://doi.org/10.1016/j.tvjl.2011.04.014


  

 

170 
 

Yoon, M. J., T. Berger, and J. F. Roser. 2011. Localization of Insulin-Like Growth Factor-I (IGF-I) 
and IGF-I Receptor (IGF-IR) in Equine Testes. Reproduction in Domestic Animals 
46(2):221-228.  

Zhang, L., S. Pelech, D. Mayrand, D. Grenier, J. Heino, and V.-J. Uitto. 2001. Bacterial Heat Shock 
Protein-60 Increases Epithelial Cell Proliferation through the ERK1/2 MAP Kinases. 
Experimental cell research 266(1):11-20.  

 



Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Baskerville, Courtnay Louise

Title:
The effect of diet on hormone levels in horses and ponies and in vitro effects of insulin on
lamellar tissue

Date:
2019

Persistent Link:
http://hdl.handle.net/11343/228922

Terms and Conditions:
Terms and Conditions: Copyright in works deposited in Minerva Access is retained by the
copyright owner. The work may not be altered without permission from the copyright owner.
Readers may only download, print and save electronic copies of whole works for their own
personal non-commercial use. Any use that exceeds these limits requires permission from
the copyright owner. Attribution is essential when quoting or paraphrasing from these works.

http://hdl.handle.net/11343/228922

	ABSTRACT
	DECLARATION
	PREFACE
	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	LIST OF APPENDICES
	ABBREVIATIONS
	CHAPTER 1 - Literature Review
	1.1 General Introduction
	1.2  The Structure and Function of the Hoof
	1.3  Laminitis
	1.4 Equine Laminitis
	1.5  Terminology
	1.6  Epidemiology of Equine Laminitis
	1.7  Non-endocrinopathic Laminitis and Experimental Models
	1.7.1  Supporting limb laminitis
	1.7.2  Laminitis and inflammation
	1.7.2.1  Carbohydrate overload
	1.7.2.2  Black walnut extract
	1.8  Endocrinopathic Laminitis and Experimental Models
	1.8.1  Pituitary pars intermedia dysfunction
	1.8.2  Pasture-associated laminitis
	1.8.3  Equine metabolic syndrome
	1.8.4  Insulin-induced equine laminitis
	1.8.4.1  Insulin and glucose uptake
	1.8.4.2   Insulin resistance
	1.8.4.3   Insulin sensitivity
	1.9   Insulin-Like Growth Factor – 1
	1.9.1  Insulin-like growth factors
	1.9.2 Equine insulin-like growth factor – 1
	1.9.3 Insulin like growth factor binding proteins
	1.9.4 Growth hormone and the somatotropic axis
	1.10 Incretin Hormones
	1.10.1  Glucagon-like peptide-1
	1.10.2  Glucose-dependent insulinotropic polypeptide
	1.10.3  Incretin receptors and insulin release
	1.10.4  The enteroinsular axis
	1.10.5  Incretin research in the horse
	1.10.6  The effect of diet on incretin hormones in the horse
	1.10.7  The enteroendocrine cells
	1.11 Aims and Objectives
	CHAPTER 2 - The effect of insulin on equine lamellar basal epithelial cells mediated by the insulin-like growth factor-1 receptor
	2.1  Abstract
	2.2  Introduction
	2.3  Materials and Methods
	2.3.1 Immunohistochemistry
	2.3.2 Primary culture of equine laminar epithelial cells
	2.3.3 Cellular proliferation assays
	2.3.4 Western blotting for ERK 1/2 signalling
	2.3.5 Statistical analysis
	2.4  Results
	2.4.1 Immunohistochemistry for the IGF-1 receptor
	2.4.2 Cell proliferation
	2.4.3 ERK activation
	2.5  Discussion
	2.6  Conclusions
	2.7  Figures
	2.8  References
	CHAPTER 3 - Comparison and validation of ELISA assays for plasma insulin-like growth factor-1 in the horse
	3.1  Abstract
	3.2  Introduction
	3.3  Materials and Methods
	3.4  Results and Discussion
	3.5  Tables
	3.6  Figures
	3.7  References
	CHAPTER 4 - Plasma insulin-like growth factor-1 concentrations in ponies and horses under conditions of weight gain and weight loss
	4.1 Introduction
	4.2  Materials and Methods
	4.2.1 Animals
	4.2.2 Study design and diets
	4.2.2.1  Weight gain phase
	4.2.2.2  Weight loss phase
	4.2.3  Blood collection
	4.2.4  Laboratory analysis
	4.2.4.1  Plasma IGF-1
	4.2.4.2  Plasma IGFBP-3
	4.2.5  Data analysis
	4.3  Results
	4.3.1 Weight gain phase
	4.3.1.1  Plasma IGF-1
	4.3.1.2  Plasma IGFBP-3
	4.3.2 Weight loss phase
	4.3.2.1  Plasma IGF-1
	4.4  Tables
	4.5  Figures
	4.6  Discussion
	4.7  Conclusion
	4.8  References
	CHAPTER 5 - Postprandial glucose-dependent insulinotropic polypeptide (GIP) responses of different equine breeds adapted to meals containing micronized maize
	5.1 Introduction
	5.2  Materials and Methods
	5.2.1 Experimental animals
	5.2.2 Diets
	5.2.3 Sample collection
	5.2.4 Plasma analysis
	5.2.5 Data analysis
	5.3  Results
	5.3.1 Animal body condition and feed consumption
	5.3.2 GIP responses
	5.3.3 Glucose, insulin and GLP-1 responses
	5.3.5 Outlier pony
	5.3.6  Tables
	5.3.7  Figures
	5.4  Discussion
	5.5 Conclusions
	5.1   References
	CHAPTER 6 - Immunohistochemical analysis of incretin hormones in the intestinal tracts of normal horses
	6.1  Abstract
	6.2  Introduction
	6.3  Materials and Methods
	6.3.1  Animals and tissues
	6.3.2  Immunohistochemistry
	6.3.3 Identification and counting of immunopositive cells
	6.3.4  Data analysis
	6.4   Results
	6.4.1  Cell identification and morphology
	6.4.2  Cell numbers
	6.5   Discussion
	6.6   Conclusions
	6.1    Figures
	6.2   References
	CHAPTER 7 - General Discussion
	7.1 Overview
	7.2  The direct effects of insulin on lamellar epithelial cells
	7.3  Circulating levels of IGF-1 and IGFBP-3
	7.4 Postprandial incretin release in the horse
	7.5   Conclusions
	7.6  Future Research
	7.7  Study Limitations
	APPENDICES
	PRODUCT SOURCES
	BIBLIOGRAPHY
	Bamford etal Appendix C.pdf
	 Effect of increased adiposity on insulin sensitivity and adipokine concentrations in different equine breeds adapted to cereal-rich or fat-rich meals
	 Introduction
	 Materials and methods
	 Animals
	 Study design and diets
	 Assessment of adiposity
	 Assessment of insulin sensitivity
	 Blood collection
	 Laboratory analysis
	 Data analysis

	 Results
	 Animals and diets
	 Adiposity
	 Insulin sensitivity
	 Plasma measurements

	 Discussion
	 Conclusions
	 Conflict of interest statement
	 Acknowledgements
	 References


	Bamford etal Appendix F.pdf
	 Influence of dietary restriction and low-intensity exercise on weight loss and insulin sensitivity in obese equids
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Animals and study design
	2.2  Assessment of adiposity
	2.3  Assessment of SI
	2.4  Blood collection and plasma measurements
	2.5  Data analysis

	3  RESULTS
	3.1  Animals
	3.2  Adiposity
	3.3  Insulin sensitivity
	3.4  Plasma analytes

	4  DISCUSSION
	4  ACKNOWLEDGMENT
	  Conflict of Interest Declaration
	  Off-label Antimicrobial Declaration
	  Institutional Animal Care and Use Committee (IACUC) or Other Approval Declaration
	  Human Ethics Approval Declaration
	  References





