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SUMMARY  

Tobias Warnken  

Equine Metabolic Syndrome  (Patho)-physiological variations in insulin 
sensitivity, glucose homeostasis and lipid metabolism in lean and obese 
horses 

 

The Equine Metabolic Syndrome (EMS) is a severe endocrinopathy in equids. 

Alterations in insulin regulation in affected horses together with predisposition to 

laminitis and general or regional obesity are the leading laboratory findings (Frank et 

al. 2010, Frank and Tadros 2014). The obesity prevalence is generally high in the 

equine population (Wyse et al. 2008, Giles et al. 2014) and the incidence of 

endocrinopathic laminitis is emerging (Johnson et al. 2004, Karikoski et al. 2011). 

Veterinarian` and owners` awareness of the potential cross-link between 

hyperinsulinaemia (HI) and laminitis has been increasing recently. Therefore, owners` 

requests for EMS testing has increased. In practice, testing for impaired insulin 

regulation can be based on either assessment of basal HI, or dynamic diagnostic tests 

for insulin resistance (IR) or insulin dysregulation (ID) (Bertin and De Laat 2017). 

However, little is known about the underlying pathomechanisms of EMS and impaired 

insulin regulation. The objective of this PhD project was to investigate physiological 

and pathophysiological variations in insulin sensitivity, glucose homeostasis and lipid 

metabolism in healthy lean and obese horses on a clinically recognizable and 

molecular level.  

The first part of this research project focuses on describing physiological principles 

during standard dosed oral glucose tests (OGT) and combined glucose-insulin tests 

(CGIT) which were performed consecutively in lean and obese horses to compare the 

endocrine and metabolic responses. In OGT, horses showed a highly individual 

increase of insulin concentrations in response to the glucose applied orally, whereas 

glucose concentrations showed similar dynamics. In the CGIT procedure, peak insulin 

concentrations of 493.98±86.84 IU/mL were measured, followed by a continuous 

decline. Interestingly, concentrations of non-esterified fatty acids varied between 
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individual horses prior to testing but declined in a comparable manner to similar 

minimum concentrations of 93.82 ± 53.22 mol/L in OGT and 91.97 ± 56.89 mol/L in 

CGIT. Regarding the stress response of the test procedure cortisol concentrations 

remained unaffected during CGIT, while the OGT procedure was accompanied by a 

significant initial rise in cortisol concentrations. Summing up, OGT and CGIT mirror 

different facets of the metabolic response to a glycemic stimulus, highlighting different 

aspects of glucose homeostasis and insulin regulation and hence, reveal different 

applications in clinical settings. Moreover, insulin dynamics in CGIT, performed with 

porcine zinc insulin, differ from insulin dynamics described in reports published 

previously using short-acting insulins, providing not only potential advantages by 

reducing the risk of test induced hypoglycemia, but also limiting clinical usage, due to 

missing reliable reference ranges for test implementation with long-acting porcine zinc 

insulin, at least at the moment.  

In the second part, the protein expression of key components of insulin signaling and 

their extent of phosphorylation were investigated in different equine tissue under basal 

conditions and stimulated conditions with HI and hyperglycemia provoked by 

intravenous injection of insulin and glucose in lean and obese horses. Injected insulin 

induced a high extent of phosphorylation of insulin receptor  in liver tissue but not in 

muscle tissue in all horses. Protein kinase B and mechanistic target of rapamycin 

expressed a higher extent of phosphorylation in all tissues under stimulated conditions. 

By contrast, adenosine monophosphate-activated protein kinase, as a component 

related to insulin signaling, expressed enhanced phosphorylation in muscle tissue and 

different adipose tissues, but not in liver tissue under stimulated conditions. In 

conclusion, tissue-specific variations in the acute response of insulin signaling to 

insulin injected intravenously were observed in horses. Insulin sensitivity in healthy 

horses is based on a complex concerted action of different tissues by their variations 

in the molecular response to insulin and we were able to identify hints which suggest 

that insulin and glucose homeostasis in horses is partially different to humans and 

rodents.  

The third part of this research project focused on the dynamic metabolic profiles in 

response to a standard dosed OGT in horses of unknown insulin status. The results 
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indicated significantly higher insulin concentrations in horses with severe ID compared 

to insulin-sensitive horses. Moreover, analyses of samples with a targeted 

metabolomics approach revealed that 22 metabolites were affected by OGT, whereas 

most of the metabolites investigated (n = 163) did not show significant changes. 

Interestingly, the insulin status did not affect the metabolic profile during OGT. 

However, the short-term stimulation with oral glucose challenge resulted in metabolic 

and proinflammatory changes in both insulin dysregulated and insulin-sensitive horses. 

Interestingly, severe ID was announced even before OGT was indicated. The ID 

horses and ponies had lower trans-4-hydroxyproline and methioninesulfoxide 

concentrations compared to IS ones. Pathways associated with trans-4-hydroxyproline 

and methioninesulfoxide suggested that oxidative stress and impaired oxidant-

antioxidant equilibrium are contributing factors to ID. The present findings provide new 

hypotheses for future research to understand pathophysiology in ID horses better. 
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ZUSAMMENFASSUNG 

Tobias Warnken  

Equines Metabolisches Syndrom  (Patho)-physiologische Variationen in der 
Insulinsensitivität, Glukosehomöostase und des Fettstoffwechsels in 
schlanken und obesen Pferden 

Das Equine Metabolische Syndrom (EMS) ist eine bedeutende Endokrinopathie der 

Equiden. Erkrankte Pferde zeigen neben einer generalisierten Obesitas oder 

regionalen Adipositas mit Ausbildung krankheitstypischer Fettdepots im Bereich der 

Kruppe, der Schultern, der seitlichen Thoraxwand und des Halses, eine erhöhte 

Prädisposition für Hufrehe sowie Veränderungen in der Insulinregulation (Frank et al. 

2010, Frank and Tadros 2014). Heutzutage ist die Obesitasprävalenz in der 

Pferdepopulation hoch (Wyse et al. 2008, Giles et al. 2014) und die Inzidenz der 

endokrinopathischen Hufrehe nimmt zu (Karikoski et al. 2011). Sowohl bei Tierärzten 

als auch bei Tierbesitzern steigt das Bewusstsein für einen Zusammenhang zwischen 

Hyperinsulinämie (HI) und Hufrehe. Daher steigen Besitzeranfragen zur Abklärungen 

einer EMS Erkrankung ihrer Pferde in der letzten Zeit an. In der Praxis kann eine 

gestörte Insulinregulation auf verschiedene Weise erfasst werden. Neben der 

Bestimmung einer basalen HI können auch dynamische Diagnostiktest angewendet 

werden um eine Insulinresistenz (IR) oder eine Insulindysregulation (ID) zu 

diagnostizieren (Bertin and De Laat 2017). Ziel des PhD Projektes war es die 

physiologischen und pathophysiologischen Variationen der Insulinsensitivität, der 

Glukosehomöostase und des Fettstoffwechsels in schlanken und obesen Pferden auf 

Grundlage von klinischen Parametern sowie auf molekularer Ebene zu untersuchen.  

Im ersten Teil dieses Forschungsprojektes wurden aufeinanderfolgend ein oraler 

Glukose Test (OGT) und ein kombinierter Glukose-Insulin Test (CGIT) in schlanken 

und obesen Pferden durchgeführt, um die endokrinologischen und metabolischen 

Reaktionen zu vergleichen. Im OGT zeigten die Pferde deutliche individuelle 

Unterschiede in der Insulinkonzentration nach enteraler Absorption der mittels 

Nasenschlundsonde verabreichten Glukose. Im Gegensatz zu den 

Insulinkonzentrationen zeigten die Pferde vergleichbare Glukosekonzentrationen. Im 
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CGIT konnten initiale Peak Insulinkonzentrationen von 493,98 ± 86,84 IU/ml 

gemessen werden; gefolgt von einem kontinuierlichen Abfall. Interessanterweise 

zeigten die basalen Konzentrationen an nicht-veresterten freien Fettsäuren (NEFA) 

eine hohe individuelle Schwankung zwischen den einzelnen Pferden. Im weiteren 

Verlauf der beiden Stimulationstests zeigte sich jedoch ein vergleichbarer Abfall der 

NEFA Konzentrationen bis hin zu vergleichbaren Minimalkonzentrationen im OGT von 

93,82 ± 53,22 mol/l und 91,97 ± 56,89 mol/l im CGIT. Während im CGIT kein 

stressinduzierter Kortisolanstieg zu beobachten war, zeigten die Pferde im OGT einen 

signifikanten, initialen Anstieg im Serumkortisolgehalt. Zusammenfassend lässt sich 

feststellen, dass OGT und CGIT unterschiedliche Facetten einer metabolischen 

Antwort auf einen glykämischen Stimulus reflektieren. Die beiden Tests erfassen 

unterschiedliche Aspekte der Glukosehomöostase und der Insulinregulation und 

erlauben aufgrund Ihrer zugrundeliegenden Stimulationsmechanismen differenzierte 

Aussagen in Bezug auf IR und ID und eigenen sich für unterschiedliche klinische 

Fragestellungen. Es zeigte sich eine verzögerte Insulinkinetik bei der Durchführung 

des CGIT mit porzinem Zink Insulin im Vergleich zu den bisher eingesetzten 

sofortwirksamen Insulinanaloga. Diese Unterschiede können zum einen einen 

klinischen Vorteil darstellen und das Risiko einer testinduzierten Hypoglykämie 

reduzieren, erlauben jedoch zum anderen bisher keinen routinemäßigen Einsatz in der 

Pferdepraxis, da für das verzögert wirksame Zink Insulin noch keine verlässlichen 

Referenzwerte etabliert sind. 

Im zweiten Teil der Studie wurde die Expression und Phosphorylierung mehrerer in 

der Insulinsignalkaskade relevanter Proteine unter basalen und stimulierten, 

hyperinsulinämischen und hyperglykämischen Bedingungen in unterschiedlichen 

Geweben dünner und adipöser Pferde untersucht. Alle Pferde zeigten eine deutliche 

Zunahme der Phosphorylierung des Insulinrezeptors- - 

unter der Stimulation mit Insulin. Im Muskelgewebe zeigte sich jedoch keine Zunahme 

der Phosphorylierung des InsR- e B (PKB/AKT) und mechanistic Target 

of Rapamycin (mTOR) zeigten in allen untersuchten Geweben eine Zunahme der 

Phosphorylierung unter der Stimulation. Im Gegensatz dazu zeigte die AMP-aktivierte 

- , das mit der Insulinsignalkaskade in Verbindung 
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steht, eine gesteigerte Phosphorylierung im Muskel- und Fettgewebe. Im 

Lebergewebe jedoch fand sich keine Veränderung im Phyosphorylierungsgrad dieses 

Proteins zwischen basalen und stimulierten Bedingungen. Zusammenfassend konnten 

nach intravenöser Stimulation mittels Insulin gewebeabhängige Unterschiede in der 

Phosphorylierung verschiedener Proteine der Insulinsignalkaskade festgestellt 

werden. Insulinsensitivität in gesunden Pferden ist das Ergebnis einer komplexen 

Signaltransduktion in verschiedenen Geweben. Im Rahmen dieser Studie zeigten sich 

zudem im Pferdegewebe Hinweise auf partielle Unterschiede in der Insulin- und 

Glukosehomöostase im Vergleich zu Menschen und Nagern.  

Im dritten Teil dieser Forschungsarbeit wurden die OGT induzierten metabolischen 

Reaktionen verschiedener Pferde und Ponies mit unbekanntem 

Insulinsensitivitätsstatus untersucht. Die Ergebnisse dieses Studienteils zeigten wie 

erwartet signifikant höhere Seruminsulinkonzentrationen in ID Pferden und Ponies im 

Vergleich zu den IS Tieren. Die Untersuchungen der Blutproben mittels zielgerichteter 

Metabolomanalyse ergab, dass 22 Metabolite durch die orale Glukosestimulation im 

OGT beeinflusst werden, wohingegen die restlichen analysierten Metabolite (n=163) 

keine signifikanten Veränderungen unter der OGT Stimulation zeigten. Der 

Insulinstatus der Tiere hatte dabei keinen direkten Einfluss auf das metabolische Profil 

der Tiere während des OGTs. Es zeigte sich jedoch, dass die kurzzeitige Stimulation 

mit einer oralen Glukosestimulation, wie sie im OGT vorgenommen wird, bereits 

ausreicht, um im Organismus einen proinflammatorischen Zustand hervorzurufen, 

unabhängig von IS oder ID. Interessanterweise gelang es, Pferde und Ponies, die 

unter einer erheblichen ID litten bereits aufgrund des basalen Metabolom-Profils zu 

identifizieren. Insulindysregulierte Pferde und Ponies wiesen im Vergleich zu IS 

Pferden und Ponies niedrigere Trans-4-hydroxyprolin- und 

Methioninsulfoxidkonzentrationen auf. Stoffwechselwege, die mit Trans-4-

hydroxyprolin und Methioninsulfoxid assoziiert sind, lassen vermuten, dass oxidativer 

Stress und ein Ungleichgewicht zwischen oxidativen und antioxidativen 

Stoffwechselvorgängen relevante Faktoren im Zusammenhang mit equiner ID sein 

können. Die zugrundeliegenden Ergebnisse liefern neue Hypothesen für folgende 
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Forschungsarbeiten und tragen dazu bei, die Pathomechanismen der equinen ID zu 

entschlüsseln.  
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1 INTRODUCTION 

1.1 The Equine Metabolic Syndrome  

The Equine Metabolic Syndrome (EMS) was first introduced into veterinary medicine 

by Johnson (2002). The term was adopted from human medicine. The human 

metabolic syndrome describes a disease pattern in which obesity, diabetes type 2 and 

cardio-vascular diseases are the major symptoms. Similar symptoms in equids 

compared to the situation in human medicine had been observed (Johnson 2002). The 

EMS was defined by the American College of Veterinary Internal Medicine consensus 

statement in 2010 (Frank et al. 2010). According to this statement, affected horses 

show a cluster of the following signs:  

a) generalized obesity or regional adiposity 

b) altered insulin regulation characterized by insulin resistance (IR) represented 

by hyperinsulinemia (HI) or abnormal glycemic and insulinemic responses to 

oral or intravenous (IV) glucose and/or insulin challenges; and  

c) a predisposition towards laminitis or laminitis that has developed in the absence 

of other recognized causes. 

Additional clinical conditions must be considered in association with EMS. 

Hypertriglyceridemia or dyslipidemia (Frank et al. 2006, Treiber et al. 2006, Carter et 

al. 2009c), hyperleptinemia (Cartmill et al. 2003), arterial hypertension (Bailey et al. 

2008), altered reproductive cycling in mares (Vick et al. 2006) and increased 

proinflammatory markers (Vick et al. 2007) have been described in horses and ponies 

suffering from EMS.   

Despite concurrent conditions, equine laminitis is the most common result (Karikoski 

et al. 2011) and is a severe disease which causes an acutely painful condition of the 

feet, often resulting in acute and/or chronic lameness. Laminitis is defined as failure of 

the hoof lamellar-distal phalangeal attachment apparatus (Pollitt 2004). Although 

multiple inducing factors and etiologies have been identified, the exact pathogenesis 

is still not known in depth. However, acute and recurrent pasture-associated laminitis 
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is most frequently encountered and associated with HI or IR (Carter et al. 2009c, 

Karikoski et al. 2011, Patterson-Kane et al. 2018). In accordance with these findings, 

Walsh et al. (2009) demonstrated that enhanced insulin concentrations correlate with 

laminitis severity.  

1.1.1 Obesity and assessment of body condition in horses 

Obesity is a pathological condition associated with altered adipokine production and 

IR and is common in the equine population (Johnson et al. 2009). Generalized obesity 

in horses and ponies, which is simply defined as an expanded mass of adipose tissue 

(AT) in the body, is observed. Furthermore, regional adiposity occurs, which is 

characterized by an accumulation of fat in certain locations of the body. The body 

regions mainly affected are the neck, the shoulder region and the tail head (Carter et 

al. 2009a, Frank et al. 2010). Assessment of body condition and fat mass can be 

performed by multiple methods. Henneke et al. (1983) developed a body condition 

scoring (BCS) system with a nine- ,

, ly obese 

horse. The score can be easily used by visual appraisal and palpation of six specific 

body locations, including the rib area, shoulder region, the area along the withers, the 

tail-head region, the neck region and along the back of the horse (Henneke et al. 1983). 

Despite this scoring system, six-point scores (Webb and Weaver 1979) and multiple 

new scoring systems or adaptations have been described to meet current demands 

and take into account breed-specific variations in the exterior (Kienzle and Schramme 

2004, Dugdale et al. 2012). Regional adiposity can be evaluated in horses by using a 

five-point cresty neck scoring system (CNS) (Treiber et al. 2006).  

The prevalence of obesity in horses and ponies has been investigated in multiple 

studies. Exemplarily, 32 out of 319 pleasure riding horses in Scotland were classified 

as obese with an BCS of 6/6 and 112 out of the 319 horses attracted attention with an 

BCS of 5/6 and were assessed as overweight (Wyse et al. 2008). Studies performed 

in the USA provided similar results regarding overweight and obese horses (Thatcher 

et al. 2008, Stewart-Hunt et al. 2010). Furthermore, Giles et al. (2014) compared the 

BCS in a cohort of ponies determined at the end of the summer period with the BCS 

INTRODUCTION
 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



3 

 

assessed at the end of winter and found out that only 28 % of the horses were obese 

at the end of the winter period compared to 36 % at the end of the summer period, 

indicating physiological variations and seasonal changes in BCS in horses (Giles et al. 

2014). In addition to limited storage in all cell types, white AT is the major site for the 

storage of triglycerides (TRG). The AT is a central organ and key player in whole body 

energy regulation and is responsible for the release of free fatty acids as an energy 

supplier for other tissues.  

1.1.2 Hyperinsulinemia, insulin resistance and insulin dysregulation in horses 

Glucose homeostasis is closely regulated by insulin to maintain essential homeostasis 

of the organism. Following food intake, plasma glucose concentrations rises due to 

enteral absorption. Insulin is secreted by the pancreas as counter-regulatory response 

to promote glucose uptake by insulin-sensitive (IS) tissues. Therefore, a postprandial 

increase in circulating plasma insulin concentrations is essential for glucose 

homeostasis. However, pathophysiologically enhanced postprandial or even fasting HI 

can occur if insulin regulation is impaired. The HI occurs in horses in an IR state (Frank 

et al. 2010). In contrast to humans who develop hyperglycemia under IR conditions, 

horses usually maintain glucose homeostasis with normoglycemia (Divers 2008).  

Insulin resistance is defined as a decreased ability of IS tissues to respond adequately 

to insulin (Muniyappa et al. 2008). In humans, IR is generally a reflection of mainly 

skeletal muscle IR, as skeletal muscle is responsible for approximately 85 % of glucose 

disposal in a euglycemic, hyperinsulinemic state (Defronzo et al. 1981). Increased 

pancreatic beta cell secretion of insulin compensates for impaired tissue sensitivity, 

resulting in high circulating concentrations of insulin and HI. In humans, the pancreas 

loses its ability to compensate as the disease processes and will secrete insufficient 

amounts of insulin in response to hyperglycemia, resulting in a hyperglycemic, 

hypoinsulinemic state, which is known as type II diabetes mellitus (Shanik et al. 2008). 

By contrast, horses are rarely reported to develop type II diabetes (Durham et al. 2009). 

The IR can be caused by several impairments (Kahn 1980). Under physiological 

conditions, IR can occur during gestation as gestational diabetes in humans and 

horses (Fowden et al. 1984, Maresh 2001). Studies in horses have shown that IR can 
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occur in pregnant mares up to 270 days of gestation, indicated by higher levels of 

insulin release in response to exogenous and endogenous glucose (Fowden et al. 

1984). Multiple mechanisms leading to IR have been proposed such as fewer insulin 

receptors (InsRs) due to downregulation, the decreased function of receptors 

themselves or a breakdown of insulin-signaling mediators (Kahn 1980, Kahn and Flier 

2000, Shanik et al. 2008). Despite the fact that the mechanisms are not completely 

known so far, alterations in post-receptor signaling are discussed most.  

Generalized obesity in humans is associated with the development of IR (Kahn and 

Flier 2000). Similarly, equine obesity is negatively correlated with IS (Hoffman et al. 

2003, Carter et al. 2009b) and associated with an increased risk of HI (Carter et al. 

2009c). Experimental studies in horses and ponies have revealed a significant cross-

link between equine HI and the occurrence of laminitis. Prolonged HI for 48 hours 

induced by hyperinsulinemic clamps resulted in laminitis in previously healthy 

Standardbred horses and normal ponies (Asplin et al. 2007, De Laat et al. 2010, De 

Laat et al. 2015). Moreover, horses presented to a first opinion hospital for evaluation 

of laminitis were hyperinsulinemic in 86 % of cases (Karikoski et al. 2011). A recent 

study showed the direct link between a pathological high insulin response assessed 

with a glucose challenge test and the occurrence of experimentally induced laminitis 

by a dietary challenge high in nonstructural carbohydrates. Ponies with insulin 

concentrations higher than 65 IU/mL developed laminitis after consuming 12 g 

NSC/kg BW/d for a period of up to 18 days (Meier et al. 2017). This is in accordance 

with the identification of high basal serum insulin concentrations as a risk factor for the 

development of laminitis (Menzies-Gow et al. 2017).  

The IR and alterations in insulin regulation in horses have been extensively studied in 

the last decade and provided new information on potential pathophysiological 

mechanisms. Recently altered insulin regulation, including tissue IR and basal or 

postprandial HI, have been subsumed under the term insulin dysregulation (ID) (Frank 

and Tadros 2014, The Equine Endocrinology Group 2016, Bertin and De Laat 2017). 

De Laat et al. (2016) showed that ID can occur independently of tissue IR and that IV 

and oral tests did not supply similar results regarding the insulinemic state of ponies. 

Since then, equine HI has been considered a counter-regulatory response to IR. 
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However, there is growing evidence in recent research to support a gastrointestinal 

etiology by incretin hormones released from the proximal intestine, such as glucagon-

like peptide-1 (GLP-1) and glucose-dependent insulinotropic peptide, which may 

augment insulin secretion (De Laat et al. 2016).  

1.1.3 Assessment of disturbances in insulin regulation in horses 

Although, several studies postulated a link between BCS or CNS and basal HI or an 

increased risk of laminitis (Carter et al. 2009a, Carter et al. 2009c), disturbances in 

insulin regulation may not be identified correctly by phenotype in all cases (Firshman 

and Valberg 2007, Bertin and De Laat 2017). Clinical experience indicated that high 

BCS or CNS does not necessarily implicate disturbed insulin regulation, alternatively, 

low BCS does not preclude ID or IR.  

Basal measures of insulin and/or glucose are often used to assess disturbed insulin 

regulation. Nevertheless, single measurements of both or even further calculation of 

indices or ratios (Treiber et al. 2005, Carter et al. 2009c) based on these measures 

may not be sufficient in all patients (Dunbar et al. 2016). In addition to these simple 

and static diagnostic procedures, dynamic stimulation tests are proposed for the 

assessment of IR and ID (Frank and Tadros 2014, The Equine Endocrinology Group 

2016, Bertin and De Laat 2017). Research in recent years has established several 

testing protocols for stimulation tests based on either oral challenge tests performed 

by the application of sugar or glucose formulations or IV testing protocols with 

injections of glucose or insulin, or even both to assess disturbed insulin regulation.  

The most accurate gold standard test for the assessment of tissue IS is the 

hyperglycemic or hyperinsulinemic clamp (Defronzo et al. 1979). Patients with normal 

IS require more glucose to maintain euglycemia than an individual with IR. Put simply, 

the amount of glucose required to maintain basal concentrations is equal to the amount 

of glucose taken up by the tissues and, therefore, represents a measure of peripheral 

tissue sensitivity to insulin. Two types of clamping procedures can be distinguished. 

The euglycemic hyperinsulinemic clamp (EHC) provides supra-physiological steady-

state insulin concentrations, during which the rates of glucose infusion required to 

maintain euglycemia are used to measure the IS of muscle and AT. By contrast, the 
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hyperglycemic clamp fixes plasma glucose at an acutely elevated level. Consequently, 

endogenous hepatic glucose production is suppressed and glucose infusion rates 

reflect pancreatic insulin secretion, allowing quantification of the sensitivity of the 

pancreatic beta cells to glucose. The EHC is ideal for assessing IS, as it assesses 

tissue IS isolated from the impact of pancreatic insulin secretion or enteral glucose 

absorption on glucose homeostasis (Defronzo et al. 1979). In addition, endogenous 

glucose production is largely suppressed by the insulin infusion. Several studies 

performed in horses used EHC procedures as the gold standard to test insulin-

dependent tissue sensitivity (Rijnen and Van Der Kolk 2003, Kronfeld et al. 2005, Pratt 

et al. 2005, Pratt-Phillips et al. 2015). However, these tests are usually reserved for 

research approaches due to their complex implementation. Furthermore, EHCs do not 

reflect disturbed insulin regulation in addition to tissue IR or impaired insulin clearance.  

Oral glucose challenge tests allow the assessment of postprandial HI under 

standardized conditions. The oral glucose tolerance test (OGTT) was initially designed 

for use in horses to evaluate small intestinal malabsorption (Roberts and Hill 1973). 

Subsequently, the OGTT was used to evaluate glucose tolerance in equids by 

administration of 1 g/kg body weight (BW) of glucose (Jeffcott et al. 1986). 

Physiologically, a peak in blood glucose concentrations can be observed 90-120 

minutes after the administration of glucose and should decline and return to normal 

pre-stimulation baseline concentrations within 4-6 hours (Roberts and Hill 1973). More 

profound or prolonged hyperglycemia is reported to be indicative of impaired 

pancreatic insulin secretion, decreased tissue IS or enhanced enteral absorption. 

The oral testing protocol has undergone profound changes over time and several 

variations have been described for the indirect assessment of IR or direct assessment 

of ID. Protocols differ regarding the different application routes and dosages of glucose 

or other sugar formulations used. Most oral tests protocols are subsumed under the 

term OGT.  

Nowadays, OGT is most often performed as an in-feed OGT, by introducing 0.5, 0.75 

or 1.0 g/kg BW glucose or dextrose powder mixed in low-glycemic meal followed by 

blood sampling after 120 minutes (Smith et al. 2016, De Laat and Sillence 2017). The 
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analysis of insulin with a commercially available chemiluminescent immunoassay in 

samples collected allows the classification of patients as ID during standard dose in-

feed OGT with 1 g/kg BW glucose when the insulin concentration is > 85 IU/mL and 

> 68 IU/mL in the case of 0.5 g/kg BW glucose used (The Equine Endocrinology 

Group 2016). However, incomplete ingestion and prolonged consumption times can 

preclude reliable results for interpretation (Kronfeld et al. 2005, De Laat and Sillence 

2017). The oral sugar test (OST), using commercially available corn syrup as a glucose 

substrate, was established to simplify the application of glucose (Schuver et al. 2010). 

In order to implement the OST, 0.15 or 0.25 mL/kg BW corn syrup is administered via 

syringe into the oral cavity of the horse, followed by the measurement of insulin and 

glucose (Schuver et al. 2014, Jacob et al. 2017). Insulin concentrations of > 45 IU/mL 

are generally suggested as being indicative of ID (The Equine Endocrinology Group 

2016). The most invasive but most precise oral test approach is the OGT via 

nasogastric tubing (Ralston 2002). The substantial benefit of this protocol is the exact 

intragastric administration of a defined glucose dosage in a short time. Standard dose 

OGT is performed with 1 g/kg BW glucose dissolved in water and administered via 

nasogastric tubing directly into the stomach of the horse. Application is followed by 

analyses of glucose and insulin concentrations at specific time points, usually 120 

minutes. Although this remains the most precise procedure, it requires nasogastric 

tubing and often raises debates about the impairment of clinically relevant test results 

by activation of the hypothalamic-pituitary-adrenal axis.  

In addition to these oral stimulation protocols, IV challenge tests have been developed. 

Protocols range from a simple IV glucose tolerance test (IVGTT) (Garcia and Beech 

1986, Giraudet et al. 1994) or insulin response tests (IRT) (Caltabilota et al. 2010, 

Bertin and Sojka-Kritchevsky 2013) to more complex combined procedures using 

glucose and insulin stimuli. The combined glucose-insulin test (CGIT) (Eiler et al. 2005) 

and the frequently sampled IV glucose tolerance test (FSIGTT) (Hoffman et al. 2003, 

Pratt et al. 2005, Treiber et al. 2005) can be used to assess the capacity of exogenous 

insulin to shift glucose into the IS tissues. 

Regarding the CGIT, glucose solution is administered intravenously to the horses, 

followed directly by a second injection of insulin. Blood samples are taken following a 
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specific protocol for at least 150 minutes, including analyses of glucose and insulin. 

Insulin is measured in the initial sample before the glucose administration and after 45 

minutes, whereas glucose is measured in all samples. Typical healthy horses show a 

biphasic blood glucose curve during the CGIT procedure. The first phase shows a 

positive hyperglycemia and the second one a negative hypoglycemia, in which glucose 

concentrations drop below the baseline. In IR horses, the first positive phase is 

prolonged with a slower return to baseline (Eiler et al. 2005). The 45-minute value is 

used as a clinical cut-off value to distinguish between IS and IR individuals. Horses 

should achieve normal glucose concentrations, return to previous baseline levels and 

have insulin concentration under 100 IU/mL within 45 minutes (Frank and Tadros 

2014). Horses with insulin concentration above 100 IU/mL are considered to secrete 

more insulin than normal or are clearing the hormone from the circulation at a slower 

rate. Therefore, values above these ranges are interpreted as an indication of reduced 

IS (Eiler et al. 2005). 

1.2 Glucose homeostasis and insulin action  

Glucose is an important energy source for mammalian cells, and glucose homeostasis 

is essential for survival and metabolic health. The blood glucose in healthy mammals 

is derived from enteral absorption, gluconeogenesis in the liver and kidneys, and 

glycogenolysis in cases of hypoglycemia.  Postprandial blood glucose concentration is 

normally regulated primarily by pancreatic insulin secretion and insulin-mediated 

glucose uptake by IS tissues. Insulin-independent tissues account for a lesser amount 

of glucose uptake. Plasma glucose concentration in horses is tightly controlled within 

physiological ranges. Depending on which literature is consulted, physiological ranges 

have been reported to be between 3.3 and 5.0 mmol/L (Ralston 2002).  

Glucose absorption in the equine small intestine occurrs mainly in the proximal to mid 

small intestine and is directed via two types of insulin-independent glucose 

transporters: sodium-glucose linked transporter 1, a sodium/glucose cotransporter, on 

the luminal membrane and glucose transporter 2 on the basolateral membrane 

(Shirazi-Beechey 2008, Shirazi-Beechey et al. 2011). Both hyperinsulinemia and 

hyperglycemia, as postprandial consequences, suppress hepatic glucose production 

INTRODUCTION
 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



9 

 

by gluconeogenesis, inhibit the breakdown of glycogen to glucose in the liver, and 

stimulate the uptake, storage and use of glucose in tissues, such as skeletal muscle 

and AT, to restore normoglycemia.  

High luminal glucose concentrations in the gut trigger signaling pathways in endocrine 

cells causing the secretion of gastrointestinal hormones, so-called incretins. Incretins 

are synthesized in the endocrine cells of the gastrointestinal tract and promote the 

release of insulin under hyperglycemic conditions (Marks et al. 1991, Shirazi-Beechey 

et al. 2011). The glucose-dependent insulinotropic polypeptide (GIP) and glucagon-

like peptide 1 (GLP-1) are the incretins most investigated in horses (Duehlmeier et al. 

2001, Chameroy et al. 2010, Bamford et al. 2015, Chameroy et al. 2016, De Laat et al. 

2016). While increased plasma GIP concentrations occurred in horses and ponies 

during an OGTT, GIP concentrations remained normal in these animals during an IV 

glucose tolerance testing procedure (Duehlmeier et al. 2001).  

Insulin controls the activities of several metabolic enzymes by phosphorylation and 

dephosphorylation and regulates the expression of genes involved in gluconeogenesis 

and glycolysis (Pilkis and Granner 1992).  

Insulin is a peptide hormone synthesized 

of the pancreas in response to hyperglycemia. It is synthesized in the ribosomes of the 

rough endoplasmic reticulum (RER) as pre-pro insulin, consisting of an A-chain, a B-

chain and a connecting peptide (C-peptide) (Wahren et al. 2000). Pre-pro insulin is 

cleaved to pro-insulin by the removal of a signal peptide. Thus, pro-insulin acquires the 

characteristic tertiary structure in the RER. Pro-insulin is transported to the Golgi 

apparatus in secretory vesicles and forms soluble pro-insulin hexamers containing zinc 

(Dodson and Steiner 1998). The C-peptide is removed by enzymes during secretion 

of the pro-insulin vesicle from the Golgi, resulting in the conversion of pro-insulin to 

insulin and C-peptide (Steiner 2004). Consequently, insulin forms insoluble hexamers 

containing zinc, precipitating as chemically stable crystals at a pH of 5.5 stored in 

granules.  

Insulin and C-peptide are co-secreted by exocytosis of mature granules into circulation 

in equimolar amounts. Cell membrane depolarization and opening of voltage-
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dependent calcium channels force the influx of extracellular calcium, which, in turn, 

triggers the exocytosis of insulin granules (Prentki and Matschinsky 1987). Insulin 

secretion in humans is characteristically pulsatile and biphasic. In response to 

stimulation, for example, by glucose, the initial rapid phase of insulin secretion is 

followed by a less pronounced but sustained insulin release (Bratanova-Tochkova et 

al. 2002). However, monophasic and biphasic secretion patterns have been observed 

and discussed in equids (Hoffman et al. 2003, Bamford et al. 2014, Smith et al. 2016). 

It has been shown in humans that GIP is suggested to primarily amplify initial insulin 

secretion by promoting the exocytosis of previously docked insulin granules in humans, 

while GLP-1 also stimulates second-phase insulin secretion in nondiabetic subjects 

(Schou et al. 2005). 

If secreted into the blood stream, insulin binds to its receptor in IS tissues, allowing the 

activation of the insulin signaling cascade and glucose uptake by target tissues. 

Insulin-mediated glucose disposal occurs primarily in the skeletal muscle, AT and liver. 

Despite insulin-mediated glucose uptake, glucose can also be transported by using 

insulin-independent glucose transporters (GLUT). This is also essential for glucose 

homeostasis and the maintenance of essential organ functions.  

The first pass through the liver clears approximately 50 % of the insulin in humans. 

Insulin in liver tissue (LT) is degraded by insulinase (Valera Mora et al. 2003), whereas 

insulin in systemic circulation is removed mainly by glomerular filtration in the kidney 

together with C-peptide (Rabkin et al. 1984).  

The counter-regulatory hormones to insulin, which increase the concentration of 

glucose in the blood, include glucagon, epinephrine and, to a lesser extent, growth 

hormone and cortisol. These hormones promote glycogenolysis in terms of negative 

energy balance and, therefore, provide glucose as a potent energy supplier.  

1.3 Lipid metabolism and insulin actions 

Adipose tissue metabolism is essential in the regulation of energy balance and lipid 

utilization. Lipids can be divided, based on their chemical structure, into TRG, 

phospholipids, glycolipids and steroids. The TRG are the most important energy 
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reservoir of the organism and consist of a glycerol molecule esterified with three fatty 

acids. Lipid metabolism is generally the synthesis by lipogenesis and degradation by 

lipolysis of lipids in cells (Ahmadian et al. 2009). These lipids are derived mainly from 

digestion and enteral absorption. Hepatic TRG in humans are generated from fatty 

acids derived from plasma and de-novo synthesis (Ginsberg et al. 2005). The TRG are 

transported in plasma by chylomicrons and very low-density lipoproteins (VLDL). 

Hepatic synthesis and the release of TRG as VLDL is normally decreased by insulin 

(Koo and Montminy 2006). There are also low-density lipoproteins (LDL) and high-

density lipoproteins (HDL). The latter were found to dominate the equine lipoprotein 

spectrum (Watson et al. 1991). Lipoprotein lipase (LPL)  bound to capillary endothelial 

cells  is responsible for the release of free fatty acids from VLDL and from 

chylomicrons. Non-esterified cholesterol from peripheral tissues can be taken up by 

HDL and is esterified by the enzyme lecithin cholesteryl acyltransferase.  

Humans and most animal species can transfer HDL cholesteryl esters to VLDL and 

LDL by plasma cholesteryl ester transfer protein (CETP). Interestingly, horses have a 

lack of plasma CETP activity (Watson et al. 1993). However, horses and ponies seem 

to have a CETP-independent pathway for the transfer of HDL cholesteryl esters to the 

LDL and the magnitude of this transfer seems to be related to the levels of HDL 

cholesteryl esters (Geelen et al. 2001).  

In physiological conditions, AT releases non-esterified fatty acids (NEFA) if energy has 

to be provided elsewhere in the organism (Ahmadian et al. 2010). A dynamic balance 

is maintained between TRG lipolysis and NEFA release, as is the control of their uptake 

and oxidation by other tissues, especially the muscle (Guilherme et al. 2008). 

Accumulation of energy stores is regulated by the anabolic action of insulin, and the 

inhibition of lipolysis by insulin was demonstrated by ex vivo in vitro studies on equine 

adipocytes (Breidenbach et al. 1999).  

The utilization of stored fat is controlled by proinflammatory cytokines, stress hormones 

and glucagon during starvation, infection, injury or stress (Jaworski et al. 2007). 

Release from the AT supplies fatty acids for utilization by muscle if energy is needed 

(Carmen and Victor 2006). Moreover, fatty acids are taken up by the liver and are 
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esterified into TRG for assembly into VLDL, which, in turn, deliver fatty acids to muscle 

tissues (MT) with a high activity of LPL in the surrounding capillaries. High activity of 

LPL in the AT ensures sufficient TRG amounts in these tissues under feeding 

conditions.  

In addition to energy storage, AT is an active endocrine organ producing and releasing 

several important hormones, metabolites and factors that regulate appetite, 

inflammatory processes and the balance of metabolic pathways (Hajer et al. 2008). 

Leptin, an adipocyte hormone, indicates the energy balance to the brain. Plasma levels 

increase concurrently to weight gain, suggesting that leptin is responsive to short-term 

changes in the body condition (Houseknecht et al. 1998). Leptin is primarily produced 

and secreted from the AT in concentrations that are proportional to fat mass; this was 

also shown in horses (Buff et al. 2002, Kearns et al. 2006). Leptin secretion in obese 

horses is stimulated by insulin and inversely related to IS (Cartmill et al. 2003, Kearns 

et al. 2006). 

Another hormone produced by AT is adiponectin. It forms trimers, hexamers or high 

molecular weight multimers in the circulation. The effects of adiponectin include the

enhancement of IS, anti-inflammatory properties and inhibition of the development of 

atherosclerosis (Radin et al. 2009). Insulin sensitizing properties may be mediated by 

stimulating phosphorylation of adenosine monophosphate-activated protein kinase 

(AMPK) and, subsequently, the increase of glucose uptake (Hopkins et al. 2007). In 

contrast to leptin, adiponectin concentrations in horses are negatively correlated with 

fat mass and BCS (Kearns et al. 2006, Gordon et al. 2007). 
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1.4 Insulin signaling  

Insulin initiates its functions by binding to the InsR in IS target tissues. The InsR is a 

heterotetrameric transmembrane receptor protein located within the cell membrane 

and is composed of two extracellular -subunits and two transmembrane -subunits. 

The transmembrane domain conveys a signal to the intracellular domain that insulin 

has bound to the receptor, and this signal involves tyrosine kinase (Patti and Kahn 

1998). When insulin binds to its receptor, tyrosine kinase is activated; this leads to 

autophosphorylation of the -sub-unit at the multiple tyrosyl residue, starting an 

intracellular signaling pathway that causes phosphorylation of cytosolic protein 

substrates, such as insulin receptor substrate-1 (IRS-1) (Saltiel and Kahn 2001).  

 

Fig. 1: Key components of insulin signaling (according to http://www.genome.jp/kegg/pathway.html; 

Kanehisa et al. 2017). InsR - Insulin receptor; Pi3K - Phosphoinositide 3 kinase; PKB/AKT - Protein 

kinase B; mTOR - Mechanistic target of rapamycin; Foxo - Forkhead box protein; HSL - Hormone-

sensitive lipase; GSK- - - - Protein 

- - Adenosine monophosphate- - Glucose transporter 4. 
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The binding of IRS1 and IRS 2 to an InsR leads to an activation of the 

phosphatidylinositol-3-kinase (PI3K) and the mitogen-activated protein kinase (MAPK) 

pathway (Ogawa et al. 1998). The activation of the MAPK pathway mediates the effect 

of insulin on mitogenesis and cell growth, whereas activation of the PI3K pathway 

mediates the effect of insulin on metabolism. The PI3K catalyzes the phosphorylation 

of phosphatidylinositoldiphosphat (PIP2) to phosphatidylinositoltriphosphat (PIP3), an 

important key in signaling.  

The protein kinase B (PKB/AKT) which is activated by phosphorylation, is a central hub 

of this signaling cascade. Activation of PKB/AKT leads to phosphorylation of several 

important downstream effectors. Exemplarily, it phosphorylates and inhibits glycogen 

synthase kinase 3  (GSK-3 ), which, in turn, dephosphorylates and activates glycogen 

synthase (GS) (Saltiel and Kahn 2001). Furthermore, PKB/AKT regulates metabolism 

and survival by controlling the expression of genes through transcription factors, such 

as Forkhead box protein (FOXO). The latter is phosphorylated by PKB/AKT and 

suppresses glucose production in the liver (Guo et al. 1999, Zhang et al. 2012).   

Stimulation of the mechanistic target of rapamycin (mTOR) by PI3K activation results 

in the direct control of mechanistic translation machinery by phosphorylation and 

activation of p70 ribosomal S6 kinase and the inhibition factor 4E. Therefore, cell 

growth and metabolism, in response to nutrients, and growth factors and energy status 

are controlled by mTOR (Sengupta et al. 2011).  

The adenosine monophosphate-activated protein kinase (AMPK) is one of the most 

important regulators in general cell metabolism. It monitors cellular energy status, 

increases glucose uptake, and initiates glycolysis and -oxidation as catabolic 

pathways or inhibits gluconeogenesis as an anabolic pathway (Kahn et al. 2005). This 

enzyme consists of three different subunits ( ,  and ). The catalytic -subunit is 

further differentiated into an 1 and 2 form. The latter is a more specific form, 

expressed predominantly in skeletal muscle, cardiac muscle and LT (Musi et al. 2001). 

Activation of AMPK is mediated by lowered adenosine monophosphate (AMP) 

concentrations and cellular hypoxia and is, therefore, an energy status sensor of the 

cell. Due to the lack of energy, AMPK inhibits energy consuming processes, such as 
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lipogeneses and glycogensynthesis, and stimulates energy supplying processes, such 

as glucose uptake, glycolysis, glycogenolyses, lipolysis and fatty acid oxidation 

(Winder and Hardie 1999). Activation of AMPK stimulates the translocation of glucose-

transporter 4 (GLUT4) into the plasma membrane (Murgia et al. 2009). Glucose 

transporter 4 is one of the insulin-dependent glucose transporters which carries 

glucose along the glucose concentration gradient into the cell. Translocation to the 

plasma membrane is regulated directly by PKC  activation in the insulin signaling 

cascade due to insulin stimulation and, thereby, increases glucose uptake (Bevan 

2001, Saltiel and Kahn 2001). 

In adipose metabolism, AMPK inhibits the activity of the enzyme acetyl-coA-carboxlase 

(ACC) and, thereby, the transformation from acetyl-coA to malonyl-coA, which is the 

end product of fatty acid synthesis in humans (Kahn et al. 2005). Hormone-sensitive 

lipase (HSL) is one of the key enzymes in AT regarding the regulation of adipose 

metabolism. Lipolysis is activated in adipocytes mainly by protein kinase A (PKA)-

mediated phosphorylation of HSL and perilipin. The HSL catalyzes the hydrolysis of 

TRG and is responsible for supplying the liver NEFA for hepatic VLDL synthesis.  

The antilipolytic effect of insulin on the adipose metabolism is mediated by low cyclic 

adenosine monophosphate (cAMP) levels. Inhibition of cAMP production via activating 

phosphodiesterase 3 (PDE3) by PKA results in decreased NEFA and glycerol 

concentrations and inhibition of the hepatic glucose production (Sindelar et al. 1997). 

Fatty acid synthase (FAS) is a multi-enzyme complex which synthesizes malonyl-CoA 

and acetyl-CoA, is counter regulatory to HSL and promotes the synthase of fatty acids 

in AT. Insulin stimulates lipogenesis by increasing the FAS expression and activity, a 

pathway inhibited AMPK (Volpe and Vagelos 1974).  

1.4.1 Current knowledge on insulin signaling in horses  

Insulin signaling has been studied in multiple species, but only afew studies have been 

performed in horses to detect components of insulin signaling on a protein or mRNA 

level and to evaluate their modulation by insulin.  

INTRODUCTION
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Campolo et al. (2016) studied InsR and insulin-like growth factor 1 receptor protein 

expression in cardiac and skeletal muscle in healthy horses and found no significant 

differences between the muscle types. However, analysis on an mRNA level revealed 

that hyperinsulinemic horses expressed higher amounts of PKB/AKT, GSK3 , GLUT1 

and GLUT4 in the cardiac muscle compared to the skeletal muscle. Interestingly, IR 

horses had lower GLUT4 in the plasma membrane of muscle cells compared to IS 

horses in another study (Waller et al. 2011).  

The HI established by clamp procedures provoked an increase in the extent of 

phosphorylation in PKB/AKT in MT, which is in accordance with the study mentioned 

previously. Moreover, 4E binding protein 1 and riboprotein S6, two further downstream 

targets of mTOR, showed an increased extent of phosphorylation in the MT (Urschel 

et al. 2014b). Selim et al. (2015) investigated the effect of grazing season and IR on 

the expression of genes associated with obesity and IR in subcutaneous AT and found 

a significant downregulation of InsR and upregulation of adiponectin receptor 1 gene 

expressions in healthy mares and mares suffering from EMS.  
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2 HYPOTHESIS AND AIMS 

 

Disturbed insulin regulation has been identified as a central part of the EMS. Variations 

in insulin regulation reflected either as tissue IR or ID result in moderate to severe HI. 

Despite extensive research in the field of EMS, the HI is the only sign that has been 

clearly linked to the most important disease sequel: laminitis.  

Several pathomechanisms provoking IR in horses have been suggested, but insulin 

signaling in healthy horses has not been studied in detail so far. However, detection of 

potential pathophysiological conditions in insulin signaling require knowledge of 

physiological insulin signaling and possible equine-specific variations.  

Thus the objective of the present PhD project was to investigate equine IS, glucose 

homeostasis and lipid metabolism by combining examinations of insulin signaling on a 

protein level in different main metabolic tissues and analyses of dynamic hormone and 

metabolite changes during acute stimulations.  

Furthermore, systemic markers of IR were analyzed by an innovative targeted 

metabolomics approach to provide better understanding of potential pathomechanisms 

involved in impaired insulin regulation. 

 

Central hypotheses: 

 

Hypothesis #1:  

Differences in body condition will lead to variable changes in endocrine and metabolic 

responses to oral glucose or IV glucose and consecutive insulin stimulation in healthy 

horses.  

Obesity and IS are negatively correlated. Therefore, it was expected that obese horses 

would respond with more profound changes in blood parameters than lean horses. 

Moreover, we expected OGT and CGIT to mirror different aspects of IS, glucose 
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homeostasis and lipid metabolism and not to be equally suitable in assessment of IS 

based on their different physiological mode of action.  

 

Hypothesis #2: Acute short-term stimulation with IV insulin will provoke changes in 

the phosphorylation of key components involved in insulin signaling in various equine 

tissues.  

Little is known about insulin signaling in horses. However, IR and HI are considered to 

be a major condition in horses and ponies suffering from EMS. It was expected that IV 

insulin would activate and phosphorylate InsR and, thereby, induce further insulin 

signaling in the AT, MT and LT, reflected by the phosphorylation of key proteins and, 

finally, insulin-mediated glucose uptake. Moreover, it was expected that anti-lipolytic 

effects of insulin would be reflected by the downregulation of lipolysis and 

dephosphorylation of HSL and decreased NEFA concentrations. It was expected that 

horses with different body condition would react with variable responsiveness in the 

insulin signaling cascade.  

 

Hypothesis #3: Insulin resistance affects metabolic profiles under the basal and under 

stimulated conditions provoked by OGT.  

It was expected that IS and ID horses and ponies would have diverse metabolic 

profiles. Due to impaired insulin regulation and the metabolic consequences, we 

expected ID individuals to respond differently to an oral glucose challenge compared 

to IS individuals. We speculate that the analyses of different metabolite changes will 

provide further information to define metabolic pathways involved in ID. Furthermore, 

we expected ID horses and ponies to react with more profound changes towards a 

proinflammatory response compared to ID ones. 
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 The aims of the study:  

1. The first aim of the study was to perform a standard dosed OGT and CGIT 

consecutively in lean and obese horses to compare and describe the endocrine 

and metabolic responses. 

 

2. The second aim of the study was to determine the protein expression of key 

components of insulin signaling and their extent of phosphorylation in different 

equine tissues under basal and stimulated conditions with HI and hyperglycemia 

provoked by IV injection of insulin and glucose in lean and obese horses. 

 

3. The third aim of the study was to analyze the metabolic profiles in horses of 

unknown insulin status under basal conditions and in response to a standard 

dosed OGT with a targeted metabolomics approach to identify novel 

metabolites associated with ID in horses.  

 

The novelty of this research project was to investigate the protein expression and 

phosphorylation status of important key components of insulin signaling in multiple 

equine tissues at the same time under basal and hyperinsulinemic conditions with 

concordant analyses of blood samples. This allows the linking of molecular changes 

on a protein level to activation or deactivation of specific metabolic pathways reflected 

by dynamic variations in central blood metabolites and hormones.  

By including innovative metabolomics into the research project, it was expected to 

provide further information about specific metabolic pathways associated with EMS 

and ID, to draw conclusions concerning potential pathomechanisms and enforce the 

generation of new hypotheses for future research projects.  
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Abstract  

Different diagnostic tests to determine the insulin sensitivity in horses are commonly 

used in veterinary practice. However, physiological processes provoked by the 

respective test procedures are not well described. In the present study oral glucose 

test (OGT) and combined intravenous glucose-insulin test (CGIT) were employed 

under standardized conditions. OGT and CGIT were performed in twelve healthy 

warmblood horses of different sex, age (15±6.5 years), weight (567±81 kg) and body-

condition-score (BCS) (4.8±1.6). Horses were tested under fasting conditions. OGT 

was performed with 1 g/kg BW glucose administered via naso-gastric-tubing and CGIT 

was performed with injection of 150 mg/kg BW glucose solution and 0.1 IU/kg BW 

porcine zinc-insulin. Blood samples were taken for 3 hours in at least 15-min intervals 

and were analyzed for insulin, glucose, triglyceride, non-esterified-fatty-acids (NEFA), 

fructosamine and cortisol concentrations. Glucose concentrations increased in OGT 

and CGIT directly after administration. Insulin concentrations increased significantly in 

OGT within 30 minutes and stayed elevated for 3 hours. In CGIT peak concentrations 

of 493.98±86.84 IU/mL were measured, followed by a continuous decline. Baseline 

NEFA concentrations varied between individual horses, and declined in comparable 

manner to similar minimum concentrations of 93.82±53.22 mol/L in OGT and 

91.97±56.89 mol/L in CGIT. With respect to the stress response of the test procedure 

cortisol concentrations remained unaffected during CGIT, while the OGT procedure 

was accompanied by a significant initial rise in cortisol concentrations. To conclude, 

OGT and CGIT mirror different facets of the metabolic response to a glycemic stimulus, 

highlighting different aspects of glucose homeostasis and insulin regulation. Moreover, 

oral testing protocols are superior to intravenous protocols to assess ID because of 

their physiological mode of action. During CGIT, insulin dynamics with porcine zinc-

insulin differ from insulin dynamics described in previously published reports using 

short acting insulins. Furthermore, insulins antilipolytic effects during OGT and CGIT 

via endogenous secretion or exogenous injection resulted in similar reduction of NEFA 

concentrations and unaffected triglyceride concentrations. This indicates a saturation 

of the suppression of lipolysis by insulin with already low concentrations and no 

induction of re-esterification in liver tissue.  
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 Abstract  

The aim of the study was to analyze key proteins of the equine insulin signaling 

cascade and their extent of phosphorylation in biopsies from muscle tissue (MT), liver 

tissue (LT), and nuchal AT, subcutaneous AT, and retroperitoneal adipose tissues. 

This was investigated under unstimulated (B1) and intravenously insulin stimulated 

(B2) conditions, which were achieved by injection of insulin (0.1 IU/kg bodyweight) and 

glucose (150 mg/kg bodyweight). Twelve warmblood horses aged 15 ± 6.8 yr (yr), 

weighing 559 ± 79 kg, and with a mean body condition score of 4.7 ± 1.5 were included 

in the study. Key proteins of the insulin signaling cascade were semiquantitatively 

determined using Western blotting. Furthermore, modulation of the cascade was 

assessed. The basal expression of the proteins was only slightly influenced during the 

experimental period. Insulin induced a high extent of phosphorylation of insulin 

receptor in LT (P < 0.01) but not in MT. Protein kinase B and mechanistic target of 

rapamycin expressed a higher extent of phosphorylation in all tissues in B2 biopsies. 

Adenosine monophosphate protein kinase, as a component related to insulin signaling, 

expressed enhanced phosphorylation in MT (P < 0.05) and adipose tissues (nuchal AT 

P < 0.05; SCAT P < 0.01; retroperitoneal adipose tissue P < 0.05), but not in LT at B2. 

Tissue-specific variations in the acute response of insulin signaling to intravenously 

injected insulin were observed. In conclusion, insulin sensitivity in healthy horses is 

based on a complex concerted action of different tissues by their variations in the 

molecular response to insulin. 

 

Keywords: Equine, Insulin, Signaling, Adipose tissue, Muscle, Liver 
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Abstract 

Background: Insulin dysregulation in horses is a metabolic condition defined by high 

insulin concentrations in the blood and peripheral insulin resistance. This 

hyperinsulinemia is often associated with severe damage in the hooves, resulting in 

laminitis. However, we currently lack detailed information regarding the potential 

involvement of particular metabolic pathways in pathophysiological causes and 

consequences of equine insulin dysregulation. This study aimed to assess the dynamic 

metabolic responses given to an oral glucose test (OGT) in insulin-sensitive and 

insulin-dysregulated horses by a targeted metabolomics approach to identify novel 

metabolites associated with insulin dysregulation.  

Results: Oral glucose testing triggered alterations in serum insulin (26.28±4.20 vs. 

422.84±88.86 IU/mL, p < 0.001) and plasma glucose concentrations (5.00±0.08 vs. 

9.43±0.44 mmol/L, p < 0.001) comparing basal and stimulated conditions after 180 

minutes. Metabolome analyses indicated OGT-induced changes in short-chain 

acylcarnitines (6.00±0.53 vs. 3.99±0.23 mol/L, p < 0.001), long-chain acylcarnitines 

(0.13±0.004 vs. 0.11±0.002 mol/L, p < 0.001) and amino acids (2.18±0.11 vs. 

1.87±0.08 mol/L, p < 0.05). Kynurenine concentrations increased (2.88±0.18 vs. 

3.50±0.19 mol/L, p < 0.01), whereas spermidine concentrations decreased during 

OGT (0.09±0.004 vs. 0.08±0.002 mol/L, p < 0.01), indicating proinflammatory 

conditions after oral glucose load. Insulin dysregulation was associated with lower 

concentrations of trans-4-hydroxyproline (4.41±0.29 vs. 6.37±0.71 mol/L, p < 0.05) 

and methionine sulfoxide (0.40±0.06 vs. 0.87±0.13 mol/L, p < 0.01; mean±SEM in 

insulin-dysregulated vs. insulin-sensitive basal samples, respectively), two metabolites 

which are related to antioxidant defense mechanisms. 

Conclusion: Oral glucose application during OGT resulted in profound metabolic and 

proinflammatory changes in horses. Furthermore, insulin dysregulation was predicted 

in basal samples (without OGT) by pathways associated with trans-4-hydroxyproline 

and methionine sulfoxide, suggesting that oxidative stress and oxidant antioxidant 

disequilibrium are contributing factors to insulin dysregulation. The present findings 
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provide new hypotheses for future research to better understand the underlying 

pathophysiology of insulin dysregulation in horses. 

 

Keywords: Metabolome, Metabolomics, Insulin sensitivity, Insulin dysregulation, 

Oral glucose test, Horses 
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6 GENERAL DISCUSSION 

A combination of investigation into the analyses of blood samples with analyses of 

molecular levels enables the correlation and assessment of activation of several 

signaling pathways involved in insulin signaling. In the present study, the OGT and the 

CGIT resulted in sufficient stimulation of metabolic processes, reflected via changes in 

endocrine and metabolic profiles assessed by blood analyses for insulin, glucose, 

TRG, NEFA, cortisol and fructosamine. Furthermore, molecular examination of tissue 

biopsies revealed a stimulation-provoked phosphorylation of the main targets in insulin 

signaling. This PhD project is the first study investigating the insulin signaling cascade 

in equids under basal and stimulated conditions on a molecular protein level in various 

equine tissues in combination with detailed analyses of the metabolic condition. The 

results of the present study indicate that IV-administered exogenous insulin could 

stimulate the insulin signaling cascade in various tissues. However, highly individual 

variations in molecular responses were detected between horses. Further research is 

needed to evaluate the physiological peculiarities of equine insulin signaling and to 

assess if and how this signaling is modulated in horses with HI and ID.  

Stimulation of healthy warmblood horses by OGT and CGIT in the present study 

indicated profound changes in the metabolic and endocrine profile of the horses. In the 

OGT procedure, enteral-absorbed glucose provoked a rapid increase in the insulin 

response with prolonged HI. However, individual insulin responses were highly 

variable even in these healthy warmblood horses, supporting the idea that IS is not a 

dichotomous state of either IS or ID but rather that IS exists in different intensities. 

Analyses of the insulin concentration of horses and ponies with unknown insulin status 

support this idea. The range of post OGT insulin concentrations ranged from 34.5 to 

1403.0 IU/mL. Therefore, subsequent research is needed to investigate the insulin 

concentrations during OGT as prognostic factors in EMS horses. We expected that 

higher insulin concentrations were negatively correlated with long-term outcome and 

survival.   

Insulin dynamics in response to orally applied glucose and enteral absorption were 

both monophasic and biphasic during OGT performed in the present study. This is in 
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accordance with previous studies investigating the pancreatic secretion pattern of 

insulin in response to oral glucose challenge (Smith et al. 2016) or IV glucose 

stimulation (Hoffman et al. 2003). Insulin secretion in response to oral glucose is 

generally described as much more variable compared to the reproducible pattern of 

insulin secretion in response to IV glucose application in humans (Wilcox 2005).  

The OGT performed in the present study are considered to be indirect methods to 

assess IS in horses. The OGT tests the capacity of endogenous insulin to shift 

absorbed glucose into peripheral IS target tissues. In contrast to the OGT, the CGIT is 

a direct method to assess IS in horses and tests the capacity of the exogenous insulin 

to shift the injected glucose into IS tissues. This was assessed by analyses of blood 

metabolites and indirectly by detecting the extent of phosphorylation of signaling 

components, such as insulin receptors, in the healthy horse. It was assessed that 

phosphorylation of insulin signaling molecules represent activation of the cascade. 

Therefore, it could be expected that the activation of the cascade failed in IR. However, 

it has been shown that ID can occur independently of IR (De Laat et al. 2016). The 

metabolomics approach revealed that even basally, oxidative stress in ID horses 

occurred with HI, which can lead to IR, at least in humans and rodents 

(Vinayagamoorthi et al. 2008, Zeyda and Stulnig 2009, Oxenkrug 2013). 

Interestingly, IV and oral tests in ponies did not reveal similar results regarding the 

insulinemic state (De Laat et al. 2016). Results of the present study underline these 

recently reported findings. Four horses responded via oral glucose challenge in an 

OGT with markedly higher insulin concentrations in response to the oral glucose 

challenge compared to the remaining eight horses, and these differences could not be 

detected in CGIT. These findings highlight and support the hypothesis proposed 

recently that equine ID may be linked to gastrointestinal factors (De Laat et al. 2016). 

Differences between animals may also be explained by variations in gastric emptying 

rate, intestinal glucose absorption, hepatic extraction or urinary glucose spilling if the 

renal threshold of 9 to 10 mmol/L is exceeded due to hyperglycemia provoked by 

absorption of high amounts of glucose from the GIT (Carlson 1996). Due to the study 

design without the collection of urine during the OGT and CGIT procedure, we cannot 

assess the urinary glucose losses and potential impairments of study results by urine 
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glucose spilling. The renal threshold can be exceeded during standard-dosed OGT as 

well as during initial hyperglycemia in CGIT as shown by the glucose concentrations 

in the first and third study part. Tóth et al. (2009) optimized the FSIGTT protocol to 

reduce urinary glucose spilling and suggested 100 mg/kg BW glucose as the optimal 

dose for implementation of FSIGTT. Whether reduction of the glucose applied during 

our modified CGIT is possible remains unknown so far but should be investigated in 

further studies. Dosing glucose for the implementation of oral glucose challenge tests 

is a frequently discussed issue (Manfredi 2016, The Equine Endocrinology Group 

2016, De Laat and Sillence 2017). A potential lowering of the glucose dosage during 

OGT may be equally sufficient for stimulation due to supra-physiological stimulation 

with 1 g/kg BW. This is especially relevant, as metabolome analyses revealed signs of 

pro-inflammation during OGT. Interestingly, both IS and ID individuals responded with 

decrease spermidine and increased kynurenine concentrations. Spermidine inhibits 

nonenzymatic glycation of proteins and nucleic acids (Gugliucci and Menini 2003) and, 

therefore, decreased concentrations during OGT reflect its utilization in the prevention 

of glycation-derived damage to molecules. Moreover, spermidine reduced 

inflammation and seemed to be involved in the regulation of lipid metabolism and cell 

growth (Minois 2014). By contrast, increased kynurenine concentrations were linked 

directly to inflammation. Kynurenine is synthesized by the enzyme tryptophan 

dioxygenase in response to immune activation (Opitz et al. 2011). Interestingly, Wang 

et al. (2010) showed that kynurenine has properties which dilate blood vessels during 

inflammation. Therefore, hyperglycemia and HI during OGT may lead to vascular or 

endothelial dysfunction, a condition already linked to the development of 

endocrinopathic laminitis (Morgan et al. 2016). Whether short-term stimulation and pro-

inflammatory shift during OGT has already compromised patients remains unknown, 

but lowering glucose concentration during OGT and, therefore, reducing 

hyperglycemia and HI might reduce any side effects. However, this hypothesis needs 

to be confirmed by dose-comparison studies with a special focus on the diagnostic 

value and accuracy to preserve diagnostic significance and evaluate the optimal 

dosing of glucose. 
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Interestingly, we were not able to identify the horses with higher insulin response in 

OGT by their phenotype. There was neither a correlation between BCS and insulin 

response during OGT, nor insulin clearance in CGIT. Moreover, differentiation of 

horses and ponies into IS and ID individuals based on their insulin response in OGT in 

the third research project did not lead to different average BCS values between groups. 

Individuals with high insulin responses had comparable BCS values to those with lower 

insulin responses, highlighting that high BCS is not necessarily indicative of ID nor 

does low BCS preclude ID. Taking these findings together, the first hypothesis had to 

be refuted. It was not possible to show body condition-related changes in endocrine 

and metabolic responses to oral glucose and intravenous glucose and insulin 

stimulation either in healthy horses or in ID horses and ponies.    

Application of glucose via nasogastric tubing in the OGT procedure induced an initial 

increase in serum cortisol concentrations, whereas IV application of glucose and 

insulin did not result in increased cortisol concentrations during CGIT. Therefore, the 

initiation of metabolic processes affecting glucose homeostasis via exogenous glucose 

application or even combined glucose and insulin application may not necessarily be 

reasonable for the activation of stress responses rather than application via 

nasogastric tubing, and the procedure of tubing itself may be the cause of cortisol 

increase.  

A combined injection of insulin and glucose provoked an initial increase in insulin and 

glucose concentrations, followed by an even decline. The CGIT was performed with 

porcine zinc-insulin that is licensed as Caninsulin® (Caninsulin® - 40 I.E./ml, MSD, 

Unterschleißheim, Germany) in Germany for the treatment of diabetes in cats and 

dogs. This type of insulin is a formulation of 30 % amorphous zinc-insulin and 70 % 

crystalline zinc-insulin. However, performance of CGIT with porcine zinc-insulin is for 

off-label use, due to the fact that the commercially available porcine zinc-insulin 

formulation in Germany is not licensed for IV usage. The human recombinant insulin 

used in the original CGIT protocol developed by Eiler et al. (2005) has pharmacological 

differences compared to the porcine zinc-insulin formulation used in the present study. 

Usage of porcine zinc-insulin resulted in a prolonged elimination phase and slower 

return of glucose levels to baseline concentrations in the present study compared to 
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the original literature describing the glucose and insulin kinetics following CGIT with 

human recombinant insulin.  

The pharmacokinetics of porcine zinc-insulin has been examined in dogs after 

subcutaneous application in multiple studies (Graham et al. 1997, Fleeman et al. 

2009). Graham et al. (1997) observed a two-step response in blood insulin 

concentrations after subcutaneous injection. The first peak of insulin concentration is 

thought to be due to the absorption of the amorphous component, while the second 

peak is thought to be due to the absorption of the crystalline component. The first peak 

occurred after about three hours and the second after about nine hours. The human 

recombinant regular insulin, a fast-acting insulin analog, is modified by the replacement 

of one amino acid, provoking either faster disaggregation of the former hexamer 

structure following injection and, therefore, increased absorption or modified receptor 

binding by the altered tertiary structure (Owen and Roberts 2004). However, impaired 

absorption can be neglected due to IV injection. If faster disaggregation of hexamer 

structures impairs pharmacological properties after IV injection remains unknown. 

Interestingly, none of the study horses developed clinical signs of marked 

hypoglycemia in response to CGIT performed with porcine-zinc insulin. Severe clinical 

hypoglycemia is reported to be a complication during the CGIT procedure, which 

requires an immediate injection of glucose to prevent hypoglycemic shock (Bröjer et 

al. 2013). This is the case when insulin regulation and sensitivity are unaffected and 

IS tissues respond with marked glucose uptake, especially when performed in horses 

with questionable IR. Whether the usage of porcine zinc-insulin is advantageous 

compared to human recombinant insulin for the implementation of CGIT under clinical 

conditions or not remains unknown. Nevertheless, reliable reference ranges have to 

be established to allow usage in clinical settings and safe identification of individuals 

suffering from IR. Due to the close structural homology between equine and porcine 

insulin (in amino acid 9 of the A chain), we speculate that porcine zinc-insulin, used in 

the present study for the implementation of CGIT and IV stimulation, acts more 

comparably to the endogenous equine insulin in contrast to human recombinant 

insulin, which differs in amino acid 9 on the A chain and amino acid 30 on the B chain 

(Ho et al. 2008, Kuuranne et al. 2008, Ho et al. 2011). 
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Basal NEFA concentrations, determined prior to OGT and CGIT, showed high inter-

individual variation. Due to overnight starvation prior to testing, lipolysis in the AT was 

promoted in study horses and resulted in NEFA release and high serum NEFA 

concentrations. This was reproducible and additionally occurred after fasting prior to 

biopsy sampling. Basal NEFA concentrations were comparable to concentrations 

measured prior to OGT and CGIT. Bertin et al. (2016) observed fat mobilization within 

four hours of fasting in horses and speculated that the initiation of fat mobilization 

indicates quick exhaustion of liver glycogen stores. Previous studies in humans 

investigated the effect of acute high serum NEFA concentrations and described 

increased hepatic glucose output, reduced peripheral IS and modified glucose 

stimulated insulin secretion (Amery et al. 2000). Moreover, starvation has been shown 

to cause IR in humans (Newman and Brodows 1983). By contrast, chronic elevation 

of NEFA is associated with decreased glucose-stimulated insulin secretion and 

reduced insulin synthesis in humans (Amery and Nattrass 2000). Therefore, fasting 

prior to assessment of IS is discussed controversially. Knowles et al. (2017) showed 

that OST results differ depending on the fasting status and reported significantly higher 

insulin responses in OST after fasting compared to non-fasting conditions in horses. 

In accordance with this, Bertin et al. (2016) concluded that the longer the horses were 

fasted, the more likely they were to be classified as IR. However, over-night fasting is 

currently recommended for in-feed OGT (The Equine Endocrinology Group 2016) and 

a three hour fast is recommended prior to the implementation of OST (Bertin et al. 

2016). The optimal fasting time for the implementation of CGIT is discussed 

controversially and ranged from 14 hours (Bröjer et al. 2013) to feeding low non-

structural carbohydrate roughage overnight (Morgan et al. 2015). We decided to fast 

all horses for 14 hours to create similar conditions for all dynamic diagnostic tests and 

stimulation procedures. Interestingly, fasting prior to glucose challenge tests for 

diagnostic purposes on IR in humans is recommended for eight hours (Horowitz et al. 

1993). In addition to disagreement between studies for optimal fasting time prior to 

testing, differences in the testing principles and their physiological modes of action 

should be considered. Moreover, species-specific characteristics regarding digestion 

and fermentation impede direct transference.   
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The NEFA concentrations under the challenge of OGT and CGIT decreased to 

comparable minimal concentrations with similar dynamics in OGT and CGIT in all 

individuals. This is in accordance with previous studies reporting reduced NEFA 

concentrations during EHC in horses (Suagee et al. 2011, Urschel et al. 2014a). The 

reduction of plasma NEFA concentration is due to the inhibitory effects of insulin on 

the lipolytic enzyme HSL, resulting in reduced release of NEFA from the AT (Meek et 

al. 1999). Although the extent of phosphorylated HSL did not decrease significantly in 

all AT after the IV injection of insulin, the results of the present study suggest similar 

conditions in horses. Moreover, anti-lipolysis was reflected by reduced concentrations 

of mitochondrial degradation products of LCFA in IS and ID horses and ponies during 

OGT. The results of the first study part indicate a saturation of the suppression of 

lipolysis by insulin already observed with intermediate insulin concentrations provoked 

by the oral challenge in OGT. In accordance with these findings, EHC studies indicated 

that insulin concentrations, similar to postprandial insulin concentrations, were 

sufficient for maximal anti-lipolytic effects in horses (Urschel et al. 2014a). Additionally, 

the anti-lipolytic effect seemed to be inde igin, indicated by 

the equal efficacy of exogenous porcine zinc-insulin and endogenous equine insulin.  

Insulin stimulates fatty acid synthesis in the AT and LT through increased glucose 

uptake and formation and storage of TRG. The enzyme responsible, FAS, is increased 

by the activation and phosphorylation of acetyl-CoA carboxylase (Saltiel and Kahn 

2001). The total serum TRG concentrations did not differ during the stimulations in the 

present study, though tissue TRG content was not measured in the biopsy samples. 

In contrast to lipogenesis, insulin inhibits lipolysis in the AT profoundly throughout the 

inhibition of HSL (Lonnroth and Smith 1986). Anti-lipolytic effects are mediated by 

dephosphorylation and, thereby, deactivation of HSL, suppressing TRG breakdown 

(Wilcox 2005). Interestingly, the extent of the phosphorylated HSL did not differ 

significantly between basal unstimulated and stimulated hyperinsulinemic conditions. 

However, concomitant analyses of blood samples collected during the stimulation 

process and the biopsy collection indicated a significant decrease of serum NEFA 

concentrations in response to IV stimulation comparable to the NEFA decrease in 

CGIT described above. A possible explanation for the absent change in the 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



GENERAL DISCUSSION 

66 

 

phosphorylation extent of HSL may be a time-consuming adaptive process in the AT 

regulation induced by insulin. Biopsies were collected in the early elimination phase of 

glucose, indicating high plasma clearance by either insulin-mediated tissue uptake or 

even urinary glucose spilling. Therefore, the collection of biopsies and investigation of 

insulin s influence on lipid metabolism at later time points with NEFA concentrations 

reaching a nadir with minimal concentrations might have resulted in a more profound 

change in HSL phosphorylation on a molecular level.  

Morrison et al. (2017) examined the AT morphology and protein expression of HSL in 

lean and obese horses. The adipocyte area was generally significantly greater in obese 

horses compared to lean horses. Interestingly, expression of HSL was significantly 

lower for RPAT in obese animals compared to NUAT, SCAT, epicardial AT and 

omental AT. These results confirm that equine obesity is associated with changes in 

the expression of lipolytic proteins in certain depots, which may indicate functional 

differences between regional ATs (Morrison et al. 2017). However, it was not possible 

in the present study to detect the basal difference in the total extent of HSL or of 

phosphorylated HSL, nor in response to stimulation, reflected by changes in the extent 

of phosphorylation between lean and obese horses.  

Despite morphological differences between various ATs (Frayn 2000), visceral AT has 

been shown to express different metabolic characteristics compared to SCAT, with 

higher metabolic activity (Giorgino et al. 2005). In a study performed on human AT, 

variations in insulin action on different AT were observed (Montague and O rahilly 

2000). Bolinder et al. (1983) reported lower sensitivity to the anti-lipolytic effects of 

insulin in human visceral AT compared to SCAT (Bolinder et al. 1983). Comparison of 

protein expression among variable equine tissues may be interesting to draw 

conclusions of differences in metabolic activities. Regional adiposity is common, 

especially in horses and ponies with ID or IR, and variable protein expression in theses 

specific AT depots may provide further information about the pathophysiological link 

between ID or IR and regional adiposity. Further in vitro examination of the tissues 

biopsies collected under the influence of different agents, such as insulin or -

adrenergic simulators, may have provided additional information on the metabolic 

activity of the different equine tissues. Proof of activation or deactivation indicated by 
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phosphorylation or dephosphorylation of selected enzymes and resulting changes in 

metabolites would have been an additional advantage. However, immunofluorescent 

staining performed in RPAT, NUAT and SCAT of the horses in the present study 

illustrated heterogeneous distribution of InsR- without differences in fluorescent 

intensity between the three AT investigated. This suggests that potential metabolic 

differences between equine AT might not be directly related to the extent of InsR-  in 

theses tissues.  

The FAS, as a counterpart enzyme to HSL, promotes lipogenesis on insulin 

stimulation. The total content of FAS did not differ between basal and stimulated 

conditions in any tissues investigated. However, we were not able to investigate the 

phosphorylation status of FAS, which may have provided interesting additional 

information on the anabolic influence of lipid metabolism by short-time stimulation with 

insulin and glucose. Moreover, there was no correlation of the FAS content and BCS. 

Biopsies were collected during the elimination phase of glucose by provoked insulin-

mediated uptake in insulin-dependent tissues to detect the maximal activation of insulin 

signaling induced by IV injection of insulin and glucose in the present study. Tissue-

specific variations in acute response of insulin signaling were observed. Interestingly, 

the increased extent of InsR-  was only detected in LT, whereas further downstream 

targets, such as PKB/AKT, showed a marked increase in the extent of phosphorylation 

in all tissues investigated. Western blot analysis of InsR-  in LT and MT produced 

reliable and specific bands for quantification by densitometry, whereas the antibody 

(phosphorylated insulin receptor- ), Santa Cruz Biotechnology Inc.) 

used for the detection of phosphorylated InsR-  did not provide satisfying bands usable 

for reliable quantification by densitometry in the AT samples. Therefore, failure to 

detect an increased extent of phosphorylated InsR-  

a very low abundance, equine AT-specific isoforms, or methodological problems. 

However, immunofluorescent staining in NUAT, SCAT and RPAT indicated the 

expression of InsR- actory detection.  

The InsR- the MT 

following IV insulin injection in the present study. However, all tissues expressed an 
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enhanced AMPK-  phosphorylation. The AMPK is a key player for the maintenance of 

cellular energy homeostasis (Jeon 2016). The AMPK-  is not involved directly in the 

insulin signaling due to its catabolic role in tissues which are inverse to the anabolic 

role of insulin (Weikel et al. 2016). Nevertheless, it was decided to investigate this 

protein, because it is linked to cellular glucose uptake. It was shown that AMPK-

modulate an alternative pathway to translocate GLUT4 into plasma membranes under 

exercise conditions (Murgia et al. 2009, Richter and Hargreaves 2013). Furthermore, 

Duehlmeier et al. (2010) reported insulin-dependent GLUT4 translocation in equines, 

as has been described in rodents and farm animals (Duehlmeier et al. 2005) but 

highlighted that insulin-stimulated GLUT4 activation in ponies is lower than that 

reported for pigs and cows under the same experimental conditions.  

The horses in the present study were kept under similar feeding and management 

conditions and were not exercised during the study. Thus, exercise-induced activation 

of AMPK- did not report any significant effect 

of age and feeding state on AMPK phosphorylation (Sivinski et al. 2015) and no effect 

of age on AMPK phosphorylation has been detected in our study. Despite these facts, 

the equine MT and AT appeared to respond to insulin simultaneously with an activation 

of AMPK-  which should result in an increase of glucose uptake by these tissues. The 

analyses of plasma glucose concentrations in corresponding blood samples during 

biopsy collection indicated decreased glucose concentrations. Thus, the glucose 

dynamics suggest that the glucose clearance observed may not be solely achieved by 

LT, in which it was possible to detect an increased extent of phosphorylated InsR- , 

rather than AT and MT being involved in blood glucose clearance by AMPK- -

mediated glucose uptake. These data suggest that the insulin-glucose homeostasis in 

horses can be partially different to humans and rodents. Based on the usage of a 

nonspecific antibody directed against AMPK- , it was not possible to differentiate 

between predominant 1 or 2 activation. However, AMPK can be activated by a lack 

of energy and hypoxia (Musi et al. 2001, Jeon 2016). Interestingly there is growing 

evidence, that ROS may regulate AMPK activity (Cardaci et al. 2012, Jeon and Hay 

2015). This is of special interest, as two MOI associated with oxidative stress were 

found by analyses of metabolic profiles in IS and ID horses and ponies. All horses 
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showed similar metabolic responses during OGT, whereas analyses of basal samples 

revealed differences. The IS individuals had higher trans-4-hydroxyproline and 

methionine sulfoxide concentrations compared to ID individuals. Interestingly, both 

metabolites decreased during OGT in IS horses and ponies, whereas their 

concentrations in ID horses and ponies were not influenced. Methionine sulfoxide and 

trans-4-hydroxyproline are associated with the oxidant-antioxidant system and are 

involved either directly (methionine sulfoxide) or indirectly (trans-4-hydroxyproline) in 

oxidative stress (Padh 1991, Levine et al. 1996, Stadtman and Levine 2003). Previous 

research showed that oxidative stress can modify endocrine signaling and result in IR 

(Vinayagamoorthi et al. 2008). Nevertheless, studies performed in obese 

hyperinsulinemic horses did not find oxidative damage in skeletal MT (Banse et al. 

2015). Thus, the direct link between equine ID and impaired oxidant-antioxidant 

systems is still missing. However, the results of the present study support the 

hypothesis of impaired oxidative-antioxidative balance in horses suffering from severe 

ID.  

Despite the potential influence of ROS, AMPK is of special interest regarding IR and 

ID due to the fact that this protein is one of the important proteins for potential medical 

interventions. Metformin (dimethylbiguanide) is an oral biguanide that has been used 

in human medicine for the treatment of diabetes type II as an insulin-sensitizing drug 

(Nathan et al. 2006). It is an AMPK agonist (Zhou et al. 2001) and has been used in 

several studies and clinical settings for the treatment of horses with disturbed insulin 

regulation (Durham et al. 2008, Rendle et al. 2013). Despite low oral bioavailability in 

horses (Tinworth et al. 2010), the low cost compared to levothyroxine for the treatment 

of obese and IR horses and ponies is one explanation for its frequent usage in equine 

medicine (Durham 2012). Metformin is often described as an anti-hyperglycemic drug, 

although its mechanisms and spectrum of actions are incompletely understood. 

However, our findings on potential equine-specific insulin-glucose homeostasis 

partially mediated by AMPK may provide potential implications for metformin usage in 

horses and needs further investigations. 

The increased extent of phosphorylation of PKB/AKT observed in all tissues 

investigated is in accordance with previous studies reporting increased activation of 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



GENERAL DISCUSSION 

70 

 

PKB/AKT in response to increased insulin infusion rates in horses (Mccutcheon et al. 

2006, Urschel et al. 2014b). Moreover, Loos et al. (2017) reported increased PKB/AKT 

phosphorylation in horses provoked by the feeding of a high protein diet. By 

transmission of the insulin signal, dephosphorylation and, thereby, inactivation of GSK-

3, PKB/AKT is essential for glucose regulation by glucagon synthesis (Cross et al. 

1995). The basal extent of GSK-3  did not differ between basal and stimulated 

conditions in the present LT samples. Phosphorylation of GSK-3  and GSK-3 did not 

change after two hours of HI in previous studies (Tiley et al. 2008). However, further 

tissues and the phosphorylation status of GSK-3  were not investigated in the present 

study.  

In addition to the regulation of glucose homeostasis and lipid metabolism, stimulation 

of protein synthesis is one of the basal insulin effects (Hemmings and Restuccia 2012). 

All the tissues examined in the present study showed a marked expression of 

phosphorylated mTOR under stimulation, compared to basal conditions. These results 

underline the similarities of horses and other species and are in accordance with 

previous studies investigating mTOR in equine MT (Urschel et al. 2011, 2014b). 

Feeding resulted in increased mTOR signaling and the authors suggest that dietary 

amino acids appear to be the main mediators of this effect on muscle protein synthesis 

(Urschel et al. 2011). However, equine skeletal muscle showed increased activation of 

both upstream and downstream factors in mTOR signaling under insulin infusion, with 

a concomitant drop in amino acid concentrations (Urschel et al. 2014b). Decreased 

proteinogenic amino acids during OGT in the present study further supports this 

hypothesis and reflects protein anabolism. However, based on a combination of the 

results, it was suggested that activation of mTOR was mediated mainly by insulin.  

The results presented in this PhD project indicate that it was possible to provoke 

changes in phosphorylation of key components involved in insulin signaling in equine 

tissues by an IV injection of insulin. Interestingly, it was not possible to detect 

differences in insulin signaling between lean and obese horses. However, equine-

specific variations in the regulation of glucose homeostasis have been observed and 

ought to be the subject of further studies. Moreover, endocrine and metabolic changes 

have been detected based on blood analyses during IV and oral challenges. To test 
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whether these endocrine and metabolic changes differ in IS and ID equids, OGTs were 

performed on horses presented for EMS diagnostics to the Clinic for Horses. The 

targeted metabolomics approach was used in this PhD project to study the OGT-

induced influences on the metabolic profile. The AbsoluteIDQ p180 Kit (Biocratis Life 

Science AG, Innsbruck, Austria) was originally designed to quantify a defined set of 

metabolites reflecting specific metabolic disorders in humans, such as obesity, IR, pro-

inflammation, dysregulation of glucose and lipid metabolism, and mitochondrial 

dysfunction. However, due to significant similarities between the human MetS and 

EMS, this assay was considered to be suitable to investigate the metabolic profile 

during OGT and to study conspicuous features of equids affected by ID. Moreover, the 

assay kit has been used in several studies investigating metabolic conditions or 

changes in animal experiments related to IR or impaired lipid metabolism (Huber et al. 

2016, Kenez et al. 2016). The kit covers a wide range of circulating acylcarnitines, 

amino acids, biogenic amines, glycerophospho- and sphingolipids, and hexoses and 

allows more in-depth analysis of metabolic pathways than analyses of selected 

metabolites and hormones performed previously at the beginning of this PhD project.  

Interestingly, all horses responded in a similar manner during the OGT procedure and 

the insulin status did not affect their metabolic profile. Thus, the third hypothesis was 

refuted. However, it was possible to detect 22 metabolites which were significantly 

affected by oral glucose challenge during OGT. As mentioned previously, increased 

kynurenine reflects pro-inflammatory conditions during OGT. Furthermore, kynurenine 

is known to be associated with obesity and IR in humans (Oxenkrug 2013). Research 

in human medicine indicated that acute short-term oral glucose challenge can promote 

inflammatory profiles even in IS individuals (Sesti et al. 2014). Several studies 

investigated inflammatory cytokines in horses affected by EMS and suffering from 

obesity, HI, IR or laminitis and found increased inflammatory markers (Vick et al. 2007, 

Tadros et al. 2013, Wray et al. 2013, De Laat et al. 2014, Burns et al. 2015, Suagee et 

al. 2015). However, it was not possible to provide analyses of cytokine profiles in the 

study horses during OGT and CGIT or in horses and ponies with unknown insulin 

status during OGT. Analyses with the targeted metabolomics approach enabled the 

assessment of a wide range of endogenous metabolites reflecting complex 
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physiological processes. Consequently, results provided interesting information to 

support the findings observed and hypotheses stated in previous study parts and 

generates multiple further hypothesis for following research projects. One of these 

central questions is whether lower basal trans-4-hydroxproline and methionine 

sulfoxide concentrations are consistently indicative of ID and how oxidative stress is 

linked to ID or IR in equids.  
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7 MAJOR FINDINGS AND CONCLUSION 

In this PhD project, physiological and pathophysiological variations in IS, glucose 

homeostasis and lipid metabolism in horses were investigated. Oral and IV challenges 

provoked marked endocrine and metabolic responses in both lean and obese horses. 

These responses were detectable based on clinical investigations by analyses of blood 

samples, and on molecular levels in in vivo-stimulated tissues collected via biopsies. 

However, no body condition-related differences could be observed in dynamic 

metabolic and endocrine responses. Furthermore, IV challenge with insulin and 

glucose resulted in tissue-specific variations in the acute response of insulin signaling. 

The results of this study revealed not only important similarities between horses and 

other species in certain aspects of insulin-mediated signaling, but also provided data 

to suggest that equine insulin and glucose homeostasis is partially different to humans 

and rodents. Therefore, the adoption and assumption of physiological conditions and 

measures for treatment derived from other species is complicated. Moreover, the 

cross-talk between insulin actions and specific ATs and other tissues, such as MT and 

LT, has not only been investigated on a molecular level, but also by a targeted 

metabolomics approach. Consequently, we were able to describe shifts in the 

metabolic profile of horses under oral glucose challenge and have identified hints of 

pro-inflammatory conditions. These findings require critical evaluation of diagnostic 

tests and refinement of diagnostic procedures. Finally, two metabolites associated with 

impaired oxidative-antioxidative balance have been identified in horses and ponies 

with severe ID, potentially providing a basis for further examinations of 

pathophysiological mechanisms and diagnostic interventions. The results of the 

present PhD project highlight the current difficulties in the accurate assessment of 

impaired insulin regulation in horses. Variable metabolic responses to insulin 

stimulation cannot be allocated to variations in body condition, either on clinically 

recognizable parameters or on the extent of protein phosphorylation. Testing horses 

and ponies for IR and ID should be differentiated and specific clinical conditions may 

require either one or the other. Moreover, the importance of IR in terms of ID should 

be investigated in further studies. Notwithstanding, the lack of knowledge about 
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pathophysiological variations in insulin signaling in horses and ponies with IR, 

assessment of postprandial HI under standardized conditions provoked by OGT allows 

the identification of the clinical features of ID.  

This PhD project provides another piece in the puzzle to unravel pathophysiological 

and physiological variations in IS, glucose homeostasis and lipid metabolism in horses. 

Equine-specific insulin signaling, the marginal relationship of IS to obesity and strong 

associations of high plasma insulin concentration to cellular oxidative stress depicted 

not only a special physiological condition but also indicate novel pathophysiological 

conditions underlying EMS.  
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8 FUTURE PERSPECTIVES 

Having shown that insulin signaling in various equine tissues can be investigated by 

procedures described in this PhD project, further studies can be based on this 

experimental setting. Hyperinsulinemic and hyperglycemic conditions provoked by IV 

stimulation provoked a tissue-specific variation in insulin signaling in healthy horses. 

Equine-specific regulation of glucose homeostasis by AMPK should be studied further 

to support and confirm our hypothesis.   

Furthermore, studies should investigate insulin signaling in horses with altered insulin 

regulation under IV and oral stimulation. This may provide valuable information for the 

characterization of the pathomechanisms leading to IR and ID. Moreover, it is of great 

interest to find out whether horses suffering from ID and IR will differ in the expression 

and activation of key proteins of the insulin signaling cascade in IS tissue among each 

other or in comparison to healthy horses. This may help to unravel and differentiate IR 

and ID and provide information for potential drug-based approaches for the treatment 

of metabolic pathologies such as EMS. 

This research project used a targeted metabolomics approach successfully for the 

investigation of metabolic profiles in horses. Multiple hypotheses can be generated 

from our results and have already provided bases and ideas for future research 

projects investigating EMS and ID in horses. Further studies are needed to investigate 

the impaired oxidative-antioxidative balance in ID and IR horses and the metabolites 

trans-4-hydroxproline and methionine sulfoxide should be tested in larger populations 

and various clinical settings for their relevance and potential usage in diagnostic 

purposes in terms of ID and IR.  
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