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List of abbreviations 

AIRg: acute insulin response to glucose 

CGIT: combined glucose insulin tolerance test 

EHC: euglycaemic hyperinsulinaemic clamp 

EMS: equine metabolic syndrome 

FSIGTT: frequently sampled intravenous glucose tolerance test 

GIP: glucose-dependent insulinotropic peptide or gastric inhibitory peptide 

GLP-1: glucagon-like peptide-1 

HOMA-IS: homeostasis model assessment of insulin sensitivity 

IST: insulin sensitivity test 

IVGTT: intravenous glucose tolerance test 

MIRG: modified insulin to glucose ratio 

OGT: oral glucose test 

OST: oral sugar test 

QUICKI: quantitative insulin sensitivity check index 

RISQI: reciprocal inverse square of basal insulin 

Sg: glucose effectiveness 

SI: insulin sensitivity 

Si: insulin sensitivity index 
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T1/2: glucose half-life 

 

Summary 

Insulin dysregulation is the hallmark of Equine Metabolic Syndrome and has received attention 

because of its direct association with laminitis. In the absence of an adequate treatment for 

laminitis, a focus on prophylaxis is needed, making early detection of individuals at risk of 

developing laminitis one of the main challenges in equine endocrinology. Recent studies have 

shown that insulin dysregulation goes beyond tissue insulin resistance and it is now 

demonstrated that the equine enteroinsular axis plays a major role in insulin secretion and 

equine hyperinsulinaemia. In this review, we discuss the different tests currently available to 

diagnose insulin dysregulation in horses: the ones investigating tissue insulin resistance and the 

ones investigating the enteroinsular axis, detailing their goals, practicalities and limitations. 

This review supports the contention that the diagnosis of equine insulin dysregulation should 

now be based on the investigation of both tissue insulin resistance and the equine enteroinsular 

axis. Regardless of the tests used many factors of variation, such as breed, diet, fasting state or 

season, have been identified and could potentially confound the results of a specific test. 

Therefore, careful interpretation of the results of a given test in each individual situation is 

required to optimise the detection of horses at risk of laminitis. 

 

Introduction 

Equine Metabolic Syndrome (EMS) has been described as a medical condition that groups, 

insulin dysregulation, altered circulating adipokine concentrations, dyslipidaemia (with or 

without obesity) and a predisposition to laminitis [1; 2]. Although there is no universally 

accepted definition of equine obesity, it seems that the world population of overweight or obese 

horses is increasing and can reach, in some areas, a prevalence as high as 72.2% [3]. This 
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suggests that, in parallel with what is described in humans, obesity and/or regional adiposity, 

and its associated endocrine disorders will continue to be a major challenge for the equine 

industry [4-6]. 

 

The pathophysiology of EMS remains unclear. However, it has been shown that infusing insulin 

can trigger the development of laminitis in healthy horses establishing a link between 

hyperinsulinaemia and laminitis [7; 8]. The terms insulin dysregulation and insulin resistance 

have been used interchangeably; however, insulin dysregulation is a broader term as it 

encompasses both tissue insulin resistance and both persistent or intermittent 

hyperinsulinaemia [2]. Tissue insulin resistance is the inability of tissues to respond adequately 

to insulin, whereas hyperinsulinaemia is the circulation of an inappropriate amount of insulin 

after a given stimulus [9; 10]. Hyperinsulinaemia can be symptomatic of tissue insulin 

resistance when it occurs as a compensatory response to peripheral tissue insulin resistance. 

However, recent research on the equine enteroinsular axis has shown that horses can have an 

excessive insulin response to ingested carbohydrates (without concurrent tissue insulin 

resistance), which results in transient hyperinsulinaemia and demonstrates that 

hyperinsulinaemia can be present in the absence of tissue insulin resistance [11]. Therefore, 

tissue insulin resistance and hyperinsulinaemia may represent two different arms of a 

pathological process that can precipitate laminitis. 

 

 

The direct link between insulin and laminitis remains unknown and whether there is a local or 

systemic effect is unclear. Several studies have failed to implicate local tissue insulin resistance 

in laminitis development [12-14]. Some mechanisms to explain insulin-associated laminitis 

have been proposed, such as a mitogenic effect on the lamellar epithelial cells, obesity-induced 
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chronic inflammation resulting in neutrophil activation and proinflammatory cytokine 

production or vascular dysfunction resulting in hypoxia and endothelial activation [15-26]. 

However, more research is needed to elucidate the finer mechanisms of insulin-associated 

laminitis. 

 

Although laminitis has been a major burden on the equine industry for many years, no adequate 

treatment is available and the development of laminitis is still associated with decreased 

survival after one year of onset [27]. Horses with EMS may have pre-existing radiographic 

changes or abnormal growth rings on their hooves before the first recognised episode of 

laminitis [28]. Therefore, prevention of the first painful episode of laminitis is critical when 

managing horses with EMS. In order to be able to prevent the development of the first episode 

of laminitis, early detection of the horses at risk is necessary. 

 

As more pieces of the insulin dysregulation puzzle are put together, new tests are developed 

and the interpretation of older tests changes. The ideal test would be able to detect horses in the 

early stages of insulin dysregulation and would need to have strong intrinsic value considering 

that many environmental and individual factors have been shown to confound the results of any 

given test. In this review, we will detail the different diagnostic tests available for the 

identification of insulin dysregulation in horses, and consider their advantages and their limits. 

We will also discuss the confounding factors, and their effect on the interpretation of the tests. 

Diagnosis of insulin resistance 

The techniques used to assess the degree of tissue sensitivity to insulin in horses and ponies are 

mostly adapted from human medicine. While many of these tests have been available for some 

time they continue to be refined for use in the equine species. Further, our appreciation of the 

need for accurate, flexible and feasible tests is increasing. 
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Fasting blood glucose concentration 

Hyperglycaemia is an indirect measure of tissue insulin resistance. Horses can produce large 

quantities of insulin and rarely develop pancreatic exhaustion; therefore, hyperglycaemia 

suggests a defective compensatory insulin response and, if persistent, warrants investigation of 

diabetes mellitus [1; 7]. Although blood glucose concentration may be at the upper end of the 

reference range in horses with EMS, there are many other possible causes of hyperglycaemia, 

such as stress, feeding, drug administration or concurrent disease. Additionally, the length of 

fasting required to consider a sample as fasted is debatable. In studies investigating the effect of 

fasting on glucose dynamics the length of fast varies from 12 to 72 hours [29-32]. Thus, fasting 

blood glucose is a poor diagnostic test for tissue insulin resistance with both low specificity and 

low sensitivity [33-35]. 

 

Euglycaemic hyperinsulinaemic clamp 

The euglycaemic hyperinsulinaemic clamp (EHC) developed in 1974 by Sherwin et al. is still 

considered as the “gold standard” to diagnose tissue insulin resistance in human medicine [36; 

37]. This test, as described by Kronfeld et al., has also been considered as the “gold standard” for 

the diagnosis of tissue insulin resistance in horses [2; 35; 38; 39]. After a priming dose of 

insulin, the horse receives a continuous infusion of insulin (3 – 6 mIU/kg/min) and blood 

glucose is maintained at a constant value (around 5 mmol/L) by adjusting the glucose infusion 

rate [7; 35; 38]. At steady state, the glucose infusion rate (corrected to account for glucose that 

had been added or removed from glucose space other than by metabolism) provides the insulin-

induced glucose disposal rate. A low glucose infusion rate indicates tissue insulin resistance 

whereas a high glucose infusion rate indicates effective insulin-induced glucose disposal and 

insulin sensitivity [38]. Although this test provides a direct measurement of the ability of 

insulin-sensitive tissues to respond to exogenous insulin, the interpretation of this test may be 

difficult for a given horse in the absence of breed-specific reference ranges. For example, in a 
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general population of horses a value lower than 7 µmol/kg/min would indicate tissue insulin 

resistance but when only Dutch Warmbloods are considered a value lower than 14 

µmol/kg/min would indicate tissue insulin resistance [35]. Additionally, the EHC may be too 

extreme to reflect normal physiologic processes and because it requires several hours with 

adequate equipment and trained staff to reach a steady state, the use of the EHC may be limited 

to research settings [35]. Despite its practical issues, the EHC is often used as a reference to 

compare other tests to, and it is repeatable, with a coefficient of variation of 14% [38; 40]. 

 

Insulin sensitivity test 

The insulin sensitivity test (IST) directly assesses the ability of insulin-sensitive tissues, such as 

skeletal muscles, adipose tissue and liver, to take up glucose. Different versions of this test have 

been described, a complete test and a short test [41; 42]. The complete test, as described by 

Caltabilota et al. assesses insulin sensitivity by measuring blood glucose after intravenous 

injection of variable doses of insulin (20 – 125 mIU/kg) over 5 hours [41]. The short test (2-step 

test), as described by Bertin et al. assesses insulin sensitivity by measuring blood glucose 30 

minutes after intravenous injection of 100 mIU/kg of insulin [42]. For both tests, a 50% 

decrease in blood glucose indicates insulin sensitivity. The repeatability of the complete IST has 

been shown to be equal to, or better than, most currently used methods of assessing tissue 

insulin resistance in horses, with a coefficient of variation of 9% [41]. Additionally, the 

agreement between the complete and the short version of the tests has been shown to be 

excellent suggesting that the short version of the insulin tolerance test could be used in the field 

[42]. The test carries a small risk of inducing marked hypoglycaemia. However, clinical signs of 

hypoglycaemia rarely require treatment [43]. 
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Frequently sampled intravenous glucose tolerance test 

Two versions of the frequently sampled intravenous glucose tolerance test have been described. 

The first is based on an intravenous glucose injection (FSIGTT, sometimes called intravenous 

glucose tolerance test or IVGTT) and the other one consists of an intravenous glucose injection 

followed by intravenous insulin injection (modified FSIGTT). In the FSIGTT described by Pratt 

et al., 500 mg/kg of dextrose is injected and up to 36 blood samples are collected over 6 hours 

to measure glucose and insulin [38]. The computerised mathematical models used to describe 

the glucose and insulin responses to intravenous glucose injection (minimal model analysis and 

area under the glucose and insulin curves) allow the calculation of the insulin sensitivity index 

(Si, reflecting insulin-dependent glucose clearance), the glucose effectiveness (Sg, reflecting 

insulin-independent glucose clearance), the acute insulin response to glucose (AIRg, reflecting 

the glucose-induced insulin secretion or  cell responsiveness) and the glucose half-life (T1/2g, 

reflecting overall glucose clearance) [38]. This FSIGTT has been shown to have poor 

repeatability with a within-horse coefficient of variability between 24 and 30%, but to correlate 

well with the EHC [38; 40]. Some minor changes have been made to the test in order to limit 

glucose urinary spilling resulting in the injection of smaller doses of dextrose (100 – 300 

mg/kg) [44-47]. The modified FSIGTT, as described by Hoffman et al. or Bailey et al., differs 

from the FSIGTT by the intravenous injection of 20 – 30 mIU/kg of insulin 20 minutes after 

dextrose injection allowing the calculation of insulin sensitivity (SI, reflecting the efficiency of 

insulin to accelerate glucose uptake) [48; 49]. A diagnosis of tissue insulin resistance is made 

when SI is low (<1 L/min/mIU) whereas a horse is classified as insulin sensitive with a high SI 

(>1.5 L/min/mIU) [50]. This modified FSIGTT has been widely used in research settings and is 

often considered as a new “gold standard” for the assessment of tissue insulin resistance in 

horses [1; 40; 45; 50-54]. 

 

 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Combined glucose insulin tolerance test 

The combined glucose insulin tolerance test (CGIT) was developed as a simplified combination 

of the IST and the FSIGTT. The CGIT, as described by Eiler et al., is based on the almost 

simultaneous intravenous injection of 150 mg/kg of dextrose and 100 mIU/kg of insulin [43]. 

Over 150 minutes, 14 blood samples are collected to measure glucose and insulin. The almost 

simultaneous injection of glucose and insulin results in a biphasic curve with a positive phase 

(relative hyperglycaemia) and a negative phase (relative hypoglycaemia). The interpretation of 

the test is either based on the duration of the positive phase (tissue insulin resistance if the 

relative hyperglycaemia lasts more than 45 min) or on the insulin concentration after 45 min 

(tissue insulin resistance if >100 µIU/mL), or both [43; 45; 55]. However, these cut-off values 

are yet to be fully validated in the horse. The repeatability of the test is similar to other tests 

with a coefficient of variation around 15%, with insulin data being more repeatable than 

glucose data [43]. However, using the duration of the positive phase, the sensitivity and 

specificity of the CGIT have been shown to be 85.7% and 40% respectively (using the FSIGTT as 

reference), and using the insulin value at 45 min, the sensitivity and specificity of the CGIT have 

been shown to be 28.5% and 100% respectively (using the FSIGTT as reference) [45]. 

 

Proxies and surrogate tests 

In order to simplify the diagnosis of tissue insulin resistance in horses, a few surrogate tests 

have been developed. These tests seem to be widely used in human medicine and are attractive 

to equine practitioners aiming to make a diagnosis of tissue insulin resistance based on limited 

tests in a field environment. However, it is important to remember that none of these tests have 

been fully validated in equine patients [56; 57]. In horses, the glucose/insulin ratio has been 

shown to be a good estimate of insulin sensitivity and the insulin/glucose ratio has been shown 

to correlate with insulin secretion as measured by the EHC [35]. A glucose/insulin ratio <10 

suggests insulin resistance whereas a glucose/insulin ratio <4.5 indicates severe or 
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decompensated insulin resistance [34]. However, in another study, this ratio failed to identify 

horses diagnosed as insulin resistant by other tests [29]. In a study by Kronefeld et al. the 

homeostasis model assessment of insulin sensitivity (HOMA-IS: 22.5/(glucose x insulin)) and 

the quantitative insulin sensitivity check index (QUICKI: 1/(log(glucose) + log(insulin)) 

correlated well with the results of the EHC [35] and in a study by Treiber et al., the reciprocal 

inverse square of basal insulin (RISQI: insulin-0.5) and the modified insulin to glucose ratio 

(MIRG: (800 – 0.3 (insulin – 50)2)/(glucose – 30)) correlated well with the SI and AIRg results of 

the modified FSIGTT in 46 healthy Thoroughbreds (coefficient of correlation of 0.774 and 0.754 

respectively) [58]. However, the total predictive values of the proxies in the assessment of 

insulin sensitivity in healthy horses was about 80% and whilst both proxies have a high 

specificity (85% using SI as a reference or 88% using AIRg as a reference), their sensitivity was 

low (45% using SI as a reference and 50% using AIRg as a reference) [58]. Unfortunately, very 

few studies have evaluated the relevance and the validity of these surrogate tests in equine 

diseases, which limits their potential clinical application [34]. 

 

Diagnosis of hyperinsulinaemia 

Basal serum insulin concentration 

Hyperinsulinaemia (>20 µIU/mL if fasted or >60 µIU/mL if fed) in the presence of clinical 

suspicion of EMS is supportive of insulin dysregulation and warrants the use of a dynamic test 

[1; 59; 60]. Conversely, a serum insulin concentration within the reference range (this varies 

slightly between laboratories) in the presence of clinical suspicion of EMS is non-diagnostic [1]. 

In a few studies, horses diagnosed with insulin dysregulation by other tests were not found to 

be hyperinsulinaemic, and when specifically compared to the FSIGTT, the sensitivity of basal 

serum insulin was 0% [45]. Although single point in time hyperinsulinaemia is not sensitive to 

diagnose insulin dysregulation, spontaneous hyperinsulinaemia is associated with the 

development of laminitis and decreased survival. In a group of horses suffering from 
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endocrinopathies, a basal serum insulin >188 µIU/mL had a sensitivity and a specificity >90% 

to predict laminitis and nonsurvival after one year [7]. In another study in horses with no 

history of laminitis, a basal serum insulin >21.8 µIU/mL had a sensitivity and a specificity >70% 

to predict the occurrence of laminitis within 3 years [3].  

 

Confounding the problems associated with the use of basal serum insulin concentration is the 

variety of laboratory assays currently used to determine equine insulin concentration [61-65]. 

All of the currently available tests suffer limitations and this is an area in desperate need of 

further research. 

 

Oral sugar test 

The oral sugar test (OST) investigates the glucose-induced insulin response to the oral 

administration of non-structural carbohydrates [46; 66]. A diagnosis of hyperinsulinaemia with 

the OST, as described by Schuver et al., is based on a serum insulin >60 µIU/mL 60 or 90 

minutes after oral administration of 0.15 mL/kg of corn syrup to horses fasted overnight [67]. 

This test measures the insulin response to an oral dose of carbohydrate and account for the 

enteroinsular axis [11]. The interpretation of the results of this test may be difficult as a few 

studies have found the test to have poor repeatability, with a coefficient of variation as high as 

40% [68; 69]. Additionally, when compared to the FSIGTT, the OST had a sensitivity of 0% 

which would tremendously limit the potential clinical value of the test if this value is correct 

[45]. 
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Oral glucose test 

In areas of the world where corn syrup is not as readily available, an oral glucose test (OGT) has 

been developed [70]. A diagnosis of hyperinsulinaemia with the OGT, as described by de Laat et 

al., is based on a serum insulin >80 µIU/mL 120 minutes after oral administration of 0.75 – 1 

g/kg of glucose [71]. The method of administration of glucose varies; in some studies, powdered 

dextrose is mixed with bran and/or chaff and spontaneously eaten by the horse and in others, 

glucose is administered through a nasogastric tube as a solution [40; 69]. Regardless of the 

method of administration, the OGT has better repeatability than the OST, with a coefficient of 

variability around 20% and the two tests agreed with respect to dichotomous outcome in 85% 

of cases [69; 71]. This test has also been shown to correlate with the results of the EHC and the 

modified FSIGTT in healthy Standardbreds [40]. The ease of this test, and the ability to 

accurately determine the dose of glucose administered (the glucose content of corn syrup is 

proprietary information) may positively impact on its’ repeatability. Further, it has been 

suggested that the glucose could be substituted for grain or sweet feed, which may further 

increase the popularity and uptake of the test [71]. However, more research in this area is 

required. 

 

Diagnosis of insulin dysregulation 

Combination of tests 

The diagnosis of insulin dysregulation can be achieved by demonstration of tissue insulin 

resistance or hyperinsulinaemia (basal or after evocative testing). It appears that some horses 

develop tissue insulin resistance in the absence of compensatory hyperinsulinaemia (decreased 

peripheral tissue uptake), and others can develop transient hyperinsulinaemia in the absence of 

tissue insulin resistance (inappropriate intestinal absorption effect), while some horses develop 

both hyperinsulinaemia and tissue insulin resistance [11]. The problem with current tests is 
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that they only investigate one arm of the disease and therefore may lack sensitivity and fail to 

diagnose patients that would benefit from earlier therapeutic measures. Additionally, since the 

intrinsic value of the different tests described in this review are often calculated based on the 

results of the EHC or the modified FSIGTT, it is possible that the apparent low sensitivity of 

some tests is explained by the fact that the tests were not investigating the same arm of insulin 

dysregulation [40; 45]. Therefore, it may be recommended that the diagnosis of insulin 

dysregulation be done in a stepwise manner, starting with baseline values of insulin and glucose 

and finishing with a combination of tests that diagnose tissue insulin resistance as well as tests 

that assess the enteroinsular axis. 

 

Incretins 

With a better understanding of insulin dysregulation, new targets, beyond insulin and glucose, 

have been studied to facilitate early diagnosis. Studies from the human literature have 

demonstrated the role that incretins released by the intestine after carbohydrate ingestion play 

in stimulating the release of insulin, and this effect has now also been demonstrated in horses 

[11; 72]. The two principal incretins, glucagon-like peptide-1 (GLP-1) and glucose-dependent 

insulinotropic peptide (GIP, previously gastric inhibitory peptide) have been investigated in 

horses [11; 73]. GLP-1 is secreted by pancreatic L cells after ingestion of carbohydrate and 

increases glucose-stimulated insulin secretion by pancreatic  cells [74]. Plasma GLP-1 has been 

shown to strongly correlate with insulin secretion in horses [11; 73; 75]. However, in one study, 

GLP-1 plasma concentrations did not differ between control horses and horses diagnosed with 

EMS, even when horses with EMS were fed a diet rich in carbohydrates [73]. In other studies, 

horse/ponies diagnosed as insulin dysregulated on the results of an OGT had a significant 

increase in post-glucose GLP-1 [11; 73; 75]. The role of GIP has been investigated less 

frequently in horses but it is also secreted after the ingestion of carbohydrates. It appears to be 

secreted in larger amounts overall; however, no difference in plasma GIP was found following a 
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dose of oral glucose in control ponies and ponies diagnosed as insulin dysregulated using an 

OGT [11]. The stimulation of post-prandial insulin secretion by incretins is important, as this 

pathway may be a potential target for the treatment of EMS. However, the incretin effect 

appears to be smaller in horses than in humans, with glucose remaining the primary stimulus 

for insulin release [11]. 

 

C peptide 

Proinsulin is cleaved into C peptide and insulin and, unlike insulin, C peptide does not undergo 

first-passage through the liver increasing its half-life to six times that of insulin [76]. In horses, 

it has been shown that exaggerated insulin responses to an OGT also result in significantly 

elevated C peptide concentrations suggesting that C peptide could be used to assess pancreatic 

secretion and dysfunction in this species [77; 78]. 

 

Adiponectin 

Adiponectin is an anti-inflammatory cytokine produced by adipocytes that has a role in glucose 

regulation [79]. While two early studies failed to correlate plasma adiponectin with insulin, 

even after intravenous or oral glucose challenges [80; 81], more recent studies have 

demonstrated that plasma adiponectin could be more useful than initially expected [3; 82]. 

Adiponectin concentration and body mass index are negatively correlated in horses [83]. It has 

also been shown that feeding horses a diet high in carbohydrates further decreases plasma 

adiponectin compared to feeding horses an isocaloric diet high in fat [82], which demonstrates 

that diet can be more important than body weight in lowering plasma adiponectin 

concentration [82]. Additionally, in a study looking at horses with no previous history of 

laminitis, a plasma adiponectin concentration <2.5 µg/mL was found to have a sensitivity and a 

specificity of 80% to predict the occurrence of pasture-associated laminitis within 3 years [3]. 
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In that study, there was no correlation between morphometric markers and plasma 

adiponectin, suggesting that adiponectin could be valuable in the diagnosis of insulin 

dysregulation beyond obesity. To date, studies have reported values for both total and high 

molecular weight adiponectin using a number of different assay types. More recent data 

suggests that measurement of high molecular weight adiponectin is more relevant with respect 

to the identification of laminitis risk [3; 82]. 

 

Leptin 

In some studies, leptin has been associated with decreased insulin sensitivity [41; 60; 84]. 

However, rather than insulin sensitivity, increased leptin may be associated with increased 

body condition score [83]. Nevertheless, a leptin concentration of >7.3 ng/mL has been shown 

to have a sensitivity of 63 – 83% in predicting the occurrence of laminitis [85]. 

 

Triglycerides 

Hypertriglyceridaemia has been reported to be a component of EMS in horses, and therefore a 

risk factor for laminitis [2; 60; 86; 87]. However, more recent data show that not all obese 

horses have EMS and that a metabolically healthy, obese state can exist [88]. As serum 

triglyceride concentration is often correlated with body condition score, triglycerides may not 

be a very specific marker of insulin dysregulation and therefore not a valuable predictor of 

laminitis [3; 89]. 

Morphometric markers 

The physical appearance of the horse has been associated with insulin dysregulation and 

extensive research had been undertaken to elaborate an equine body condition score [90]. In 

several studies, an increased body condition score or an increased cresty neck score have been 
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found to correlate with metabolic status and the occurrence of laminitis [22; 84; 86; 91-94]. In a 

study by Carter et al., a body condition score >7/9 had a sensitivity of 100% and a specificity of 

29 – 44% to predict laminitis whereas a cresty neck score >4 had a sensitivity of 50 – 83% and a 

specificity of 78 – 80% to predict laminitis [85]. The relatively low sensitivity and specificity of 

these tests confirms the clinical findings that some obese horses do not have insulin 

dysregulation and some lean horses can have severely insulin dysregulation and contrary to 

what has been thought for a long time, increased body condition score may not alter insulin 

regulation per se. In a recent study by Bamford et al., horses that gained weight on a high fat diet 

did not show any decrease in insulin sensitivity whereas horses that gained weight on a 

carbohydrate diet did, suggesting that the type of diet fed to horses to obtain a significant 

weight gain is more important than the weight itself [82]. 

 

Confounding factors 

Beyond the obvious variability induced by the assay used to measure glucose, insulin or other 

metabolites, the interpretation of different tests may also be altered by horse-related and 

environmental factors. 

 

Horse factors 

The main factor of variability during testing is the horse itself. In almost all studies, there is a 

significant effect of the individual with frequent outliers limiting the generalisation of the data 

and underlying the importance of monitoring horses with equivocal results [66; 69; 75; 95]. 

Another factor of variation, as described above with the EHC, is breed [35]. A significant effect of 

breed was observed for insulin and GLP-1 responses to either an OGT or a modified FSIGTT 

with ponies and Andalusian horses showing greater evidence of insulin dysregulation than 

Standardbred horses [51; 75]. It is anticipated that more breed-associated specificities will be 
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discovered as genome-wide association studies help to establish a genetic basis for insulin 

dysregulation [96]. Finally, conflicting evidence regarding age and the association of ageing with 

hyperinsulinaemia, which may increase the likelihood of older animals developing laminitis, 

suggests that more research is needed before considering the adaptation of reference ranges 

[18; 60; 82]. 

 

Environmental factors 

Several studies have found seasonal variation in the evaluation of insulin dysregulation, with 

spring and autumn being times of relatively poor insulin regulation [66; 95; 97]. Beyond the 

increased non-structural carbohydrate content in grass during these seasons, that might explain 

relative hyperinsulinaemia, the potential relationship between EMS and pituitary pars 

intermedia dysfunction (which is also seasonally affected) may warrant further research, 

especially in older horses [2]. The effect of diet is also amplified by a circadian rhythm as the 

same diet fed in the morning or in the evening did not have the same effect on the GLP-1 

response [75]. Another important factor of variability during testing for insulin dysregulation is 

the fed state of the horse. In fasted horses, a resting insulin >20 µIU/mL is suggestive of insulin 

dysregulation whereas in fed conditions, a resting insulin >60 IU/mL would be suggestive of 

insulin dysregulation [59]. Similarly, for the OST, different results are to be expected whether 

the horse is fasted or fed. In a fed horse, a serum insulin >51 µIU/mL between 30 and 60 min 

post corn syrup is suggestive of insulin dysregulation whereas in a fasted horse, serum insulin 

>60 µIU/mL between 60 and 90 min post corn syrup is suggestive of insulin dysregulation [68]. 

In the short IST, it has been shown that fasted horses were at an increased likelihood of being 

diagnosed as insulin resistant [29]. Fasting may not always be practical and other 

environmental factors are frequently beyond the control of the clinician so the interpretation of 

results needs to be undertaken in an informed manner.  

 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Conclusions 

There are still many questions to be answered about the pathophysiology of insulin 

dysregulation in horses, and its links to laminitis. Hopefully, recent advances in the 

understanding of the biology of the equine enteroinsular axis, as well as the initiation of large 

scale studies investigating the genetic basis for insulin dysregulation, will improve our 

diagnostic capabilities and improve the detection of horses at risk before their first episode of 

laminitis. 

 

There is mounting evidence that the diagnosis of insulin dysregulation should include an 

investigation of both tissue insulin resistance and the enteroinsular axis. Regardless of the tests 

used, clinicians should be aware of the potential for test failure or confounding factors and, in 

cases with equivocal results, the repetition of the same test or initiation of another test may be 

warranted. 

 

Authors’ declaration of interests 

No competing interests have been declared. 

 

Source of funding 

None 

 

Ethical animal research 

Not applicable. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Authorship 

Manuscript prepared by F.R. Bertin with sections contributed by M.A. de Laat. 

 

References 

[1] Frank, N., Geor, R.J., Bailey, S.R., Durham, A.E., Johnson, P.J. and American College of 

Veterinary Internal Medicine. (2010) Equine metabolic syndrome. J. Vet. Intern. Med. 24, 

467-475. 

 

[2] Frank, N. and Tadros, E.M. (2014) Insulin dysregulation. Equine Vet. J. 46, 103-112. 

 

[3] Menzies-Gow, N.J., Harris, P.A. and Elliott, J. (2016) Prospective cohort study evaluating 

risk factors for the development of pasture-associated laminitis in the United Kingdom. 

Equine Vet. J. 49, 300-306. 

 

[4] Geor, R.J. and Harris, P. (2009) Dietary management of obesity and insulin resistance: 

countering risk for laminitis. Vet. Clin. North Am. Equine Pract. 25, 51-65, vi. 

 

[5] Sillence, M.N. (2012) 'Supersize me': on equine obesity. Vet. J. 194, 137-138. 

 

[6] Thatcher, C.D., Pleasant, R.S., Geor, R.J. and Elvinger, F. (2012) Prevalence of 

overconditioning in mature horses in southwest Virginia during the summer. J. Vet. 

Intern. Med. 26, 1413-1418. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

 

[7] Asplin, K.E., Sillence, M.N., Pollitt, C.C. and McGowan, C.M. (2007) Induction of laminitis 

by prolonged hyperinsulinaemia in clinically normal ponies. Vet. J. 174, 530-535. 

 

[8] de Laat, M.A., McGowan, C.M., Sillence, M.N. and Pollitt, C.C. (2010) Equine laminitis: 

induced by 48 h hyperinsulinaemia in Standardbred horses. Equine Vet. J. 42, 129-135. 

 

[9] Suagee, J.K., Corl, B.A., Hulver, M.W., McCutcheon, L.J. and Geor, R.J. (2011) Effects of 

hyperinsulinemia on glucose and lipid transporter expression in insulin-sensitive 

horses. Domest. Anim. Endocrinol. 40, 173-181. 

 

[10] Lebovitz, H.E. (2001) Insulin resistance: definition and consequences. Exp. Clin. 

Endocrinol. Diabetes 109, Suppl. 2, S135-148. 

 

[11] de Laat, M.A., McGree, J.M. and Sillence, M.N. (2016) Equine hyperinsulinemia: 

investigation of the enteroinsular axis during insulin dysregulation. Am. J. Physiol. 

Endocrinol. Metab. 310, E61-72. 

 

[12] Asplin, K.E., Curlewis, J.D., McGowan, C.M., Pollitt, C.C. and Sillence, M.N. (2011) Glucose 

transport in the equine hoof. Equine Vet. J. 43, 196-201. 

 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

[13] Waller, A.P., Huettner, L., Kohler, K. and Lacombe, V.A. (2012) Novel link between 

inflammation and impaired glucose transport during equine insulin resistance. Vet. 

Immunol. Immunopathol. 149, 208-215. 

 

[14] Waller, A.P., Kohler, K., Burns, T.A., Mudge, M.C., Belknap, J.K. and Lacombe, V.A. (2011) 

Naturally occurring compensated insulin resistance selectively alters glucose 

transporters in visceral and subcutaneous adipose tissues without change in AS160 

activation. Biochim. Biophys. Acta 1812, 1098-1103. 

 

[15] Geor, R. and Frank, N. (2009) Metabolic syndrome-From human organ disease to 

laminar failure in equids. Vet. Immunol. Immunopathol. 129, 151-154. 

 

[16] Holbrook, T.C., Tipton, T. and McFarlane, D. (2012) Neutrophil and cytokine 

dysregulation in hyperinsulinemic obese horses. Vet. Immunol. Immunopathol. 145, 283-

289. 

 

[17] Bailey, S.R. (2004) The pathogenesis of acute laminitis: fitting more pieces into the 

puzzle. Equine Vet. J. 36, 199-203. 

 

[18] Menzies-Gow, N.J. (2010) Endocrinopathic laminitis: reducing the risk through diet and 

exercise. Vet. Clin. North Am. Equine Pract. 26, 371-378. 

 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

[19] Menzies-Gow, N.J., Bailey, S.R., Stevens, K., Katz, L., Elliott, J. and Marr, C.M. (2005) Digital 

blood flow and plasma endothelin concentration in clinically endotoxemic horses. Am. J. 

Vet. Res. 66, 630-636. 

 

[20] Pawlak, E.A., Geor, R.J., Watts, M.R., Black, S.J., Johnson, P.J. and Belknap, J.K. (2014) 

Regulation of hypoxia-inducible factor-1alpha and related genes in equine digital 

lamellae and in cultured keratinocytes. Equine Vet. J. 46, 203-209. 

 

[21] Suagee, J.K., Burk, A.O., Quinn, R.W., Hartsock, T.G. and Douglass, L.W. (2011) Effects of 

diet and weight gain on circulating tumour necrosis factor-alpha concentrations in 

Thoroughbred geldings. J. Anim. Physiol. Anim. Nutr. (Berl.) 95, 161-170. 

 

[22] Suagee, J.K., Corl, B.A., Crisman, M.V., Pleasant, R.S., Thatcher, C.D. and Geor, R.J. (2013) 

Relationships between body condition score and plasma inflammatory cytokines, 

insulin, and lipids in a mixed population of light-breed horses. J. Vet. Intern. Med. 27, 

157-163. 

 

[23] Suagee, J.K., Corl, B.A. and Geor, R.J. (2012) A Potential Role for Pro-Inflammatory 

Cytokines in the Development of Insulin Resistance in Horses. Animals (Basel) 2, 243-

260. 

 

[24] Vick, M.M., Murphy, B.A., Sessions, D.R., Reedy, S.E., Kennedy, E.L., Horohov, D.W., Cook, 

R.F. and Fitzgerald, B.P. (2008) Effects of systemic inflammation on insulin sensitivity in 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

horses and inflammatory cytokine expression in adipose tissue. Am. J. Vet. Res. 69, 130-

139. 

 

[25] Waller, A.P., Burns, T.A., Mudge, M.C., Belknap, J.K. and Lacombe, V.A. (2011) Insulin 

resistance selectively alters cell-surface glucose transporters but not their total protein 

expression in equine skeletal muscle. J. Vet. Intern. Med. 25, 315-321. 

 

[26] de Laat, M.A., Patterson-Kane, J.C., Pollitt, C.C., Sillence, M.N. and McGowan, C.M. (2013) 

Histological and morphometric lesions in the pre-clinical, developmental phase of 

insulin-induced laminitis in Standardbred horses. Vet. J. 195, 305-312. 

 

[27] McGowan, C.M., Frost, R., Pfeiffer, D.U. and Neiger, R. (2004) Serum insulin 

concentrations in horses with equine Cushing's syndrome: response to a cortisol 

inhibitor and prognostic value. Equine Vet. J. 36, 295-298. 

 

[28] Karikoski, N.P., Horn, I., McGowan, T.W. and McGowan, C.M. (2011) The prevalence of 

endocrinopathic laminitis among horses presented for laminitis at a first-

opinion/referral equine hospital. Domest. Anim. Endocrinol. 41, 111-117. 

 

[29] Bertin, F.R., Taylor, S.D., Bianco, A.W. and Sojka-Kritchevsky, J.E. (2016) The Effect of 

Fasting Duration on Baseline Blood Glucose Concentration, Blood Insulin Concentration, 

Glucose/Insulin Ratio, Oral Sugar Test, and Insulin Response Test Results in Horses. J. 

Vet. Intern. Med. 30, 1726-1731. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

 

[30] Lawrence, L.M., Williams, J., Soderholm, L.V., Roberts, A.M. and Hintz, H.F. (1995) Effect 

of feeding state on the response of horses to repeated bouts of intense exercise. Equine 

Vet. J. 27, 27-30. 

 

[31] Freestone, J.F., Wolfsheimer, K.J., Ford, R.B., Church, G. and Bessin, R. (1991) 

Triglyceride, insulin, and cortisol responses of ponies to fasting and dexamethasone 

administration. J. Vet. Intern. Med. 5, 15-22. 

 

[32] Anwer, M.S., Chapman, T.E. and Gronwall, R. (1976) Glucose utilization and recycling in 

ponies. Am. J. Physiol. 230, 138-142. 

 

[33] Frank, N., Elliott, S.B., Chameroy, K.A., Toth, F., Chumbler, N.S. and McClamroch, R. 

(2010) Association of season and pasture grazing with blood hormone and metabolite 

concentrations in horses with presumed pituitary pars intermedia dysfunction. J. Vet. 

Intern. Med. 24, 1167-1175. 

 

[34] Frank, N. (2011) Equine metabolic syndrome. Vet. Clin. North Am. Equine Pract. 27, 73-

92. 

 

[35] Kronfeld, D.S., Treiber, K.H. and Geor, R.J. (2005) Comparison of nonspecific indications 

and quantitative methods for the assessment of insulin resistance in horses and ponies. 

J. Am. Vet. Med. Assoc. 226, 712-719. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

 

[36] Sherwin, R.S., Kramer, K.J., Tobin, J.D., Insel, P.A., Liljenquist, J.E., Berman, M. and Andres, 

R. (1974) A model of the kinetics of insulin in man. J. Clin. Invest. 53, 1481-1492. 

 

[37] Park, S.E., Park, C.Y. and Sweeney, G. (2015) Biomarkers of insulin sensitivity and insulin 

resistance: Past, present and future. Crit. Rev. Clin. Lab. Sci. 52, 180-190. 

 

[38] Pratt, S.E., Geor, R.J. and McCutcheon, L.J. (2005) Repeatability of 2 methods for 

assessment of insulin sensitivity and glucose dynamics in horses. J. Vet. Intern. Med. 19, 

883-888. 

 

[39] Geor, R.J., Stewart-Hunt, L. and McCutcheon, L.J. (2010) Effects of prior exercise on 

insulin-mediated and noninsulin-mediated glucose uptake in horses during a 

hyperglycaemic clamp. Equine Vet. J. 42, Suppl. 38, 129-134. 

 

[40] Pratt-Phillips, S.E., Geor, R.J. and McCutcheon, L.J. (2015) Comparison among the 

euglycemic-hyperinsulinemic clamp, insulin-modified frequently sampled intravenous 

glucose tolerance test, and oral glucose tolerance test for assessment of insulin 

sensitivity in healthy Standardbreds. Am. J. Vet. Res. 76, 84-91. 

 

[41] Caltabilota, T.J., Earl, L.R., Thompson, D.L., Jr., Clavier, S.E. and Mitcham, P.B. (2010) 

Hyperleptinemia in mares and geldings: assessment of insulin sensitivity from glucose 

responses to insulin injection. J. Anim. Sci. 88, 2940-2949. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

 

[42] Bertin, F.R. and Sojka-Kritchevsky, J.E. (2013) Comparison of a 2-step insulin-response 

test to conventional insulin-sensitivity testing in horses. Domest. Anim. Endocrinol. 44, 

19-25. 

 

[43] Eiler, H., Frank, N., Andrews, F.M., Oliver, J.W. and Fecteau, K.A. (2005) Physiologic 

assessment of blood glucose homeostasis via combined intravenous glucose and insulin 

testing in horses. Am. J. Vet. Res. 66, 1598-1604. 

 

[44] Toth, F., Frank, N., Elliott, S.B., Perdue, K., Geor, R.J. and Boston, R.C. (2009) Optimisation 

of the frequently sampled intravenous glucose tolerance test to reduce urinary glucose 

spilling in horses. Equine Vet. J. 41, 844-851. 

 

[45] Dunbar, L.K., Mielnicki, K.A., Dembek, K.A., Toribio, R.E. and Burns, T.A. (2016) 

Evaluation of Four Diagnostic Tests for Insulin Dysregulation in Adult Light-Breed 

Horses. J. Vet. Intern. Med. 30, 885-891. 

 

[46] Hoffman, R.M., Kronfeld, D.S., Cooper, W.L. and Harris, P.A. (2003) Glucose clearance in 

grazing mares is affected by diet, pregnancy, and lactation. J. Anim. Sci. 81, 1764-1771. 

 

[47] Bertin, F.R., Pader, K.S., Lescun, T.B. and Sojka-Kritchevsky, J.E. (2013) Short-term effect 

of ovariectomy on measures of insulin sensitivity and response to dexamethasone 

administration in horses. Am. J. Vet. Res. 74, 1506-1513. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

 

[48] Hoffman, R.M., Boston, R.C., Stefanovski, D., Kronfeld, D.S. and Harris, P.A. (2003) Obesity 

and diet affect glucose dynamics and insulin sensitivity in Thoroughbred geldings. J. 

Anim. Sci. 81, 2333-2342. 

 

[49] Bailey, S.R., Menzies-Gow, N.J., Harris, P.A., Habershon-Butcher, J.L., Crawford, C., 

Berhane, Y., Boston, R.C. and Elliott, J. (2007) Effect of dietary fructans and 

dexamethasone administration on the insulin response of ponies predisposed to 

laminitis. J. Am. Vet. Med. Assoc. 231, 1365-1373. 

 

[50] Burns, T.A., Geor, R.J., Mudge, M.C., McCutcheon, L.J., Hinchcliff, K.W. and Belknap, J.K. 

(2010) Proinflammatory cytokine and chemokine gene expression profiles in 

subcutaneous and visceral adipose tissue depots of insulin-resistant and insulin-

sensitive light breed horses. J. Vet. Intern. Med. 24, 932-939. 

 

[51] Bamford, N.J., Potter, S.J., Harris, P.A. and Bailey, S.R. (2014) Breed differences in insulin 

sensitivity and insulinemic responses to oral glucose in horses and ponies of moderate 

body condition score. Domest. Anim. Endocrinol. 47, 101-107. 

 

[52] Carter, R.A., McCutcheon, L.J., George, L.A., Smith, T.L., Frank, N. and Geor, R.J. (2009) 

Effects of diet-induced weight gain on insulin sensitivity and plasma hormone and lipid 

concentrations in horses. Am. J. Vet. Res. 70, 1250-1258. 

 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

[53] Chameroy, K.A., Frank, N., Elliott, S.B. and Boston, R.C. (2011) Effects of a supplement 

containing chromium and magnesium on morphometric measurements, resting glucose, 

insulin concentrations and insulin sensitivity in laminitic obese horses. Equine Vet. J. 43, 

494-499. 

 

[54] Carter, R.A., McCutcheon, L.J., Valle, E., Meilahn, E.N. and Geor, R.J. (2010) Effects of 

exercise training on adiposity, insulin sensitivity, and plasma hormone and lipid 

concentrations in overweight or obese, insulin-resistant horses. Am. J. Vet. Res. 71, 314-

321. 

 

[55] Argo, C.M., Curtis, G.C., Grove-White, D., Dugdale, A.H., Barfoot, C.F. and Harris, P.A. 

(2012) Weight loss resistance: a further consideration for the nutritional management 

of obese Equidae. Vet. J. 194, 179-188. 

 

[56] Gungor, N., Saad, R., Janosky, J. and Arslanian, S. (2004) Validation of surrogate 

estimates of insulin sensitivity and insulin secretion in children and adolescents. J. 

Pediatrics 144, 47-55. 

 

[57] Uwaifo, G.I., Fallon, E.M., Chin, J., Elberg, J., Parikh, S.J. and Yanovski, J.A. (2002) Indices of 

insulin action, disposal, and secretion derived from fasting samples and clamps in 

normal glucose-tolerant black and white children. Diabetes Care 25, 2081-2087. 

 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

[58] Treiber, K.H., Kronfeld, D.S., Hess, T.M., Boston, R.C. and Harris, P.A. (2005) Use of 

proxies and reference quintiles obtained from minimal model analysis for 

determination of insulin sensitivity and pancreatic beta-cell responsiveness in horses. 

Am. J. Vet. Res. 66, 2114-2121. 

 

[59] Hart, K.A., Wochele, D.M., Norton, N.A., McFarlane, D., Wooldridge, A.A. and Frank, N. 

(2016) Effect of Age, Season, Body Condition, and Endocrine Status on Serum Free 

Cortisol Fraction and Insulin Concentration in Horses. J. Vet. Intern. Med. 30, 653-663. 

 

[60] Morgan, R.A., McGowan, T.W. and McGowan, C.M. (2014) Prevalence and risk factors for 

hyperinsulinaemia in ponies in Queensland, Australia. Aust. Vet. J. 92, 101-106. 

 

[61] Tinworth, K.D., Wynn, P.C., Boston, R.C., Harris, P.A., Sillence, M.N., Thevis, M., Thomas, A. 

and Noble, G.K. (2011) Evaluation of commercially available assays for the 

measurement of equine insulin. Domest. Anim. Endocrinol. 41, 81-90. 

 

[62] Borer-Weir, K.E., Bailey, S.R., Menzies-Gow, N.J., Harris, P.A. and Elliott, J. (2012) 

Evaluation of a commercially available radioimmunoassay and species-specific ELISAs 

for measurement of high concentrations of insulin in equine serum. Am. J. Vet. Res. 73, 

1596-1602. 

 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

[63] Banse, H.E. and McFarlane, D. (2014) Comparison of Three Methods for Evaluation of 

Equine Insulin Regulation in Horses of Varied Body Condition Score. J. Equine Vet. Sci. 

34, 742-748. 

 

[64] Banse, H.E., McCann, J., Yang, F., Wagg, C. and McFarlane, D. (2014) Comparison of two 

methods for measurement of equine insulin. J. Vet. Diagnost. Invest. 26, 527-530. 

 

[65] Warnken, T., Huber, K. and Feige, K. (2016) Comparison of three different methods for 

the quantification of equine insulin. Bmc Vet. Res. 12, 196. 

 

[66] Borer, K.E., Bailey, S.R., Menzies-Gow, N.J., Harris, P.A. and Elliott, J. (2012) Effect of 

feeding glucose, fructose, and inulin on blood glucose and insulin concentrations in 

normal ponies and those predisposed to laminitis. J. Anim. Sci. 90, 3003-3011. 

 

[67] Schuver, A., Frank, N., Chameroy, K.A. and Elliott, S.B. (2014) Assessment of Insulin and 

Glucose Dynamics by Using an Oral Sugar Test in Horses. J. Equine Vet. Sci. 34, 465-470. 

 

[68] Knowles, E.J., Harris, P.A., Elliott, J. and Menzies-Gow, N.J. (2016) Use of the oral sugar 

test in ponies when performed with or without prior fasting. Equine Vet. J. doi: 

10.1111/evj.12607 

 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

[69] Smith, S., Harris, P.A. and Menzies-Gow, N.J. (2016) Comparison of the in-feed glucose 

test and the oral sugar test. Equine Vet. J. 48, 224-227. 

 

[70] Jose-Cunilleras, E., Hinchcliff, K.W., Sams, R.A., Devor, S.T. and Linderman, J.K. (2002) 

Glycemic index of a meal fed before exercise alters substrate use and glucose flux in 

exercising horses. J. Appl. Physiol. (1985) 92, 117-128. 

 

[71] de Laat, M.A. and Sillence, M.N. (2016) The repeatability of an oral glucose test in ponies. 

Equine Vet. J. 49, 238-243. 

 

[72] Baggio, L.L. and Drucker, D.J. (2007) Biology of incretins: GLP-1 and GIP. 

Gastroenterology 132, 2131-2157. 

 

[73] Chameroy, K.A., Frank, N., Elliott, S.B. and Boston, R.C. (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. J. Equine Vet. Sci. 

40, 16-25. 

 

[74] Holz, G.G.t., Kuhtreiber, W.M. and Habener, J.F. (1993) Pancreatic beta-cells are rendered 

glucose-competent by the insulinotropic hormone glucagon-like peptide-1(7-37). 

Nature 361, 362-365. 

 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

[75] Bamford, N.J., Baskerville, C.L., Harris, P.A. and Bailey, S.R. (2015) Postprandial glucose, 

insulin, and glucagon-like peptide-1 responses of different equine breeds adapted to 

meals containing micronized maize. J. Anim. Sci. 93, 3377-3383. 

 

[76] Marques, R.G., Fontaine, M.J. and Rogers, J. (2004) C-peptide: much more than a 

byproduct of insulin biosynthesis. Pancreas 29, 231-238. 

 

[77] de Laat, M.A., van Haeften, J.J. and Sillence, M.N. (2016) The effect of oral and 

intravenous dextrose on C-peptide secretion in ponies. J. Anim. Sci. 94, 574-580. 

 

[78] Toth, F., Frank, N., Martin-Jimenez, T., Elliott, S.B., Geor, R.J. and Boston, R.C. (2010) 

Measurement of C-peptide concentrations and responses to somatostatin, glucose 

infusion, and insulin resistance in horses. Equine Vet. J. 42, 149-155. 

 

[79] Antuna-Puente, B., Feve, B., Fellahi, S. and Bastard, J.P. (2008) Adipokines: the missing 

link between insulin resistance and obesity. Diabetes Metab. 34, 2-11. 

 

[80] Gordon, M.E. and McKeever, K.H. (2005) Diurnal variation of ghrelin, leptin, and 

adiponectin in Standardbred mares. J. Anim. Sci. 83, 2365-2371. 

 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

[81] Gordon, M.E. and McKeever, K.H. (2006) Oral and intravenous carbohydrate challenges 

decrease active ghrelin concentrations and alter hormones related to control of energy 

metabolism in horses. J. Anim. Sci. 84, 1682-1690. 

 

[82] Bamford, N.J., Potter, S.J., Harris, P.A. and Bailey, S.R. (2016) Effect of increased adiposity 

on insulin sensitivity and adipokine concentrations in horses and ponies fed a high fat 

diet, with or without a once daily high glycaemic meal. Equine Vet. J. 48, 368-373. 

 

[83] Kearns, C.F., McKeever, K.H., Roegner, V., Brady, S.M. and Malinowski, K. (2006) 

Adiponectin and leptin are related to fat mass in horses. Vet. J. 172, 460-465. 

 

[84] Frank, N., Elliott, S.B., Brandt, L.E. and Keisler, D.H. (2006) Physical characteristics, blood 

hormone concentrations, and plasma lipid concentrations in obese horses with insulin 

resistance. J. Am. Vet. Med. Assoc. 228, 1383-1390. 

 

[85] Carter, R.A., Treiber, K.H., Geor, R.J., Douglass, L. and Harris, P.A. (2009) Prediction of 

incipient pasture-associated laminitis from hyperinsulinaemia, hyperleptinaemia and 

generalised and localised obesity in a cohort of ponies. Equine Vet. J. 41, 171-178. 

 

[86] Treiber, K.H., Kronfeld, D.S., Hess, T.M., Byrd, B.M., Splan, R.K. and Staniar, W.B. (2006) 

Evaluation of genetic and metabolic predispositions and nutritional risk factors for 

pasture-associated laminitis in ponies. J. Am. Vet. Med. Assoc. 228, 1538-1545. 

 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

[87] Pleasant, R.S., Suagee, J.K., Thatcher, C.D., Elvinger, F. and Geor, R.J. (2013) Adiposity, 

plasma insulin, leptin, lipids, and oxidative stress in mature light breed horses. J. Vet. 

Intern. Med. 27, 576-582. 

 

[88] Bamford, N.J., Potter, S.J., Baskerville, C.L., Harris, P.A. and Bailey, S.R. (2016) Effect of 

increased adiposity on insulin sensitivity and adipokine concentrations in different 

equine breeds adapted to cereal-rich or fat-rich meals. Vet. J. 214, 14-20. 

 

[89] de Laat, M.A., Hampson, B.A., Sillence, M.N. and Pollitt, C.C. (2016) Sustained, Low-

Intensity Exercise Achieved by a Dynamic Feeding System Decreases Body Fat in Ponies. 

J. Vet. Intern. Med./Am. Coll. Vet. Intern. Med. 30, 1732-1738. 

 

[90] Martinson, K.L., Coleman, R.C., Rendahl, A.K., Fang, Z. and McCue, M.E. (2014) Estimation 

of body weight and development of a body weight score for adult equids using 

morphometric measurements. J. Anim. Sci. 92, 2230-2238. 

 

[91] Vick, M.M., Adams, A.A., Murphy, B.A., Sessions, D.R., Horohov, D.W., Cook, R.F., Shelton, 

B.J. and Fitzgerald, B.P. (2007) Relationships among inflammatory cytokines, obesity, 

and insulin sensitivity in the horse. J. Anim. Sci. 85, 1144-1155. 

 

[92] Giles, S.L., Nicol, C.J., Rands, S.A. and Harris, P.A. (2015) Assessing the seasonal 

prevalence and risk factors for nuchal crest adiposity in domestic horses and ponies 

using the Cresty Neck Score. Bmc Vet. Res. 11, 13. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

 

[93] Carter, R.A., Geor, R.J., Burton Staniar, W., Cubitt, T.A. and Harris, P.A. (2009) Apparent 

adiposity assessed by standardised scoring systems and morphometric measurements 

in horses and ponies. Vet. J. 179, 204-210. 

 

[94] Martin-Gimenez, T., de Blas, I., Aguilera-Tejero, E., Diez de Castro, E. and Aguirre-

Pascasio, C.N. (2016) Endocrine, morphometric, and ultrasonographic characterization 

of neck adiposity in Andalusian horses. Domest. Anim. Endocrinol. 56, 57-62. 

 

[95] Borer-Weir, K.E., Menzies-Gow, N.J., Bailey, S.R., Harris, P.A. and Elliott, J. (2013) 

Seasonal and annual influence on insulin and cortisol results from overnight 

dexamethasone suppression tests in normal ponies and ponies predisposed to laminitis. 

Equine Vet. J. 45, 688-693. 

 

[96] Lewis, S.L., Holl, H.M., Streeter, C., Posbergh, C., Schanbacher, B.J., Place, N.J., Mallicote, 

M.F., Long, M.T. and Brooks, S.A. (2017) Genomewide association study reveals a risk 

locus for equine metabolic syndrome in the Arabian horse. J. Anim. Sci. 95, 1071-1079. 

 

[97] Selim, S., Elo, K., Jaakkola, S., Karikoski, N., Boston, R., Reilas, T., Sarkijarvi, S., 

Saastamoinen, M. and Kokkonen, T. (2015) Relationships among Body Condition, Insulin 

Resistance and Subcutaneous Adipose Tissue Gene Expression during the Grazing 

Season in Mares. Plos One 10, e0125968. 

 


