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Preface 

 

This thesis is submitted to the Technical University of Denmark (DTU), Department of 

Biotechnology and Biomedicine as part of the requirements to obtain the degree as doctor 

of philosophy (Ph.D.).  

The work was conducted at DTU, Lyngby, Denmark and Nordic Bioscience, Herlev, 

Denmark from April 2014 to March 2017. Associate Professor Lars I. Hellgren, Ph.D. at 

DTU and Kim Henriksen, Ph.D. at Nordic Bioscience supervised the work. 

In the results section, I present five papers – four published and one manuscript. A 

combined summary of the findings is presented in advance of the manuscripts and 

publications.  

Besides the five papers, this thesis includes an introduction to the topics relevant for the 

presented data followed by a summarizing discussion of the most significant findings 

obtained during this thesis in relation to relevant literature. 
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Summary 

 

Amylin and/or calcitonin receptor agonists such as pramlintide and davalintide have shown 

promise on weight reduction in preclinical models and clinical settings, albeit with limited 

efficacy on glucose homeostasis.  

The overall aim of this Ph.D. project was to investigate the metabolic effect of the dual 

amylin and calcitonin receptor agonists (DACRA), KBP-042, KBP-088, KBP-089, focusing 

on the weight reducing and glucoregulatory potential in preclinical animal models of obesity 

and related morbidities like type 2 diabetes (T2D) and nonalcoholic steatohepatitis (NASH). 

Both synthetic and naturally occurring DACRAs exert prolonged receptor activation and it 

is hypothesized that this prolonged receptor activation will improve the in vivo efficacy. 

Furthermore, it is hypothesized that DACRAs have beneficial metabolic effects beyond 

caloric intake and simple diet-induced weight loss. 

In this series of studies, the focus was on metabolic effects of KBPs. Effects on body weight 

and adipose tissue as well as glucose metabolism were thoroughly explored in experimental 

rat models resembling the phenotypes of obesity, T2D and NASH, to address whether these 

beneficial effects were solely due to suppression of food intake and the subsequent weight 

loss. As amylin agonism induces a well-known anorexic effect at dose initiation, these 

studies also focused on different dosing regimens including dose escalation and dosing 

frequency. Finally, we compared KBPs to a second-generation amylinomimetic, davalintide, 

and combination of KBPs with the GLP-1 analogue, liraglutide.   

KBPs potently activated both the amylin and calcitonin receptors in vitro, and 

demonstrated a prolonged receptor activation when compared to second-generation 

amylinomimetic, davalintide.  

KBPs transiently suppressed caloric intake, and induced and sustained a dose-dependent 

weight loss compared to vehicle and pair-fed rats. Concomitantly, overall adiposity was 

decreased and obesity related adipocyte hypertrophy were improved – findings superior to 

the effects obtained with davalintide treatment. The inappropriate high fat diet-induced 

lipid accumulation was eliminated by KBP treatment, and interestingly, KBPs alleviated 

hyperinsulinemia and improved glucose tolerance even with significantly lower insulin 

levels. KBP treatment increased the glucose infusion rate during a hyperinsulinemic 

euglycemic clamp indicating enhanced insulin action. Importantly, KBPs also improved 

glucose homeostasis and enhanced insulin action in Zucker Diabetic Fatty rats. 

To investigate beneficial effects beyond weight loss, a weight-matched group was 

implemented. Of interest, weight matching led to improved glucose homeostasis through 

lowered plasma insulin; however, these were inferior to the effect of KBPs.  
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KBPs were introduced using various dosing regimens and frequencies. Dosing every day 

and every second day resulted in an equal weight loss at study end; however, with a later 

onset of maximal weight loss. To optimize tolerability, KBPs were introduced by dose 

escalation. In a 4-fold dose escalation, KBPs induced a transient reduction in food intake at 

every escalation step – with reducing magnitude over time. Two-fold and linear escalations 

suppressed body weight evenly with no significant reduction in food intake at either 

escalation step; however, with a delayed onset of maximum efficacy.  

Interestingly, when KBP and liraglutide were combined, the effect on acute food intake was 

superior to either of peptides as single-dose. Chronically, KBP-089 (1.25 µg/kg) and 

liraglutide (50 µg/kg) lowered body weight 8% and 2% in HFD rats, respectively, while the 

combination resulted in a 12% body weight reduction. Moreover, the combination improved 

glucose tolerance. 

In a rat model resembling the phenotype of human NASH, KBP treatment led to a reduction 

of the high fat, high cholesterol and cholate diet induced increase in liver weight and 

circulating aspartate transaminase (AST) levels. Finally, at the histological level KBP 

treatment reduced hepatic steatosis, ballooning and inflammation, hence resulting in a 

reduced NAS score in combination with a lowered fibrosis stage. 

In conclusion, KBPs induce and sustain weight loss, leading to improved metabolic 

parameters including food preference, and these are beyond those observed simply by diet-

induced weight loss. Additionally, these peptides are well tolerated when introduced by dose 

escalation. Finally, KBPs reduce liver steatosis in both obese and NASH rats, and 

importantly reduced inflammation and fibrosis scores in NASH, hence underscoring the 

DACRA potential as an anti-obesity agent with benefits on glucose control and NASH. 
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Dansk Resume 

 

Fedme og de associerede livsstilssygdomme, såsom type 2 diabetes (T2D), non-alkoholisk 

steatohepatitis (NASH), hjerte-karsygdomme og kræft er konsekvenser af den moderne 

stillesiddende livsstil. Behandlingen af fedme er begrænset til livsstilsinterventioner. I 

alvorlige tilfælde kan fedmekirurgi og nogle få farmakoterapier dog benyttes. Der er derfor 

intensiv søgen på nye lægemidler, der fokuserer på vægttab, insulinfølsomhed og lever 

patofysiologi. Amylin og/eller calcitonin receptor agonister såsom pramlintide og 

davalintide har vist potentiale i forbindelse med vægtreduktion i prækliniske modeller og 

kliniske forsøg, omend effekten på glukosemetabolismen var begrænset.  

Det overordnede formål med dette Ph.D. projekt var at undersøge den metaboliske effekt af 

kombinerede amylin og calcitonin receptoragonister (DACRA) behandling, hvor fokus var 

på vægttab samt glukoseregulering i forskellige prækliniske modeller for fedme, T2D og 

NASH.  

Hypotesen er, at en forlænget receptoraktivering vil forbedre effekten in vivo, og at de 

gavnlige effekter af DACRA behandling ikke kun er drevet af et reduceret fødeindtag samt 

vægttab. 

I denne række undersøgelser, var der fokus på de metaboliske effekter af behandling med 

de tre DACRA, KBP-042, KBP-088 og KBP-089. Effekten på kropsvægt og fedtvæv samt på 

glukosemetabolismen blev undersøgt i eksperimentelle rottemodeller med fedme, T2D og 

NASH fænotyper, og ligeledes undersøgtes det, om de gavnlige effekter alene skyldtes et 

reduceret fødeindtag med efterfølgende vægttab. Det er velkendt, at amylin injektioner 

inducerer en anorektisk effekt ved doseringsstart, hvorfor disse forsøg ligeledes er fokuseret 

omkring forskellige doseringsregimer – herunder dosiseskalering samt variabel 

doseringsfrekvens. Endelig har vi sammenlignet KBP-behandling med en 2. generations 

amylinanalog, davalintide, og kombinationen af en KBP og GLP-1-analogen, liraglutide. 

KBP peptiderne aktiverede både amylin og calcitonin receptorer in vitro meget potent, og 

ligeledes havde de en forlænget aktiveringen af receptorerne sammenlignet med 

davalintide. 

KBP-behandling havde en transient effekt på kalorieindtaget, inducerede og vedligeholdte 

et dosisafhængigt vægttab sammenlignet med ubehandlede rotter. Samtidig reducerede 

behandlingen den samlede mængde kropsfedt og størrelsen af fedtcellerne. KBP-behandling 

eliminerede den ophobning af fedt, der var i leveren og ligeledes forbedrede KBP-behandling 

hyperinsulinæmien og glukosetolerance i rotterne selv med væsentligt lavere insulin 

niveauer. I en hyperinsulinæmisk euglykæmisk clamp øgede KBP-behandling 

glukoseinfusionsraten, hvilket indikerer øget insulinfølsomhed. Endeligt forbedrede KBP-

behandling og glukosehomeostase og insulinvirkningen i T2D rotter. 
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For at undersøge om KBP-behandlingen havde effekter, der ikke kun var drevet af 

vægttabet, implementerede vi en vægt-matchet gruppe. Vægttabet i sig selv medført en 

forbedret glukosetolerance via sænkede insulinniveauer – disse var dog ringere end 

effekterne med KBP-behandling. 

Vi testede dosering hver og hver anden dag. Begge doseringsformer resulterede i samme 

vægttab ved afslutning. Ligeledes opnåede rotterne, der dosiseskaleredes, et lignende 

vægttab dog med en knap så kraftig reducering af fødeindtaget. 

Da vi kombinerede KBP og GLP-1 var effekten på akut fødeindtag overlegen sammenlignet 

med DACRA og GLP-1 hver for sig. I det kroniske behandlingsforsøg kombinerede vi KBP-

089 (1,25 ug / kg) og liraglutide (50 ug / kg). De reducerede kropsvægten i fede rotter med 

henholdsvis 8% og 2%, hvorimod kombinationen resulterede i en reduktion på 12%. 

Ydermere forbedrede kombinationen glukosetolerancen. 

I en rotte model med en NASH-lignende fænotype reducerede KBP-behandling 

levermarkører, leversteatosen samt ”ballooning” og inflammationen i leveren, hvilket 

resulterede i en sænket NAS score og et sænket fibrose niveau. 

Konklusionen er, at KBP-behandling var i stand til at sænke samt vedligeholde et 

substantielt vægttab, der medførte en række forbedrede metaboliske parametre. Disse 

gavnlige effekter var større end effekterne set med almindeligt vægttab. Ydermere var 

peptiderne tolerable selv i høje doser, når de introduceredes ved dosiseskalering. Endeligt 

forbedrede KBP-behandling leverstatussen, hvilket understreger potentialet af KBP-

behandling som pharmakoterapi til fedme og eventuelt T2D og NASH.   
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CHAPTER I 

I. Introduction 

Obesity   

Obesity and the development of the metabolic syndrome (MS) are major health concerns. 

The associated morbidities, such as cardio vascular disease (CVD), type 2 diabetes 

mellitus (T2D), metabolic disorders, certain cancers (i.e., endometrial, breast, colon)1, 

depression2,3, osteoarthritis, and infertility4 are among this century’s greatest health 

challenges5–8. Worldwide obesity has more than doubled since 1980. In 2014, 39% of the 

adult population were overweight, 13% obese, and most people worldwide live in 

countries where overweight kills more people than underweight. Unfortunately, adults 

are not the only affected by the cheap and easily accessible calories – 41 million children 

under the age of 5 were overweight or obese in 20149, underpinning the necessity for both 

prevention, management, and treatment of this pandemic.  

 

The Pathophysiology of Obesity 

Obesity is a multifactorial disorder. Due to an imbalance in energy consumption and 

expenditure, excessive fat accumulates and the pathogenesis involves both genetic, 

environmental, and behavioral factors. The most easily accessible measurement of 

overweight and obesity is the body mass index (BMI). Although not all phenotypes fit 

this index, it provides an apt surrogate for overweight and additionally for total body fat. 

In adults, except for those of Asian heritage10, a BMI from 25 to 29.9 kg/m2 indicates 

overweight, whereas a BMI >30 kg/m2 defines obesity9.  

The main role of adipose tissue is to store energy in the form of lipids and modulates the 

metabolism by releasing free fatty acids (FFA), pro-inflammatory cytokines and 

hormones11–13. In obese individuals many of these mediators are increased such as the 

inflammatory cytokines IL-6 and TNF-α, while the anti-inflammatory adipokine, 

adiponectin is diminished14,15. Interestingly, adiponectin has been found to protect against 

insulin resistance (IR) and CVD16, while FFA and pro-inflammatory cytokines promote the 

development of IR11,17,18. 

 

Impaired glucose uptake and Insulin Resistance 

Glucose is an essential substrate for the metabolism and homeostasis in eukaryotic cells 

and cannot passively diffuse through the cell membrane but requires facilitated transport 
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by glucose transporters (GLUT). 14 different GLUTs are known; however, the most well 

characterized are GLUT1-419. GLUT1 and GLUT3 are located in plasma membranes and 

facilitate maintenance of the basal rate of glucose uptake from the bloodstream20. GLUT2 

is expressed in hepatocytes and β-cells and the rate of glucose uptake is proportional to 

blood glucose concentrations. GLUT4 transporters are situated in skeletal muscle and 

adipose tissue and under normal conditions highly insulin sensitive19–21. Glucose is storage 

is facilitated mainly by skeletal muscle and adipose tissue; hence, GLUT4 is important in 

clearance of excess glucose in the bloodstream22. 

When insulin is secreted in response to nutrient ingestion, the binding of insulin to the 

receptors activates the IRS-PI3K-Akt pathway initiating glucose uptake. A phosphorylation 

inactivates the protein that prevents GLUT4 translocation, and thereby the cytoplasmic 

vesicles storing GLUT4 moves towards the cell surface and are fused with the membrane. 

Thus, insulin promotes the GLUT4 translocation from inner vesicles, resulting in increased 

GLUT4 expression on the cell surface, and thereby induce glucose uptake (Figure 1A)21,23,24. 

 

 
 

Figure 1. Simplified schematic illustration of insulin stimulated glucose uptake in peripheral tissues (A) under 

normal circumstances and (B) in insulin resistant peripheral tissues, where GLUT4 translocation fail. Figure is 
modified from Harrison's Principles of Internal Medicine, 17th Edition. 

 

Generally, the term insulin sensitivity is the ability of insulin to regulate the circulating 

FFA and glucose uptake, by stimulating disposal into skeletal muscle, inhibiting hepatic 

gluconeogenesis and the ability to suppress lipolysis in adipose tissue. In healthy 

individuals, there is a feedback regulation between the insulin sensitive tissues and the 

insulin producing β-cells as they increase insulin levels in response to the demand from the 

muscles, liver, and adipose tissue 25,26. When the feedback loop is damaged it will result in 

a deviating glucose tolerance27. IR is the reduced ability of insulin to promote glucose uptake 

in peripheral tissues28,29. Adipose and skeletal muscle cells require insulin to absorb glucose, 

and when these cells respond insufficiently to circulating insulin, GLUT4 will not 

translocate to the cell membrane resulting in rising glycemia (Figure 1B). The impaired 
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translocation of GLUT4 transporters is suggested to be linked to receptor desensitizing and 

deficiency in IRS-1 phosphorylation30. 

Under normal conditions, the liver is part of maintaining glucose homeostasis. In the 

presence of insulin, hepatic glucose production (HGP) is reduced – a reduction that may not 

occur in insulin resistant individuals29. This feedback loop regulating the interaction 

between the insulin-sensitive tissues and β-cells, as well as the relationship between insulin 

sensitivity and insulin secretion might explain the hyperinsulinemia in insulin resistant 

individuals compared to insulin-sensitive individuals28. IR reduces insulin-mediated 

suppression of lipolysis, hence elevating the FFA release into the circulation which are 

taken up by striated muscle where they inhibit insulin signaling and impair glucose uptake 

– as well as in the liver where increased FFA concentrations lead to an increase of the 

hepatic glucose output, and consequently to an increase in glucose load. The pancreatic β-

cells responds by increasing the insulin output thus further inducing hyperinsulinemia. 

Over time, the pancreatic β-cells re unable to meet the increased demand for insulin. This 

is partly due to induction of pancreatic islet β-cell apoptosis by prolonged exposure to FFAs. 

Subsequently diabetes will occur31.  

Metabolic overload will either increase the number of adipocytes (hyperplasia) or induce 

adipocyte enlargement (hypertrophy). Adipocyte hypertrophy is associated with 

macrophage infiltration in adipose tissue and development of inflammation impairing 

triglyceride deposition and increasing lipolysis. When the circulating amounts of lipids 

exceeds the adipose tissue uptake capability, fatty acids accumulate in tissues with confined 

capacity for lipid storage32,33. Lipids accumulate in the liver as lipid droplets and excessive 

lipid droplet accumulation will lead to cellular dysfunction. This observation was the basis 

of the lipotoxicity concept. The mechanisms are not fully understood, albeit the inhibition 

of glycolysis and insulin signaling pathway together with lipid accumulation, increased 

ROS, and mitochondrial dysfunction is known to affect IR negatively29,34. 

 

The Metabolic Syndrome  
 

Nearly 30 years ago Gerald Reaven suggested the existence of syndrome X that described 

the co-occurrence of a number of metabolic disorders such as hypertriglyceridemia, 

hypertension, reduced HDL-cholesterol, and hyperglycemia35 and IR was thought as the 

link connecting these metabolic abnormalities, hence triggered the name, the insulin 

resistance syndrome. Later on, the term metabolic syndrome was applied as further 

knowledge was obtained regarding the disproportionate FFA flux from excess adipose 

tissue, which was now believed to be a central the development of the syndrome. MS is a 

tool to help identify subjects in risk of developing T2D and CVD. MS is defined as a cluster 

of risk factors including central obesity, hypertension, dyslipidemia  (elevated triglycerides 

and reduced high density lipids (HDL) cholesterol), and hyperglycemia (Figure 2), which 
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increases the risk of CVD and T2D and ultimately death36–39. Clinically, the presence of 

three of the clinical signs would signify the presence of MS36,40. The definition of MS was 

designed to be applicable in clinical practice – a simplified structure with no requirements 

of advanced testing such oral glucose tolerance test (OGTT) or IR measurement using a 

hyperinsulinemic-euglycemic clamp technique.   

 
 

 
 

Figure 2. Cut-off values for the five risk factors that constitutes the metabolic syndrome36,40. 

 

Interestingly, the waist circumference ratio is population specific, and it is speculated that 

the genetic variation among ethnic groups might be the reason for the increased risk of 

developing T2D at lower BMI in Asian people compared to Caucasians41,42. Of note, a heavily 

increased waist circumference is associated with increased visceral fat43, and central obesity 

and intra-abdominal adiposity – independent of BMI – are profound risk factors for CVD 

and metabolic derangements44.  

 

Type 2 Diabetes Mellitus 
 

Diabetes is currently affecting the lives of more than 400 million people. Numbers are 

increasing and have doubled globally the past 30 years45. There are several forms of 

Diabetes Mellitus: type 1 Diabetes Mellitus (T1D) and T2D, which account for 5-10% and 

90-95%, respectively. Moreover, a minority of diabetic patients have gestational diabetes, 

and other types caused by genetic defects of the β-cell and insulin secretion etc.46. T1D, 

gestational diabetes and other types of diabetes are not further discussed in this thesis.  

Type 2 diabetes is on the rise worldwide. Unfortunately, it is believed that around 50% of 

people with pre-diabetes or T2D are undiagnosed47. T2D was previously thought to be a 

disorder of the elderly population, albeit with the increasing prevalence of obese individuals 

in all age groups, T2D is today diagnosed in children and adolescents46. T2D is a major 

Metabolic Syndrome 

is diagnosed in patients with presence of 3 out of 5 risk factors 
 

• Increased waist circumference (population specific,  

European values are > 94 cm in men, > 80 cm in women)   

• Elevated triglycerides (> 1.7 mmol/L),  

• Reduced HDL cholesterol  

(> 1.03 mmol/L in men, > 1.29 mmol/L in women)  

• Elevated blood pressure (systolic ≥ 130 mm Hg, diastolic ≥ 85 mm Hg) 

• Elevated fasting plasma glucose (> 5.6 mmol/L) 
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cause of morbidity and mortality and is one of the most challenging public-health problems 

worldwide; as many as 50% of all T2D patients are affected by cardiovascular complications 

such as heart attack and stroke that ultimately can be fatal 45,48. Diagnosis is established 

by documentation of abnormal glycemia. Diabetic patients are characterized by having both 

fasting and postprandial hyperglycemia. Previously, the diagnosis of T2D was based on 

plasma glucose criteria; the two-hour value in an oral glucose tolerance test (OGTT) or 

fasting plasma glucose (FPG) measurement. These were replaced by glycated hemoglobin 

(HbA1c) as the gold standard49–51. Cut off values are found in figure 3. However, a 

combination of HbA1c, FPG and OGTT test values for diagnosing and monitoring of T2D is 

still recommended.  

 

 
 

Figure 3. Cut-off values for Type 2 Diabetes (T2D) diagnosis. The diagnosis of T2D was previously based on the 

two-hour value in an oral glucose tolerance test (OGTT) or fasting plasma glucose (FPG) measurement, albeit 
presently glycated hemoglobin (HbA1c) is the gold standard for diagnosis45. 

 

Pathogenesis of Type 2 Diabetes Mellitus 

T2D is a complex polygenic disorder characterized by hyperglycemia caused by IR, loss of 

pancreatic β-cell secretory function and elevated HGP52. Furthermore, T2D is highly 

associated with obesity, impaired insulin action, hyperglucagonemia, and abnormalities of 

lipoprotein metabolism34,53,54. Due to the slow progression of T2D, it can be divided into a 

pre-diabetic state and a diabetic state; the pre-diabetic state is characterized by glucose 

intolerance and hyperinsulinemia. The diabetic state occurs when the secretory capacity of 

pancreatic β-cells is unable to compensate for the IR resulting in hyperglycemia55. The 

impaired secretory function of the β-cells and massive IR in peripheral tissues, such as 

muscle, liver and adipose tissue, cause increased fasting and postprandial glycemia and 

glucose intolerance56. Furthermore, the hyperglucagonemia in T2D patients will further 

lower the rate of glucose clearance57,58. 

Two different versions of T2D pathophysiology are described. One includes the preliminary 

development of IR followed by compensatory hyperinsulinemia and then progressive loss of 

pancreatic β-cell mass and function, resulting in hypoinsulinemia and chronic 

hyperglycemia59. The second enrolls β-cell dysfunction and β-cell death as initiating factors 

of T2D28,60. Usually, the circulating levels of insulin are elevated prior to the diagnosis of 

Type 2 Diabetes Mellitus   
Diagnosis Criteria 
 

• Fasting blood glucose > 7.0 mmol/L (126 mg/dL) 

• 75 g oral glucose tolerance test, 2 hour blood glucose > 11.1 mmol (200mg/dL) 

• Glycated hemoglobin (HbA1c) > 6.5%  (48 mmol/mol) 
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T2D; however, insulin levels will eventually decline as chronic glucotoxicity will cause 

pancreatic β-cell dysfunction and death61.  

Chronic hyperglycemia is associated with long-term damage, dysfunction, and failure of 

different organs resulting in increasing disability, reduced life expectancy and enormous 

health costs. Pancreatic β-cell destruction, liver lesions, neuropathy, muscle atrophy, 

nephropathy,  damaged micro vasculature, and atherosclerosis are some of the 

complications56,62–64. 

 

Pancreatic hormones 

The human pancreas consists of both an endocrine and an exocrine gland. The exocrine 

secretes enzymes and bicarbonate, neutralizing gastric acid, into the duodenum aid 

digestion of consumed nutrients. The endocrine multi cellular mini-organs, islets of 

Langerhans, are highly vascularized and innervated and make up 1-2% of the pancreatic 

mass65. Each of the Islets of Langerhans includes at least five hormone secreting cell types: 

α-cells, β-cells, δ-cells, PP cells and ε-cells producing glucagon, insulin and amylin, 

somatostatin, pancreatic polypeptide, and ghrelin, respectively. These multi cellular 

structures are responsible for the regulation of glucose homeostasis, most dominantly 

insulin and glucagon (Table 1). Pancreatic islets are regulated by paracrine, autocrine, and 

endocrine signaling and by sympathetic, parasympathetic and sensory nerves placed deeply 

into the islets. Thus, multiple regulation factors determines hormone release from the islets 

of Langerhans60,66,67.  

Insulin is an anabolic hormone and the principle hormone capable of lowering glycemia68. 

Insulin synthesis and secretion from β-cells are mainly regulated by circulating 

concentrations of glucose – hyperglycemia stimulates insulin release69. Intracellular glucose 

enters glycolysis and glycogenesis and the produced adenosine triphosphate (ATP) from 

glycolysis blocks the ATP-sensitive potassium channels resulting in a decreased K+ efflux 

that will depolarize the membrane opening the voltage-dependent Ca2+ channels. The 

increased cytoplasmic Ca2+ triggers insulin secretion by exocytosis in a biphasic 

response70,71. Insulin contributes to the maintenance of glucose homeostasis by stimulating 

glucose uptake in peripheral tissues and by inducing glycolysis, glycogenesis and 

lipogenesis, while suppressing HGP72. 
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Hormone Cell Target tissue In response to Main effects in healthy subjects 
Insulin β-cells Skeletal muscle, 

adipose tissue,  

liver and kidney 

Hyperglycemia Anabolic effect, blood glucose ↓, glycolysis ↑, 

glycogenesis ↑, lipogenesis ↑  

Glucagon α-cells  Liver  Hypoglycemia Catabolic effect, blood glucose ↑,  

gluconeogenesis ↑, glycogenolysis ↑ 
Amylin  
  

β-cells  

(co-

secreted 

with 

insulin) 

Skeletal muscle, 

brain and kidney  
Hyperglycemia Gastric acid secretion and gastric 

emptying↓ 

Induces anorexia, glucose release and 

hepatic glucose production in the 

postprandial period ↓ 
 

Table 1. Overview of important pancreatic glucoregulatory hormones. References 67,73–76 

 

Glucagon is a catabolic hormone synthesized by the α-cells, which maintain glucose 

homeostasis during fasting and exercise72. α-cells are highly sensitive to glucose levels and 

hypoglycemia stimulates glucagon release67,69. As with insulin, the increased intracellular 

ATP blocks the ATP-sensitive potassium channels resulting in a decreased K+ efflux and 

depolarization of the membrane opening the voltage-dependent Ca2+ channels and glucagon 

is released69. Glucagon is suppressed by hyperglycemia hence per se inhibited by insulin67,77. 

Finally, glucagon inhibits glucose uptake, stimulates lipolysis and provokes the release of 

FFA from adipose tissue as well as increases gluconeogenesis and glycogenolysis are 

stimulated while glycolysis in liver is suppressed78.  

Amylin is synthesized in the β-cells and co-secreted with insulin in response to nutrients 

exerting complementary prandial actions to insulin79,80. Amylin contributes in the control 

of carbohydrate metabolism and has several biological effects and high affinity sites are 

located in the brain, kidney and skeletal muscle75.  The pharmacological and physiological 

actions of amylin are described in the section of target receptors and ligands. 

 

Nonalcoholic Fatty Liver Disease 
 

Nonalcoholic fatty liver disease (NAFLD) is believed to be the hepatic manifestation of MS81. 

NAFLD is characterized by excessive fat accumulation in the liver in the absence of 

excessive alcohol consumption or any other specific causes of hepatic steatosis82. A lipid 

accumulation of at 5-10% of the liver weight is classified as NAFLD83.  

NAFLD is closely related to IR, and thus frequently occurs at the initial part of MS84. The 

pathologic spectrum of NAFLD comprises four different stages: non-alcoholic fatty liver 

(NAFL), NASH, fatty fibrosis and cirrhosis (Figure 4).  

The mild NAFL is characterized by the presence of fat with or without mild local necrosis 

and inflammation. While this harmless first stage is not correlated with increased short-

term morbidity or mortality, it can progress into NASH dramatically increasing the risks of 
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cirrhosis, liver failure, and hepatocellular carcinoma82,85,86. Besides excessive liver steatosis, 

NASH is characterized by hepatocellular ballooning and inflammation, and may progress 

more rapidly to hepatic fibrosis including steatohepatitis and portal fibrosis. Finally, 

cirrhosis is described as steatohepatitis with fibrotic septum around regenerative nodules 

of parenchyma87.  

 
 

 

Figure 4. Spectrum of nonalcoholic fatty liver disease (NAFLD). Schematic illustration of the development of 

NAFLD. A healthy liver becomes steatotic when fat accumulates. When inflammation occurs the steatotic liver 

progresses to the next stage, steatohepatitis (NASH) that can progress into fatty fibrosis and ultimately cirrhosis and 

hepatocellular carcinoma (HCC). Figure from88. 
 

NAFLD and NASH are the number one cause of liver disease in the western countries89. 

The incidence of NAFLD has doubled during the last 20 years corresponding to the increase 

in obese individuals, while the prevalence of other chronic liver diseases has remained 

stable or even decreased90. 

 

Pathogenesis of Nonalcoholic Steatohepatitis  

When the balance between lipid uptake and utilization is impaired, lipids accumulate in 

the liver. NAFLD patients have an increased hepatic de novo lipogenesis and secretion of 

very low density lipoproteins from the liver resulting in dyslipidemia characterized by 

increased circulating levels of triglycerides and cholesterol91. Ectopic lipid accumulation in 

the liver is both a consequence of and a marker for systemic IR and MS92. Metabolic 

overload; however, is not the only cause of hepatic lipid accumulation. Since multiple 

metabolic pathways have limited capacity, intermediate lipid products can also cause lipid 

accumulation. The mechanisms include: reduced oxidation of FFAs secondary to decreased 

expression of peroxisome proliferators activated receptor (PPAR)-α; impaired mitochondrial 

β-oxidation; increased de novo lipogenesis mediated via PPAR-γ and sterol responsive 

element binding protein (SREBP)-1c; and increased hepatic lipolysis93–98. Nevertheless, 

when the limit of mitochondrial oxidative capacity is reached peroxisomal β-oxidation will 

increase, hence creating ROS. Peroxisomal β-oxidation does not degrade fatty acids 

completely but only acts chain-shortening creating toxic lipids99–101 and palmitate that are 

routed into other pathways e.g. ceramide synthesis.  
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IR, oxidative stress, hepatic stellate cell (HSC) activation, inflammation and genetics are 

key factors in the pathogenesis and development of NASH (Figure 5)102,103. ROS production 

causes apoptosis and combined with the accumulated lipid by-products, inflammation is 

induced and HSC are activated potentially leading to NASH and possibly fibrosis104. In a 

normal liver, Kupffer cells105, dendritic cells and regulatory T cells106 maintain the healthy 

non-inflamed phenotype of the liver. During NASH development macrophages and 

neutrophils107 are recruited to the liver and in conjunction with high lipid content dendritic 

cells among others these immune cells are contributing to the development of inflamed liver 

phenotype. IR coupled with oxidative stress may be the underlying mechanism responsible 

for lipid accumulation and disease progression. 

 

 

Figure 5. Fatty acids are delivered to the liver from adipose tissue and dietary sugars are turned into fatty acids in 

the liver. Excessive supply of dietary sugars and fatty acids are involved in the pathogenesis of nonalcoholic fatty 

liver disease. Insulin resistance, substrate overload, oxidative stress, hepatocellular injury, inflammation, and 

apoptosis produce the histological phenotype called nonalcoholic steatohepatitis that can evolve into fibrosis and 

possibly cancer. Figure from Neuschwander-Tetri, 2017108. ACC, acetyl-Coenzyme A carboxylase; DNL, de novo 

lipogenesis; FAS, fatty acid synthetase; HCC, hepatocellular carcinoma; OSA, obstructive sleep apnea; PNPLA3, 

patatin like phospholipase domain containing 3; SCD, stearoyl-Coenzyme A desaturase; SREBP1c, sterol response 
element binding protein-1c; VLDL, very low density lipoprotein. 

 

Previously, insulin-sensitizing agents such as Thiazolidinediones have therefore been the 

most promising drugs for NAFL and NASH as these therapeutics have shown convincing 

reductions in aminotransferase levels, hepatic steatosis and improved histology109–112. Both 

cytoprotective agents and antioxidants have been considered as treatments; however, they 
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exhibit limited efficacy. Furthermore, in selected patients, lipid lowering drugs and iron 

depletion may be appropriate options113. The fact remains that there is no optimal 

treatment for these diseases, and thus novel anti-steatotic treatments that relieves IR and 

reduces body weight are intensively sought.  

 

Current Treatment Possibilities 
 

The following section describes the current treatment possibilities for obesity, T2D and 

NAFLD. Treatment of obesity is in most cases limited to lifestyle interventions, which is 

also first line therapy for T2D and NAFLD/NASH. Currently, there are no 

pharmacotherapies available for NAFLD and the search for relevant anti-steatotic drugs 

with effects on hepatic fatty fibrosis is intense.  

 

Obesity 

Obesity is a prevalent health challenge irrespective of gender, ethnicity, and age, affecting 

millions worldwide. Treatment of obesity is in most cases limited to lifestyle interventions; 

the comprehensive lifestyle consists of hypocaloric dieting, exercise, and behavioral 

strategies114. Many different diets and exercise styles are suggested worldwide and humans 

are constantly reminded of the healthy lifestyle they are supposed to live. Actually, a 

Mediterranean diet has been shown to be a proper alternative to a western diet115 and 

furthermore, early studies suggest that weight loss is easier obtainable in groups116. Despite 

this, the fact remains that the number of obese people is increasing, and even though 

exercise and a healthy diet form the first line of therapy to prevent obesity and related 

morbidities, we need additional tools to fight obesity for obvious health and life quality 

reasons as well as economic reasons. The obesity epidemic has a marked impact on the 

global socioeconomic state that can be translated into enormous direct and indirect annual 

costs including sick days, and lack of productivity. Besides economy, there are social 

implications of obesity e.g. discrimination, inequality, and psychological burdens117.  

When lifestyle interventions fail, bariatric surgery and a few pharmacotherapies are 

available although these are only used in cases of severe obesity118. Table 2 summarizes the 

pharmacotherapies currently available. The obesity pandemic and the numerous co-

morbidities have turned the focus on more invasive and aggressive therapies. The most 

effective treatment of obesity and T2D is bariatric surgery119–121, hence this method is 

trending as a therapeutic option. However, considering the peri- and postoperative hazards, 

less invasive treatments could be favorable. 
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Class Agent Route of Administration Mechanism Of Action 
Lipase inhibitors orlistat Oral Lipid degradation and 

uptake ↓ 
Amphetamine 

derivative/ GABA 

inhibitor  

phentermine/ 

topiramate 
Oral Food intake ↓ 

Possibly energy 

expenditure ↑  
Dopamine reuptake 

inhibitors/ Opioid 

antagonists 

bupropion/ 

naltrexone 
Oral Food intake ↓ 

  

Subtype-selective 

serotonin receptor 

agonist  

lorcaserin Oral Food intake ↓ 
  

GLP-1 analogue liraglutide Subcutaneous injection Food intake ↓ 

gastric emptying rate ↓ 
 

Table 2. Current approved pharmaceutical treatments against obesity. Inspired by122. GABA, γ-aminobutyric acid; 

GLP-1, glucagon-like peptide-1. 

 

Anti-obesity pharmacotherapy has been disappointing in terms of safety, efficacy, and long-

term maintenance profile. Several promising drugs have been developed with pronounced 

efficacy in vitro, and in animal models and humans, albeit only a few of these are presently 

available on the market. Several candidates such as the serotonin releasers, fenfluramine 

and dexfenfluramine123, and the selective serotonin and norepinephrine reuptake inhibitor, 

sibutramine124, were associated with unacceptable side effects and withdrawn. 

Furthermore, cannabinoid receptor antagonist rimonabant was also removed as it was 

associated mood-related side effects125. Lorcaserin (Belviq)126,127 and phentermine/ 

topiramate combination (Qsymia)126,128 are both approved in US; however, they are not 

approved in Europe also due to safety concerns. As of current, orlistat, phentermine/ 

topiramate, bupropion/naltrexone, lorcaserin, and liraglutide are available in the United 

States, whereas only orlistat, bupropion/naltrexone, and liraglutide are available as anti-

obesity pharmacotherapies in Europe, hence novel drug targets with an improved safety 

profiled are sought. Ideally, an anti-obesity treatment should not only reduce body weight 

but preferably also target some of the other MS risk factors such as fasting and postprandial 

hyperglycemia, IR and dyslipidemia, hence making KBPs a potential candidate.  

 

Type 2 Diabetes Mellitus 

Table 3 summarizes the pharmacological treatment possibilities for T2D including drug 

class, route of administration, mechanisms of action, and the associated side effects. There 

are multiple insulin therapies available – short acting, long acting and rapid acting as well 

as various premixed combination, and not all the different agents are listed. First line 

therapy is focused on treating the underlying obesity and IR with life style changes 

including weight loss, dieting, and exercise as described for obesity above129–133. As life style 

interventions become insufficient, drug therapy is applied134,135. An ideal anti-diabetic 

therapeutic approach should not only improve fating and postprandial hyperglycemia, but 
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also reduce body weight and change eating behavior. Traditionally, anti-diabetic treatments 

have been focused on correcting insulin deficiency with exogenous insulin and stimulating 

the insulin secretion from the β-cells. Presently, several oral anti-diabetic agents are 

available, which are able to improve glycemic control136–138. The major classes of oral 

therapeutics include Sulfonylureas, Meglitinides, Biguanides, Thiazolidinedione, α-

glucosidase inhibitors, dipeptidyl peptidase-4 (DPP-4) inhibitors, and sodium-glucose co-

transporter (SGLT2) inhibitors. Sulfonylureas and Meglitinides enhance insulin 

secretion136,139,140, while both Thiazolidinediones and Metformin improve peripheral insulin 

sensitivity. Thiazolidinediones stimulate adipogenesis hence increasing the number of 

insulin sensitive cells and thus glucose transport activity138, and Metformin decreases the 

endogenous glucose production thus reducing hyperglycemia141. Additionally, SGLT2 

inhibitors provide an insulin-independent reduction in blood glucose by blocking renal 

reabsorption of glucose. Unfortunately, some of these oral agents are associated with 

unwanted side effects like hypoglycemia, weight gain and even heart failure142. 

Another approach for treating T2D is to resemble mechanisms of action of the gut-derived 

hormone, glucagon-like peptide-1 (GLP-1), and the pancreatic glucoregulatory hormone, 

amylin143–145. These agents control food intake and induce weight loss. Interestingly, amylin 

and mimetics are unable to improve FPG alone and are therefore administrated in 

combination with insulin analogs146–148. Finally, DPP-4 inhibitors indirectly upregulate the 

concentration of GLP-1 by inhibiting the breakdown of GLP-1 by DPP-4149. These agents 

have no markedly adverse effects such as hypoglycemia or weight gain; some even stimulate 

body weight loss150,151.  
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Class Agents Mechanism of action Side effects  

Sulfonylureas 

(oral) 

Glyburide 

Glipizide  

Gliquidone  

Glyclopyramide  

Glimepiride  

Gliclazide  

Insulin secretion ↑ Risk of 

hypoglycemia, 

occasionally severe 

Meglitinides 

(oral) 

Repaglinide  

Nateglinide 

Insulin secretion ↑  

(more rapid onset and shorter 

duration of action than sulfonylureas)  

Lower risk of 

severe 

hypoglycemia than 

sulfonylureas  

Biguanide 

(oral) 

Metformin Counters insulin resistance, EGP ↓  Lactic acidosis 

(rare)  

Thiazolidinediones Rosiglitazone 

Pioglitazone 

Insulin sensitivity ↑  

(peripheral glucose utilization ↑)  

Edema, heart 

failure, weight 

gain,  

bladder cancer, 

fractures  

α-Glucosidase 

inhibitors  

(oral) 

Acabose 

Miglitol 

Carbohydrate digestion rate ↓  Gastrointestinal 

adverse effects 

DPP-4 inhibitors 

(oral) 

Sitagliptin 

Saxagliptin 

Vidagliptin 

Linagliptin 

Alogliptin 

Glucose-dependent insulin secretion 

↑, glucagon secretion ↓  

  

Nausea, drug 

interactions 

dependent on 

hepatic metabolism 

of individual 

agents 

SGLT-2 inhibitors 

(oral) 

Canagliflozin 

Dapagliflozin 

Empagliflozin 

Glucosuria ↑ 

blocking (90%) of renal glucose 

reabsorption 

Ketoacidosis (rare) 

Genital mycosis 

Bone fractures 

Insulin  

(injection)  

 

Short-Acting 

Long-Acting 

Rapid-Acting 

Pre-Mixed 

Combinations 

Peripheral glucose utilization ↑,  

hepatic glucose output and lipolysis ↓   

Risk of episodes of 

severe 

hypoglycemia, 

especially when 

achieving glycemic 

target, weight gain  

GLP-1 analogues  

(injection) 

  

Liraglutide 

Exenatide 

Dulaglutide 

Lixisenatide 

Glucose-dependent insulin secretion 

↑, glucagon secretion ↓, satiety ↑,  

gastric emptying rate ↓ body weight ↓ 

Nausea 

  

Amylin analogue 

(injection) 

  

  

Pramlintide Glucagon secretion ↓, satiety ↑,  

gastric emptying ↓, only approved 

with simultaneous insulin treatment,  

body weight ↓   

Possible reaction at 

injection site. Risk 

of hypoglycemia, 

nausea  
 

Table 3. Available anti-diabetic treatments. Route of administration are in brackets. DPP-4, dipeptidyl peptidase-4; 

SGLT2, sodium-glucose co-transporter; GLP-1, glucagon-like peptide-1; EGP, endogenous glucose production. 
Inspired by136–138.  
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Nonalcoholic Steatohepatitis  

NAFLD is increasingly becoming common in parallel with the prevalence of obesity and 

MS83,152. The harmless and often undetected NAFL progresses into NASH and further to 

fibrosis and possibly cirrhosis, and NAFLD is projected to be the leading cause of liver 

transplants in the future153. Lifestyle modifications focusing on healthy eating, weight loss 

and regular exercise is also the cornerstone of NAFLD therapy in adults154–156 and 

children157. Bariatric surgery has been shown to reverse NASH and even substantial 

fibrosis158,159; however, surgery is only performed in a minority of the patients and is 

associated with peri- and postoperative hazards, hence there is clearly a need for 

pharmacological therapies to treat NASH160,161. Recent trial results were reviewed by Brent 

Neuschwander-Tetri and figure 6 is an organized overview of the multiple potential points 

of attack in NASH treatment108.  
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Figure 6. A schematic model of potential therapy targets. The red arrows are inhibitory approaches; green arrows 

are possible advantageous redirection of metabolic substrates. Figure created by Neuschwander-Tetri, 2017108. ACC, 

acetyl-Coenzyme A carboxylase; CCR2/5, chemokine 2 and chemokine 5 receptors; DNL, de novo lipogenesis; FXR, 

farnesoid X receptor; GLP-1, glucagon-like peptide-1; PPAR, peroxisome proliferator-activated receptor; SREBP1c, 

sterol response element binding protein-1c; FAS, fatty acid synthetase; SCD, stearoyl-Coenzyme A desaturase. 

 

There are no approved pharmacotherapies for NASH. Clinical trials have addressed 

modulation of several pathways, and currently, there are anti-NASH candidates 

undergoing pivotal phase 3 clinical trials. Table 4 is a simple overview of drug candidates 

targeting NASH, which are most advanced in the clinical evaluation. As there are 

numerous candidates/drug classes under investigation, not all of them are described in 

detail in this thesis. 

The PPAR family senses present lipophilic molecules and regulate gene expression 

accordingly. PPARα upregulates hepatic oxidative metabolism and PPARδ does that in 

muscle. Elafibranor, a PPARα/δ ligand, was evaluated in a phase 2 clinical trial (GOLDEN) 
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and appeared to relieve NASH and fibrosis162, and these findings led to initiation of a phase 

3 trial. Further, PPAR-γ agonists pioglitazone109,110 and rosiglitazone111 have shown 

beneficial effects on the histologic features of livers in patients with NASH. 

A different approach to modulate metabolism was evaluated in the FLINT trial namely the 

farnesoid X receptor (FXR) ligand, obeticholic acid (OCA). The bile-acid-activated nuclear 

receptor, FXR, plays a pivotal role in the regulation of bile acid, lipid and glucose 

homeostasis as well as the regulation of inflammatory responses163. Recently, OCA was 

approved to treat primary biliary cholangitis164; however, at a lower dose compared to doses 

used in the FLINT trial where treated patients improved the composite NAFLD activity 

score (NAS) and their hepatic fibrosis165. This drug is also moved into phase 3. 

A phase 2 clinical trial evaluating the inhibitor of apoptosis signal-regulating kinase 1 

(ASK1), a protein that promotes inflammation, apoptosis and fibrosis during oxidative 

stress, selonsertib, was recently completed, and the preliminary analysis showed that 

patients receiving selonsertib demonstrated decreased hepatic steatosis and decreased 

fibrotic stage166–168 and the drug is initiating phase 3. 

GLP-1 analogue, liraglutide, is used to treat obesity and T2D but has also been evaluated 

in a small trial (LEAN) with NASH patients169 where they found histological resolution of 

NASH. The DPP-4 inhibitor, sitagliptin, is used in T2D management; however, it did not 

significantly improve liver histology or transaminase levels in NAFLD patients170. 

Preliminary studies investigating cenicriviroc – an antagonist of the chemokine 2 and 

chemokine 5 receptors – suggest improvements in fibrosis171,172 and other anti-

inflammatory agents have been under investigation173,174.  

 

  



              I. Introduction 

 

29 

Class Agent Clinical trial advancement 

FXR agonist Obeticholic acid, Ocaliva Phase 3, recruiting, FDA fast track status  

FXR agonist GS-9679 Phase 2b, recruiting, FDA fast track status 

PPARα/δ agonist GFT-505, Elafibranor  Phase 3, recruiting, FDA fast track status 

CCR2/5 antagonist Cenicriviroc  Phase 3, initiating, FDA fast track status  

ASK1 inhibitor GS-4997, Selonsertib Phase 3, initiating 

Galectin inhibitor GR-MD-02 Phase 2b, ongoing, FDA fast track status 

FGF21 BMS-986036 Phase 2b, ongoing 

Fatty acid bile acid 

conjugate 

Aramchol Phase 2b, ongoing 

Caspase inhibitor IDN-6556, Emricasan Phase 2b, recruiting  

mTOT insulin sensitizer MSDC-0602 Phase 2b, recruiting 

ASBT inhibitor Volixibat Phase 2b, ongoing, FDA fast track status 

GLP-1 analogue Semaglutide Phase 2b, recruiting 

GLP-1 analogue Liraglutide Phase 2 

Anti-LPS antibody Imm124-E Phase 2b, recruiting  

PPARα/γ agonist Saroglitazar Phase 2b, initiating 

PPARα/δ/γ agonist IVA-337 Phase 2b, initiating 

Table 4: Schematic presentation of some of the drug candidates targeting nonalcoholic steatohepatitis (NASH). Only 

drugs in phase 2b or farther clinical trial are mentioned. ASBT, apical sodium-dependent bile acid transporter; ASK1, 

apoptosis signal-regulating kinase 1; CCR2/5, chemokine 2 and chemokine 5 receptors; FGF21, fibroblast growth 

factor-21; GLP-1, glucagon-like peptide-1; mTOT, mitochondrial target of thiazolidinedione insulin sensitizers; 
PPAR, peroxisome proliferator-activated receptor. References175,176,166 

 

Currently, therapies are focused on downstream events of liver injury such as inflammation 

and fibrogenesis. It perhaps would be of interest to target upstream events such as weight 

loss, control of satiety mechanisms, energy efficiency177,178, hence possibly preventing the 

prevalence of progression into fibrosis and cirrhosis and targeting the core of MS. This 

makes liraglutide and potentially KBPs relevant for the treatment of NASH. 

 

Target Receptors  
 

The Key Bioscience peptides (KBP) are dual agonists that activate both the calcitonin 

receptor (CTR) and the amylin receptors (AMY-R).  

The CTR receptor is located in various tissues. It is found in bone and has been 

demonstrated transcribed in rat brain, skeletal muscle, kidney and lung using RT-PCR 

technique179. The CTR is a seven transmembrane G-protein coupled receptor (GPCR) from 

the family B (Secretin family of 7 transmembrane receptors) of GPCRs. These receptors 

activate adenylyl cyclase and the phosphatidyl-inositol-calcium pathway180. In general, 

GPCRs sense extracellular ligands followed by an activation of the inside signaling 

pathways initiating a cellular response. When activated by an extracellular ligand, the 

GPCR undergoes a conformational change allowing the GPCR to act as a guanine nucleotide 

exchange factor, thus activating the G protein. The α-subunit dissociates from the β and γ-

subunits to further affect intracellular signaling. GPCRs are found only in eukaryotes181. 

The CTRs increase intracellular cyclic adenosine monophosphate (cAMP) concentration for 



              I. Introduction 

 

30 

signaling, hence activating the adenylate cyclase182. Additionally, the CTR can induce 

intracellular Ca2+ levels activating phospholipase C for signaling180,182. Finally, the CTR can 

activate the mitogen-activated protein kinase pathway, which is important in the regulation 

of cellular differentiation, proliferation and transformation183.  

The AMY-R is formed when the receptor activating modifying proteins (RAMPs) associate 

with the CTR (Figure 7), and high affinity sites for amylin are localized in the brain, kidney 

and skeletal muscle75. The RAMP modifies the properties of the CTR to a high-affinity 

receptor for amylin184,185. The RAMP family consists of three members – three single 

transmembrane domains (RAMP1, RAMP2 and RAMP3)75,180,186. RAMPs form complexes 

with GPCRs altering their trafficking, ligand affinity, pharmacology, and/or signaling 

capabilities, and thereby, providing a mechanism diversity in the calcitonin peptide family 

receptors187–190. RAMP1 and RAMP3 creates a high-affinity AMY-R when associating with 

the CTR75,183,185. The CTR can associate with RAMP2; however, the physiological relevance 

of this complex is not that well described.  

 

 
 

Figure 7. A schematic illustration of the calcitonin and the amylin receptors, which are formed by the interaction of 

the calcitonin receptor with RAMP1, RAMP2, or RAMP3 to generate the AMY1, AMY2, or AMY3 receptors. AMY, 
amylin; RAMP, receptor activity-modifying protein. Figure from186. 
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The Calcitonin Peptide Family 

 

The calcitonin peptide family is a family of proteins, including amylin, adrenomedullin, 

calcitonin gene-related peptide (CGRP) and intermedin191,192. Table 5 is a schematic 

overview of the calcitonin peptide family. This family of peptides share some structural 

homology; however, only little amino acid sequence homology is shared180. Adrenomedullin, 

CGRP and intermedin that do not target the CTR/AMY-R are not discussed in detail in 

thesis.  

 

 

Peptide Length Secreted by Receptor Pharmacological effects in 

humans 

hCT 32 aa  C-cells in the thyroid 

gland 
CTR Bone resorption ↓  

sCT 32 aa  Ultimopharyngeal 

body 
CTR  
AMY-R 

Bone resorption ↓ gastric acid 

secretion ↓ gastric emptying↓ 

renin secretion, plasma lactate↑ 

Amylin 37 aa Co-secreted with 

insulin by the 

pancreatic β-cells 

AMY-R  
(CTR + 

RAMP1 or 

RAMP3) 

Gluconeogenesis in skeletal  

muscle ↓ renin secretion ↑  

glucagon secretion ↓ gastric 

emptying ↓ plasma lactate↑  
α-/β CGRP 37 aa Peripheral neurons, 

central neurons and  

C-cells in the thyroid 

gland  

CLR + 

RAMP1 
Vasodilatory, renin secretion ↑  

neuro-transmission, elevated 

during migraine  

Adrenomedullin 52 aa Adrenal medulla, 

vascular endothelial 

cells, smooth  

muscle cells, 

cardiomyocytes, 

fibroblasts, 

macrophages, 

neurons, glial cells and 

retinal pigment 

epithelial cells 

CLR + 
RAMP2 or 

RAMP3 

Vasodilatory, diuretic, 

bronchodilatory 

Intermedin  47 aa Pituitary gland and 

the  

digestive tract 

CLR + 
RAMP1 or 

RAMP3 

Food intake↓,  

gastric emptying ↓ 
 

Table 5. Schematic overview of the calcitonin peptide family. Inspired by following papers75,76,136,180,182,191–198.  hCT, 

human calcitonin; sCT, salmon calcitonin; aa, amino acids; AMY-R, amylin receptor; CTR, calcitonin receptor; RAMP, 
receptor activity-modeling protein; CGRP, calcitonin-gene related peptide; CLR, calcitonin like receptor. 

 

Calcitonin  

Calcitonin is a 32-amino acid linear polypeptide hormone that is produced in C-cells of the 

thyroid in response to increased plasma Ca2+ concentration199. Copp and colleagues first 

discovered calcitonin in 1961, and its effect in calcium homeostasis was elucidated one year 

later200. Calcitonin was classified as a hypocalcemia agent reducing Ca2+ concentrations in 
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the blood, opposing the parathyroid hormone effect199–201. Calcitonin has been discovered in 

fish, reptiles, birds and mammals; however, the physiologic role of calcitonin is not 

completely known194 – known pharmacological and physiological properties of calcitonin are 

presented in table 6.  

 

Body function Pharmacological effect Physiological effect in humans  
Calcium homeostasis Alleviate hypercalcemia Alleviate hypercalcemia 
Bone resorption Inhibition ? 
Pain  Analgesic ? 
Insulin secretion Insulinostatic ? 

Table 6. Overview of pharmacological and physiological effects of calcitonin. References 201–215 

 

Salmon calcitonin (sCT) – a teleost member of the calcitonin family – was isolated in 

1968216,217. The teleost/avian calcitonins are the class with most interest due to their high 

potencies and ability to induce a prolonged effect in contrast with mammal calcitonins. sCT 

was found to have superior potency compared to other known types of calcitonin218. The 

amino acid sequence similarity to human calcitonin (hCT) is approximately 50%. sCT and 

hCT share physical/chemical properties depending on the setup and the duration of the 

experiment.  Interestingly, the intrinsic potency of sCT is significantly higher compared to 

hCT219. Moreover, activation of the CTR by sCT induces a prolonged response able to persist 

for up to 72 hours in vitro220. 

Since its characterization, calcitonin has been implicated in a wide range of biological and 

pharmacological activities, and its pharmacological properties have been used in humans 

to treat osteoporosis since more than 40 years ago201,221,222 due to preservation of bone 

mineral density 194,223, and suppression of kidney calcium secretion179. Osteoporosis is a 

common disease in post-menopausal women caused by decreased estrogen levels causing 

altered bone remodeling and increased risk of fragility fractures. Bone remodeling is the 

equilibrium between resorption by osteoclasts and formation by osteoblasts224. 

Furthermore, sCT is used for treatment of Paget’s disease, phantom limb pain, and bone 

associated pain due to its powerful analgesic effect194,225, which has also been shown for 

human and porcine calcitonin211,212,226. 

In contrast to calcitonin pharmacology, determining calcitonin physiology has been more 

challenging. Several reviews have tried to elucidate the physiological role of calcitonin; 

however, with limited success. Using antagonist and knockout models have only yielded 

modest conclusions and perhaps the sparse knowledge of physiological roles is due to the 

fact that no syndromes, conditions or diseases occurs exclusively from excess calcitonin or 

deficiency227–229. What is suggested is that during pregnancy and following lactation period, 

calcitonin is elevated in rodent and human205,230, and thus a physiological role has been 

proposed231. Moreover, CTR knockout mice had increased calcium levels for a prolonged 

period following calcitriol induced hypercalcemia, hence suggesting a physiological role of 

calcitonin during calcium stress203,204. Hypercalcitoninemia has been associated with 
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thyroid carcinomas232, and further, calcitonin has been suggested to centrally regulate bone 

metabolism through as the CTR is highly expressed in the hypothalamus221.  

Amylin 

Amylin is a 37-amino acid hormone synthesized in the β-cells and co-secreted with insulin 

in response to nutrients exerting complementary prandial actions to insulin79,80. Amylin 

was initially identified with two different names: Insulinoma amyloid peptide (IAPP)233 and 

amylin234. Currently, IAPP is used to describe the fibrillous plaques formed in the β-cell 

during the pathogenesis of T2D, whereas amylin is the designation for the circulating 

peptide hormone. In contrast to rodent amylin, primate and feline amylin can aggregate 

and forms fibril-like structures known as amylin plaques235. These fibrils are believed to 

have an impact on islet death and T2D236. 

The physiological and pharmacological effects of amylin are not always easily distinguished. 

Table 7 is an overview of pharmacological and physiological properties of amylin. Most 

pharmacological effects of amylin are associated with the control of eating and influx of 

nutrients into circulation as amylin suppresses food intake, gastric acid secretion, delays 

gastric emptying and diminishes hyperglucagonemia and digestive enzyme secretion and 

thus controlling nutrient appearance and prandial glycemia237–240. Amylin actions are 

thought to be centrally mediated by receptors in the area postrema of the brain241,242, which 

appear to be responsible for the direct anorectic effect243, albeit also other brain areas are 

suggested to be facilitating the neuronal response of amylin240,244,245. Additionally, the 

amylin actions in the area postrema is modulated by glucose – increased glucose 

concentrations potentiate the neuronal response246 and decreased glucose concentrations 

suppressed amylin effect on gastric emptying247. Besides the high affinity sites in the brain, 

kidney and skeletal muscle also have high affinity sites for amylin75. In muscles, amylin 

opposes glycogen synthesis and activates glycogenolysis79. Furthermore, amylin likely 

stimulates lactate flux, and thus is suggested to have an effect of transposing carbon from 

peripheral stores to the liver, making it available for glucose, glycogen and lipid 

synthesis79,198.  

Acutely, amylin induces IR in skeletal muscle, but does not alter insulin action in fat and 

might favor energy deposition in adipose tissue79,248. Amylin inhibits insulin secretion from 

β-cells76,249 and this reduced insulin secretion in combination with IR in skeletal muscle, 

relatively preserved insulin sensitivity in adipose tissue, increased lactate turnover, and 

increased HGP are features in IR and early T2D79. Like fasting insulinemia, fasting plasma 

levels of amylin are elevated in obese individuals, and high plasma concentrations of amylin 

in early T2D might contribute to increasing IR76. In late T2D, amylin is comparatively 

deficient, depending on the severity of the β-cell dysfunction and as for insulin, resistance 

to amylin action has been suggested76,250.  
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Body function Pharmacological effect Physiological effect in humans  
Food intake Anorectic  Anorectic  
Gastric emptying rate Delayed  Delayed 
Energy expenditure Enhanced  ? 
Insulin secretion Insulinostatic Insulinostatic  
Glucagon secretion Glucagonostatic  Glucagonostatic  

 

Table 7. Overview of pharmacological and physiological effects of amylin and amylin analogues. References251–265 

 

The understanding of the physiological role of amylin has been evaluated using amylin 

antagonists. The physiologic role for amylin in glucose homeostasis via mechanisms that 

include regulation of food intake, glucagon secretion and gastric emptying was evaluated 

using amylin antagonist, AC 187. The inhibition of amylin signaling increased food intake, 

glucagon concentration and accelerated gastric emptying in rats262,266. In humans, amylin 

antagonist AC 253 increased glucose stimulated insulin secretion261 and in rats, AC 187 

increased plasma concentrations of glucagon262, hence indicating a physiological role of 

amylin in the regulation of insulin and glucagon secretion. Furthermore, using AC 187 it 

has been demonstrated that amylin is involved in regulation of energy expenditure (EE) in 

rats267; however, this amylin mediated increase in EE remains to be seen in man.  

The importance of amylin in energy homeostasis and food intake as well as the 

insulinostatic and glucagonostatic properties has led to an increased interest in research 

investigating amylinomimetics as potential treatments for obesity and T2D.  

 

Dual Amylin and Calcitonin Receptor Agonists 

The Key Bioscience peptides (KBP) are DACRAs. They are based on the peptide backbone 

of sCT and as sCT, KBPs are dual agonists targeting both the CTR and the AMY-R, albeit 

with no activation of the CGRP receptor (Figure 8). DACRAs have higher affinity for the 

two receptors than the native ligands, hCT and amylin, that target the CTR and AMY-R, 

respectively220,268. Thus, sCT and KBPs mimic the effects of both hCT and amylin, albeit 

considerably more potent. 
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Figure 8. Schematic illustration of the relative potencies of KBPs and the endogenous ligands on the amylin, 

calcitonin and calcitonin gene-related peptide (CGRP) receptor. KBPs potently activate the amylin and calcitonin 

receptor, albeit not the CGRP receptor268–270, which has been associated with undesirable side effects such as 

migraine193,271,272.  

 

 

This thesis addresses three different DACRAs, KBP-042, KBP-088 and KBP-089. The 

knowledge obtained in previous studies with sCT encouraged the development of novel dual 

agonists targeting both receptors. KBP-042 was the first peptide discovered and it was first 

presented in an oral form in 2014268. Later on, an injectable form of KBP-042 showed 

reduced variations on bioavailability273 and similar peptides like KBP-088269 and KBP-

089270,274 were developed. The sequences of the three KBPs as well as sCT, davalintide and 

the native ligands are schematically presented in table 8. 

 

 

 
 

Table 8. Amino acid sequence of human and rat amylin (hAMY and rAMY), human calcitonin (hCT), salmon 

calcitonin (sCT), KBP-042, KBP-088, KBP-089 and davalintide. Modifications in KBPs consist of an N-terminal acetyl 

group and a C-terminal amid group268–270,275. 

 
 

Interestingly, the natural DACRA, sCT, as well as the synthetic peptides have shown anti-

obesity and anti-diabetic potential in obese and diabetic animal models195,276,277. All the 

effects of the dual agonists are listed in figure 9.  
DACRAs activate the AMY-R, induce similar effects as amylin and are partly 

amylinomimetics. Amylin induces weight loss, delays gastric emptying rate and reduces 

hyperglucagonemia in T2D patients, thus improving postprandial glycemic control237,263,278. 

In preclinical models of obesity and T2D, KBPs have demonstrated beneficial effects on body 

weight, fasting and postprandial glucose control and HbA1c levels269,273,274,279, and 

interestingly, sCT was found to preserve pancreatic function and β-cell area in ZDF rats276. 
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Like amylin, KBPs delay the rate of gastric emptying and attenuate inappropriate 

hyperglucagonemia, thereby influencing postprandial plasma glucose (PPG) levels273,279. 

Interestingly, KBP treatment reduces obesity related hyperleptinemia279,280 improves 

insulin and leptin action273, which might be involved in the improved glucoregulation. The 

profound DACRA effect on gastric emptying and food intake is most like centrally mediated 

via AMY-R and/or CTRs located in area postrema in the brain, as it has been found with 

sCT treatment that prolong the excitation of these neurons compared to amylin243,266,281,282. 

 

 

Figure 9.  Schematic illustration of the treatment effects of dual amylin and calcitonin receptor agonists in rat 

models of obesity, type 2 diabetes and nonalcoholic steatohepatitis. FPG, fasting plasma glucose; PPG, postprandial 
plasma glucose. HbA1c, glycated hemoglobin. ↓ reduction, ↑ improvement. 

 

DACRAs induce an amylin attributable hyperglycemic response in healthy people and lean 

rats260,283,284. Neither insulin nor glucagon is the promoter, but lactate is the suggested 

candidate as it is elevated after acute dosing of DACRAs285. Lactate is substrate for hepatic 

gluconeogenesis and therefore increases EGP resulting in hyperglycemia in non-diabetic 

rats285. These hyperglycemic and diabetogenic effects were observed as result of a single 

injection of DACRAs. The difference in physiological outputs could lie in single dose 

administration or a chronic treatment, and state of disease, as no hyperglycemic effect of 

sCT or any of the synthetic DACRAs have been observed in obese and diabetic rat 

models269,274,276,279,286,287.  

In summary, both natural and synthetic DACRAs potently activate both the AMY-R and 

CTR with prolonged duration. They regulate appetite and induce a substantial weight loss, 

which is associated with various metabolic improvements. However, whether the prolonged 

receptor activation manifests in enhanced in vivo efficacy, and whether the metabolic 

changes and suggested increase in EE is solely due to weight loss remains to be elucidated.  
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CHAPTER II 

II. Hypothesis and Aim   
 

Amylin and/or calcitonin receptor agonists such as pramlintide and davalintide have shown 

promise on weight reduction in preclinical models and clinical settings, albeit with limited 

efficacy on glucose homeostasis. The overall aim of this Ph.D. project was to investigate the 

pharmacological effect of the KBP peptides focusing on the anti-obesity potential in 

preclinical animal models of obesity and related morbidities like type 2 diabetes and NASH.   

It was hypothesized that a prolonged receptor activation would improve the in vivo efficacy 

and that KBPs would show beneficial metabolic effects beyond caloric intake and simple 

diet-induced weight loss. 

The more specific objectives for these studies were: 

 

1) To explore whether the reduced food intake is the primary cause of weight loss, and 

whether the weight loss is the main reason for improved metabolic health. 

2) To elucidate the KBP effect on lipid accumulation in key tissues, such as liver and 

muscle, as well as other hepatic features of NASH like ballooning and inflammation, 

and fibrosis. 

3) To evaluate KBP tolerability using different dose escalation regimes and dosing 

frequencies. 

4) To compare the in vitro and in vivo efficacy of KBP to second-generation 

amylinomimetic, davalintide, and to investigate whether KBP works complementary 

with GLP-1 receptor agonist, liraglutide.  
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CHAPTER III 

III. The Major Findings 

 

Summary of Results 
 

Obesity and associated morbidities, such as diabetes, nonalcoholic fatty liver diseases and 

cardiovascular disease are consequences of the modern day lifestyle, and the number of 

obese people is increasing. Treatment of obesity is limited to lifestyle interventions; 

however, in severe cases, bariatric surgery and a few pharmacotherapies are available as 

tools against morbid obesity, hence novel candidates focusing on weight loss, insulin 

sensitivity and liver pathophysiology are intensely sought.  

In this series of studies, the focus was on the metabolic effects of the KBPs. Effects on body 

weight, adiposity and glucose metabolism were thoroughly explored in experimental models 

of obesity, T2D and NASH. To address whether the beneficial effects were solely due to 

suppression of food intake and the subsequent weight loss we included pair-fed and weight-

matched controls. As amylin agonism induces a well-known anorexic effect at dose 

initiation, these studies also focused on different dosing regimens including dose escalation 

and dosing frequency. Finally, we compared KBP to a second-generation amylinomimetic, 

davalintide, and investigated the combination of KBP and GLP-1 analogue, liraglutide.   

The findings show that KBPs potently activated both the amylin and calcitonin receptors 

in vitro, and not the CGRP receptor, and demonstrated a prolonged receptor activation in 

vitro and in vivo when compared to second-generation amylinomimetic, davalintide. Thus, 

KBPs elicit prolonged activation supporting the relevance of long-term in vivo 

investigations. 

The anti-obesity potential of KBPs was tested in high fat diet induced obese (HFD) rats. 

KBP transiently suppressed caloric intake, and induced and sustained a dose-dependent 

weight loss compared to vehicle rats and pair-fed rats. Concomitantly, the overall adiposity 

was decreased and obesity related adipocyte hypertrophy was reduced. The high fat feeding 

resulted in increased accumulation of ectopic lipids in liver and muscle tissue. Importantly, 

this inappropriate lipid accumulation was completely eliminated by KBP treatment even in 

an interventive setup. Plasma adiponectin was increased and plasma leptin levels were 

decreased following long-term treatment with KBP compared to vehicle rats. Interestingly, 

KBPs alleviated hyperinsulinemia and improved glucose tolerance even with significantly 

lower insulin levels. Insulin sensitivity was formally assessed in obese rats using the 
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hyperinsulinemic–euglycemic clamp. KBP increased the glucose infusion rate indicating 

enhanced insulin action. Importantly, KBP also improved glucose homeostasis and 

enhanced insulin action in Zucker Diabetic Fatty rats. To investigate beneficial effects 

beyond weight loss in HFD rats, a weight-matched group was included. Interestingly, 

weight matching led to improved glucose homeostasis through lowered plasma insulin; 

however, these effects were inferior to the effects of KBP. In a food preference test, KBP 

changed the food preference of normal diet rats. The rats that had ad libitum access to chow 

and chocolate obtained 74% of their calories from chocolate. Of interest, KBP administration 

reduced total caloric intake, and induced a relative increase in chow consumption while 

drastically lowering the chocolate compared to vehicle. Thus, KBPs have anti-obesity 

potential and beneficial effects on glucose metabolism and IR independent of food 

consumption and weight loss. 

KBP was introduced using various dosing regimens and frequencies. Dosing every day and 

every second day resulted in an equal weight loss at study end, albeit with an uneven 

reduction in both food intake and body weight in the HFD rats dosed every second day. In 

a 4-fold dose escalation, KBP induced a transient reduction in food intake at every 

escalation step – with reducing magnitude over time. Two-fold and linear escalations 

suppressed body weight evenly with no significant reduction in food intake at either 

escalation step. Thus, KBP is well tolerated in high concentrations when introduced by dose 

escalation, and importantly, similar weight loss is obtained. 

For the first time, a KBP and a GLP-1 receptor agonist were combined. Interestingly, when 

the two peptides were combined the effect on acute food intake was superior to the effect of 

either single-dosed peptide. Chronically, KBP-089 (1.25 µg/kg) and liraglutide (50 µg/kg) 

lowered body weight 8% and 2% in HFD rats, respectively, while the combination resulted 

in a 12% body weight reduction. Moreover, the combination improved glucose tolerance. 

Thus, KBP acts complementary with GLP-1, indicating the potential of an add-on therapy 

causing additional weight loss.  

The effects of KBP on metabolic and hepatic features were tested in a rat model resembling 

the phenotype of human NASH – an obese model with excessive steatosis, and inflammation 

and mild fibrosis. In line with aforementioned results, KBP lowered body weight, reduced 

overall adiposity and improved insulin action. Furthermore, KBP treatment led to a 

reduction of the high fat, high cholesterol and cholate diet induced increase in liver weight 

and circulating AST levels. Finally, KBP reduced hepatic steatosis, ballooning and 

inflammation, hence resulting in a reduced NAS score in combination with a lowered 

fibrosis stage supporting an anti-NASH potential of KBP. 

In summary, KBPs induce and sustain weight loss, leading to improved metabolic 

parameters including food preference, and these are beyond those observed simply by diet-

induced weight loss. Additionally, these peptides are well tolerated when introduced by dose 

escalation and equal weight loss is obtained. Finally, KBPs reduce liver steatosis in both 
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obese and NASH rats as well as inflammation and fibrosis scores, hence underscoring the 

potential as an anti-obesity agent with benefits on glucose control and liver health.  
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BACKGROUND AND PURPOSE
Obesity and associated co-morbidities, such as type 2 diabetes and non-alcoholic fatty liver disease, are major health challenges.
Hence, there is an important need to develop weight loss therapies with the ability to reduce the co-morbidities.

EXPERIMENTAL APPROACH
The effect of the dual amylin and calcitonin receptor agonist (DACRA), KBP-089, on body weight, glucose homeostasis and fatty
acid accumulation in liver and muscle tissue and on food preference was investigated. Furthermore, we elucidated weight-
independent effects of KBP-089 using a weight-matched group.

KEY RESULTS
Rats fed a high-fat diet were treated, s.c., with KBP-089 0.625, 1.25, 2.5 μg·kg�1 or vehicle. KB-089 induced in a dose-dependent
and sustained weight loss (~17% by 2.5 μg·kg�1). Moreover, KBP-089 reduced fat depot size and reduced lipid accumulation in
muscle and liver. In Zucker Diabetic Fatty rats, KBP-089 improved glucose homeostasis through improved insulin action. To ob-
tain a weight-matched group, significantly less food was offered (9% less than in the KBP-089 group). Weight matching led to
improved glucose homeostasis by reducing plasma insulin; however, these effect were inferior compared to those of KBP-089. In
the food preference test, rats fed a normal diet obtained 74% of their calories from chocolate. KBP-089 reduced total caloric intake
and induced a relative increase in chow consumption while drastically reducing chocolate consumption compared with vehicle.

CONCLUSIONS AND IMPLICATIONS
The novel DACRA, KBP-089, induces a sustained weight loss, leading to improved metabolic parameters including food prefer-
ence, and these are beyond those observed simply by diet-induced weight loss.

Abbreviations
DACRA, dual amylin and calcitonin receptor agonist; FPG, fasting plasma glucose; HbA1c, glycated haemoglobin; HFD,
high-fat diet; HOMA-IR, homeostatic model assessment for insulin resistance; IVGTT, i.v. glucose tolerance test; ND, nor-
mal diet; OGTT, p.o. glucose tolerance test; PW, pair weighed; ZDF, Zucker Diabetic Fatty ZDF-Leprfa/Crl
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Introduction
Obesity and associated morbidities, such as diabetes,
non-alcoholic fatty liver disease, cardiovascular disease and
cancer, are among this century’s greatest health challenges
(Pi-Sunyer, 1999; Cohen et al., 2008; Aballay et al., 2013).
The incidence is increasing and the treatment of obesity is
in most cases limited to lifestyle interventions. However,
when these fail, bariatric surgery and a few pharmacother-
apies are available, although these are only used in cases of
severe obesity (Fried et al., 2007). Furthermore, due to the
potential complications of surgery, novel therapies with an
improved efficacy in terms of weight loss and reduction
of co-morbidities are of great interest (Batterham and
Cummings, 2016).

The most recently developed therapy for obesity is high-
dose liraglutide, which leads to sustained weight loss at least
partially due to a reduction in appetite. Furthermore,
liraglutide reduces hyperglycaemia, albeit it is still somewhat
limited in terms of efficacy and has challenges on tolerability
(Kanoski et al., 2012; Lean et al., 2014). Anothermolecule that
induces weight loss or at least prevents weight gain is the
amylin receptor agonist pramlintide (Aronne et al., 2007).
Pramlintide, due to its appetite regulating capability, has
been shown to reduce insulin-induced weight gain, while
regulating post-prandial glucose excursions, and therefore
has been approved as adjunct therapy to insulin for the treat-
ment of type 2 diabetes (Weyer et al., 2001; Ryan et al., 2009).
However, pramlintide use is limited significantly by lack of
potency, and hence, more potent amylin receptor agonists
are being explored.

Dual amylin and calcitonin receptor agonists (DACRAs)
elicit activation not only of the amylin receptor but also of
the calcitonin receptor and have been shown to possess supe-
rior activity in terms of activation of the amylin receptor,
when compared with classical amylin receptor agonists
(Andreassen et al., 2014). Interestingly, they also activate the
receptors for an extended period of time, when compared
with the classical agonists, which appears to increase the
in vivo efficacy as well as reducing the dosing frequency
(Gydesen et al., 2016).

In vivo studies of DACRAs have recently demonstrated a
protection against diet-induced weight gain, a reduction in
overall adiposity, as well as adipocyte hypertrophy (Gydesen
et al., 2016). Furthermore, DACRAs have been shown to im-
prove glucose homeostasis in the diabetic Zucker Diabetic
Fatty ZDF-Leprfa/Crl (ZDF) rats, a phenomenon not observed

with selective and less potent amylin receptor agonists (Mack
et al., 2010, 2011; Andreassen et al., 2014; Hjuler et al., 2015),
while alleviating obesity-derived insulin resistance (Hjuler
et al., 2016). Hence, the DACRAs induce amylin receptor-
mediated responses in vivo – reduce food intake, results in
weight reduction and suppression of glucagon levels (Roth
et al., 2006), and also have additional beneficial effects on
fasting blood glucose and insulin sensitivity.With the limited
number of DACRAs available, the search for highly potent
molecules in this family has continued, resulting in the de-
velopment of KBP-089.

In this study, we characterized the effects of KBP-089 on
body weight, glucose homeostasis and fatty acid accumula-
tion in liver and muscle tissue. We then investigated whether
KBP-089 possesses beneficial effects in addition to inducing
substantial weight loss, using a weight-matched group. Fi-
nally, we explored the potential effect of KBP-089 on food
preference, by comparing the intake of a highly palatable
and energy dense diet (chocolate) with that of regular chow
in the presence or absence of KBP-089.

Methods

Peptide therapy
Synthetic KBP-089 (American Peptide Company, CA, USA)
was dissolved in saline for s.c. delivery. The doses chosen for
peptide administration in the current investigations were
based on previous comparable DACRA studies in animal
models of obesity using potent DACRAs, KBP-042 and KBP-
088 (Gydesen et al., 2016; Hjuler et al., 2016).

Animal experiments
All animal procedures were performed in accordance with
guidelines from the Animal Welfare Division of the Danish
Ministry of Justice under the institutional license issued to
Nordic Bioscience (2012-15-2934-00094). Male Sprague
Dawley rats (Harlan, Venray, The Netherlands) and ZDF
(Kingston, NY, USA) were obtained at 6 weeks of age and
housed (two rats per cage, standard wood chips enriched
with red-tinted huts, nest material and sticks) at the Nordic
Bioscience animal facility (21–23°C, 55–65% relative hu-
midity, 12 h light/dark cycle) with ad libitum access to food
and water. Animal studies are reported in compliance with
the ARRIVE guidelines (Kilkenny et al., 2010; McGrath &
Lilley, 2015).

Tables of Links

TARGETS

Amylin receptors

Calcitonin receptors

LIGANDS

Amylin Insulin

Calcitonin Pramlintide

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://www.guidetopharmacology.org,
the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Southan et al., 2016), and are permanently archived in the Concise
Guide to PHARMACOLOGY 2015/16 (Alexander et al., 2015).
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Animals
From arrival and throughout the study periods, the high-fat
diet (HFD) rats were fed a 60 kcal% fat diet (#58Y1, TestDiet,
London, UK), lean normal diet (ND) age-matched rats were
fed a standard pelleted chow (#5002, LabDiet, St. Louis,
MO, USA) and ZDF rats were fed a Purina Formulab diet
(#5008, LabDiet, St. Louis, MO, USA). The rats received food
and tap water ad libitum. The HFD and ND rats were non-
blindly assigned into experimental groups according to body
weight. ZDF rats were non-blindly assigned into experimen-
tal groups according to fasting plasma glucose (FPG), glycated
haemoglobin (HbA1c) and body weight, ensuring an equal
average value of body weight, FPG and HbA1c in the experi-
mental groups at the start of the study. Body weights are visu-
alized as percentage of initial body weight for comparison to
other drugs as previously described (Larsen et al., 2001; Mack
et al., 2010). Lean and fat mass data as well as the weight of
the different adipose tissues are normalized to the body
weight of the individual animal.

Chronic in vivo studies
KBP-089 in HFD rats. After 10 weeks on a high-fat diet, HFD
rats were assigned to treatment groups receiving either
vehicle (saline s.c.) or KBP-089 (0.625, 1.25 and 2.5 μg·kg�1,
s.c.) once daily in the afternoon with a food restricted pair-
fed control group for the highest concentration of peptide
(n = 10 rats per group in vehicle and KBP-089 treatment
groups; n = 9 rats in pair-fed group due to the loss of an
animal). Pair-fed animals received an average of the daily
intake of food of the 2.5 μg·kg�1 treatment group every day
in the afternoon. Food intake and body weight were
monitored daily during the initial 2 weeks and once weekly
throughout the entire study period. Following 6 and
7 weeks of treatment, p.o. and i.v. glucose tolerance tests
(OGTT and IVGTT respectively) were performed in
overnight-fasted (12 h) rats with blood glucose measured
and EDTA-plasma obtained for hormonal analysis. At the
end of the study, animals were killed by being anaesthetized
with isoflurane (administered by inhalation) followed by
exsanguination and dissection. Retroperitoneal, epididymal
and s.c. inguinal fat were surgically removed and weighed.
Overnight-fasted blood samples were collected for basal
plasma hormonal analyses.

KBP-089 in ZDF rats
The day prior to dosing initiation, 20 ZDF rats were
assigned to two groups (n = 10 rats per group) receiving ei-
ther vehicle (saline, s.c.) or KBP-089 (5 μg·kg�1 for 4 weeks,
20 μg·kg�1 for an additional 4 weeks, s.c.) once daily. The
p.o. glucose tolerance test (OGTT) was performed after
4 weeks and the i.p. insulin tolerance test was performed
after 7 weeks. At the end of the study end FPG, HbA1c
were measured, and the homeostasis model assessment of
insulin resistance (HOMA-IR) analysis was calculated using
the formula; HOMA-IR = fasting insulin (μU·mL�1) × fasting
blood glucose (mmol·L�1)/22.5 (Matthews et al., 1985).
HOMA-IR was developed for humans; however, it can be
used as a surrogate measurement for insulin resistance in
rodents (Cacho et al., 2008; Mather, 2009).

Weight-matched HFD rats. To address KBP-089 efficacy
independent of weight loss, we did a 6 week study in HFD
rats (n = 12) with a weight-matched group to the 2.5 μg·kg�1

KBP-089 group. Food intake and body weight were
monitored daily throughout the study period, and in order
to match the body weights, we estimated the food
restriction needed to achieve a comparable weight reduction
based on pilot studies (data not shown) and adjusted
estimations to body weight on a daily basis. The rats were
subjected to an OGTT after 3 weeks of treatment. The rats
were weighed and scanned for body composition (EchoMRI-
4in1; EchoMRI, Houston, TX, USA) at study end and killed
as for the chronic in vivo studies.

Food preference in ND rats. To assess the effect of KBP-089 on
the preference of diet, ND rats were offered normal chow or
chocolate (milk chocolate with hazelnuts) (Marabou,
Mondelez Danmark, Brøndby, Denmark). The animals were
allowed to accustom to the chocolate for 1 week before
injections with 2.5 μg·kg�1 KBP-809 were initiated.
Voluntary food and chocolate intake were monitored for
24 h after treatment for 7 days.

Glucose tolerance tests
HFD rats received glucose by oral gavage (2 g·kg�1) or i.v. in
the lateral tail vein (0.5 g·kg�1) and ZDF p.o. (1 g·kg�1). Blood
samples were collected from the tail vein before glucose chal-
lenge (0 min) in both tests and 5, 15, 30 and 60 min post-
glucose challenge in the IVGTT, and 15, 30, 60 and 120 min
post-glucose challenge in the OGTT.

Insulin tolerance test
ZDF rats (fasted for 6 h) were administered with KBP-089 at
t = �30 and received intraperitoneal insulin (1.0 U·kg�1) at
t = 0, and blood glucose was measured subsequently at t = 0,
30, 60 and 120 min after insulin injection. The data are visu-
alized as percentage of initial blood glucose for simplicity.

Fat accumulation in liver and muscle tissue
To address tissue fat accumulation, the liver and gastrocne-
mius muscle were surgically removed for optimal cutting
temperature compound embedding, snap frozen on
ice/ethanol, stored at �80°C until cryosectioning. Tissue sec-
tions were stained with oil red O stain, and images were cap-
tured with a light microscope (magnification of ×40 for
gastrocnemius and ×20 for liver, nine images per animal;
three pictures per depth) and quantified using ImageJ capable
of calculating the amount of red pixels in relation to μm2 as
previously described (Mehlem et al., 2013) and, for simplicity,
were visualized as the fold-induction from lean rats.

Biochemical analysis
Blood samples were collected in EDTA tubes and centrifuged
at 1850 × g for 10 min at 4°C. Blood glucose was monitored
by Accu-Check® Avia monitoring system (Roche Diagnos-
tics, Rotkreuz, Switzerland). HbA1c was measured using an
automatized DCA Vantage Analyzer (Siemens AG, Erlangen,
Germany). Plasma levels of insulin (Mercodia Rat Insulin
ELISA, Mercodia AB, Uppsala, Sweden) were analysed accord-
ing to the manufacturer’s instruction.
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Statistical analysis
All data are presented as means ± SEM. The statistical analysis
of various drug effects were conducted using one-way
ANOVA followed by Tukey’s post test for multiple compari-
son for parametric data and Kruskal–Wallis test with Dunn’s
post test for non-parametric data if F achieved the necessary
level of statistical significance (P < 0.05). Lean age-matched
controls are compared with HFD vehicle, and ZDF vehicle
with ZDF KBP-089, using Student’s t-test. All analyses were
performed using GraphPad Prism software (GraphPad Prism,
San Diego, CA, USA). A value of P < 0.05 was considered sta-
tistically significant. The data and statistical analysis comply
with the recommendations on experimental design and anal-
ysis in pharmacology (Curtis et al., 2015).

Results

KBP-089 potently reduces appetite, body weight
and fat depots
High-fat feeding resulted in a phenotype with significantly
increased body weight (596 ± 12 vs. 545 ± 8 g, P < 0.05),
hyperinsulinaemia (1.9 ± 0.1 vs. 0.9 ± 0.1 ng·mL�1,
P < 0.05), impaired glucose control without hyperglycaemia
(OGTT tAUC 1343 ± 18.1 vs. 1259 ± 17.1, P < 0.05) and im-
paired insulin sensitivity (HOMA-IR) (11.3 ± 0.3 vs.
4.3 ± 0.3, P < 0.05), compared with the lean age-matched
controls. Thus, the HFD rats resembled an obese and pre-
diabetic phenotype as expected from previous studies (Hjuler
et al., 2015; Gydesen et al., 2016).

To investigate the anti-obesity potential of KBP-089
in vivo, we treated HFD rats for 8 weeks. Previously, DACRAs
have been shown to induce hypophagia (Hjuler et al., 2015;
Gydesen et al., 2016); therefore, a pair-fed group to the
highest concentration of KBP-089 was included to explore
the impact of food restriction on body weight. KBP-089 was
s.c. administered in three doses (0.625, 1.25 and 2.5 μg·kg�1)
for 56 days. Food intake was transiently attenuated by
KBP-089 (Figure 1A), albeit cumulative food intake after the
initial 2 weeks of treatment was not significantly different
in 2.5 μg·kg�1 treated rats compared with vehicle rats
(504 ± 35 vs. 408 ± 19 g per animal). 8 weeks of KBP-089 treat-
ment resulted in a dose-dependent and sustained 17 ± 1.7 %
weight loss in the 2.5 μg·kg�1 group (Figure 1B), while pair-
feeding resulted in a 4 ± 2.0 % body weight reduction. Based
on food intake and body weight change, food efficiency was
calculated. Expectedly, treatment with KBP-089 markedly at-
tenuated the food efficiency compared with vehicle and the
pair-fed group (Figure 1C).

Epididymal, inguinal and perirenal fat pads were
weighed, and in conjunction with the significant body
weight reduction, the weight of the adipose tissues was signif-
icantly reduced after treatment with KBP-089 (Figure 1D–F).
This reduction was not observed in the pair-fed control rats.

KBP-089 enhances glucose tolerance and
potentially insulin sensitivity
An OGTT was performed after 6 weeks of treatment and
followed by an IVGTT allowing circumvention of the influ-
ence of the gastrointestinal tract and thereby assessment of

peripheral glucose tolerance after 7 weeks of treatment
(Figure 2). In contrast to previous DACRA studies (Hjuler et al.,
2015, 2016; Gydesen et al., 2016), the rats were not dosed
30 min prior to the glucose challenge to avoid the strong ef-
fect on gastric emptying. In both tests, all treatment groups
showed a trend towards lower blood glucose levels compared
with vehicle and pair-fed controls 5 min (IVGTT) and 15 min
(OGTT) after glucose administration (Figure 2A, D). However,
tAUCwas not significantly changed for either test when com-
pared with vehicle or pair-fed controls (Figure 2B, E). Interest-
ingly, the glucose-induced insulin hyper secretion observed
in vehicle and pair-fed groups was markedly and dose-
dependently suppressed by KBP-089 during both OGTT and
IVGTT, which resulted in significantly reduced insulin AUC
values in KBP-089 treated rats (Figure 2C, F). Pair feeding
did not improve glucose tolerance or hyperinsulinaemia in
either test.

KBP-089 reduces the accumulation of lipids in
both muscle and liver
After treatment with KBP-089 for 56 days, lipid accumula-
tion was assessed in liver and muscle tissue. As seen in
Figure 3, high-fat feeding led to increased lipid accumula-
tion in both liver and muscle compared with lean age-
matched controls. This inappropriate storage of lipids was
completely eliminated by treatment with 2.5 μg·kg�1 KBP-
089, despite the rats having been on HFD for 10 weeks
prior to initiation of therapy. Importantly, this effect was
not obtained by pair-feeding.

KBP-089 lowers glycaemia and increases
glucose tolerance and insulin action in ZDF
rats
We tested the anti-hyperglycaemic efficacy of KBP-089 in vivo
in ZDF rats for 8 weeks (5 μg·kg�1 for 4 weeks, 20 μg·kg�1 for
additional 4 weeks, s.c.). In ZDF rats, fasting blood glucose
levels were decreased significantly (6.9 ± 0.7 mM, P < 0.05)
over 7 weeks by KBP-089 treatment compared with vehicle,
resulting in HbA1c reduction by ~2.5 ± 0.2% compared with
vehicle at the end of the study (Figure 4A, B). Glucose toler-
ance was tested by an OGTT where treatment with KBP-089
resulted in a moderate glucose reduction compared with ve-
hicle. The tAUC was lowered significantly (~30%, P < 0.05).
Insulin action was assessed in an insulin tolerance test which
manifested in a significant larger drop in blood glucose in
response to insulin in KBP-089-treated rats compared with
vehicle (tAUC ~19%, P < 0.05), supporting increased insulin
sensitivity.

KBP-089 induces metabolic improvements in
addition to those induced by weight loss
through food restriction
In order to evaluate drug-induced metabolic improvements
beyond what a weight loss can do, we performed a study with
a weight-matched control in which weight reductions were
induced either by KBP-089 administration (‘KBP-089’) or by
food restriction alone (‘Pair weighed’/‘PW’). In order to
match the body weights, the pair-weighed rats received sig-
nificantly less food compared with the KBP-089-treated rats
(Figure 5A). As in the previous study, body weight was
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significantly reduced by KBP-089 administration, and this
was matched during the study in the pair-weighed group
(Figure 5B). There was no significant difference between the
groups in body weight at study start (vehicle: 409 ± 3 g,
KBP-089: 410 ± 3 g and PW: 408 ± 4 g). During the study,
the body weight was significantly reduced in KBP-089 and

pair-weighed rats, albeit there was no difference between
KBP-089-treated rats and the pair-weighed rats (vehicle:
462 ± 6 g, KBP-089: 398 ± 4 g and PW: 403 ± 6 g). Interestingly,
the epididymal and perirenal adipose tissues, which are di-
rectly associated with visceral adiposity and insulin resis-
tance (Gabriely et al., 2002), were significantly lower in the

Figure 1
KBP-089 potently reduces appetite, body weight and fat depots in HFD rats. (A) Caloric intake monitored daily initially, and then weekly in high-fat diet
fed rats. Expressed as daily intake per animal. (B) Body weight expressed as percentage from baseline. (C) Food efficiency day 1–56 in rats dosed with
KBP-089 (0.625, 1.25 and 2.5 μg·kg�1). Relative weight of (D) epididymal, (E) inguinal and (F) peritoneal adipose tissue at study end. (n = 10 rats per
group in vehicle and KBP-089 treatment groups; n = 9 rats in pair-fed group). AT, adipose tissue. Statistical analysis between groups was evaluated by
an ordinary one-way ANOVA with Tukey’s multiple comparisons test. *P < 0.05. compared with vehicle, ¤P<0.05 compared with pair-fed.
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KBP-089 and the pair-weighed group compared with vehicle
(Figure 5C). There was no significant difference between the
surgically removed adipose tissues in KBP-089-treated rats
and the pair-weighed rats; however, there was a trend towards
amore distinct reduction in adipose tissue in KBP-089-treated
rats compared with pair-weighed rats. Using MR, we found a
slight increase in lean body mass in KBP-089-treated rats
compared with vehicle rats, and a reduced amount of whole
body fat mass in KBP-089-treated and pair-weighed rats com-
pared with vehicle (Figure 5D), indicating that the weight loss

occurs primarily in fat tissue. As expected, KBP-089 again
caused improved glucose tolerance with significantly lowered
plasma insulin levels (Figure 5D, E, G, H) compared with ve-
hicle. Surprisingly, the pair-weighed group did not show a
marked improvement in glucose tolerance despite the
significant weight reduction. Food restriction alone had
significantly ameliorated hyperinsulinaemia during OGTT
(Figure 5H); however, it was still significantly higher
compared with KBP-089. Finally, KBP-089-treated rats had a
reduced rate of gastric emptying compared with vehicle and

Figure 2
KBP-089 enhances glucose tolerance and potentially insulin sensitivity in HFD rats. (A, D) Plasma glucose during OGTT and IVGTT in high-fat diet
fed rats treated with KBP-089 (0.625, 1.25 and 2.5 μg·kg�1) for 6 and 7 weeks respectively. Total AUC for (B, E) glucose and (C, F) plasma insulin
during OGTT and IVGTT after 6 and 7 weeks respectively (n = 10 rats per group in vehicle and KBP-089 treatment groups; n = 9 rats in pair-fed
group). Statistical analysis between groups was evaluated by (B, C, F) an ordinary one-way ANOVA with Tukey’s multiple comparisons test and
(E) Kruskal–Wallis test with Dunn’s multiple comparisons test. *P < 0.05 compared with vehicle, ¤P < 0.05compared with pair-fed.
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pair-weighed rats (data not shown) as previously observed
with DACRA treatment (Hjuler et al., 2016).

KBP-089 induces changes in food preference
To examine the effect of the reduced food intake in detail, a
food preference test was performed (Figure 6). When the rats
had access to ad libitum chow and chocolate (as compared
with chow alone), caloric intake was significantly increased.
Furthermore, chow intake was significantly reduced as the
rats preferred the chocolate and obtained 74%of their calories

from chocolate [caloric intake vehicle/chow: 143 ± 3.0 kcal,
caloric intake of vehicle/chow + chocolate: 173 ± 8.1 kcal
(chow = 46.1 ± 2.9 kcal and chocolate = 127.3 ± 9.8 kcal)].
KBP-089 administrationwas associatedwith a significantly re-
duced caloric intake, – 34% compared with vehicle treatment;
caloric intake of KBP-089/chow + chocolate: 115 ± 10.7 kcal
(chow =74 ± 6.6 kcal, chocolate =41.4 ± 9.4 kcal), accompa-
nied by a relative increase in chow consumption and a drastic
reduction in chocolate consumption (127.3 ± 9.8 kcal vs.
41.4 ± 9.4 kcal).

Figure 3
KBP-089 reduces the accumulation of lipids in both muscle and liver in HFD rats. Oil Red O stained frozen (A) liver sections and (B) gastrocnemius
muscle (magnification of ×20 for liver and ×40 for gastrocnemius, nine images per animal; three pictures per depth) in (1) ND rats, (2) vehicle HFD
rats, (3) 2.5 μg·kg�1 KBP-089, (4) pair-fed to 2.5 μg·kg�1 KBP-089 and (5) quantification of the results (n = 10 rats per group in vehicle and KBP-
089 treatment groups; n = 9 rats in pair-fed group). Data are expressed as fold of lean. Statistical analysis between groups was evaluated by a
Kruskal–Wallis test with Dunn’s multiple comparisons test. *P < 0.05 compared with vehicle, ¤P < 0.05 compared with pair-fed.
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Discussion
The present study describes a novel DACRA, called KBP-089,
which is able to induce and sustain a significant weight loss
irrespective of food intake. Importantly, KBP-089 possesses
the ability to improve glucose tolerance above what can be
obtained with weight loss alone.

Treatment with KBP-089 reduced food intake initially.
However, this effect was reduced during the course of the
study, and the effects obtained with KBP-089 treatment
on weight, glucose tolerance, adipose tissue reduction and
removal of ectopic lipid depositions in liver and muscle
were not achieved with pair-feeding, clearly demonstrating

effects of KBP-089 beyond appetite restriction. The weight
reducing effect and the effect on food intake can most
likely be attributed to central amylin receptor activation.
It has previously been demonstrated that amylin facilitates
a reduction in body weight that cannot only be attributed
to suppression of food intake (Isaksson et al., 2005; Roth
et al., 2006). An interesting aspect of the reduction in fatty
acid accumulation in the liver is the known relationship
between liver fat, insulin resistance and non-alcoholic
steatohepatitis (Cusi, 2009; Milić et al., 2014), and these
data indicate that KBP-089, at least due to its weight reduc-
ing capacity, could be a novel treatment candidate for liver
steatosis.

Figure 4
KBP-089 lowers glycaemia and increases glucose tolerance and insulin action in ZDF rats. (A, B) Fasting plasma glucose and HbA1c levels
respectively in ZDF treated with KBP-089 or saline (vehicle) for 8 weeks. (C) Plasma glucose during OGTT, (D) total AUC of the OGTT displayed
in (C). (E) Plasma glucose during insulin tolerance test displayed as % of initial blood glucose value. (F) Total AUC of the insulin tolerance test
displayed in (E). (n = 10 rats per group). Statistical analysis between groups was evaluated by t-test. P < 0.05.
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Figure 5
KBP-089 and weight-matched rats. (A) Cumulative caloric intake at study end. (B) Daily body weight and (C) relative weight of epididymal,
inguinal and retroperitoneal adipose tissue at study end in HFD rats treated with KBP-089 (2.5 μg·kg�1) and weight-matched rats. (E, G) Plasma
glucose and plasma insulin respectively and (F, H) total AUC of glucose and insulin respectively during OGTT after 3 weeks (n = 12 rats per group).
Statistical analysis between the groups was evaluated by an ordinary one-way ANOVA with Tukey’s multiple comparisons test (C, F, H) or (D)
Kruskal–Wallis with Dunn’s multiple comparisons test. *P < 0.05 compared with vehicle, #P < 0.05 compared with PW.
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The KBP-089-mediated changes in adiposity were con-
firmed in the pair-weight study where KBP-089-treated rats
had significantly lower epididymal, inguinal and perirenal
adipose tissues compared with vehicle-treated rats, and
trends towards lowered adiposity compared with pair-
weighed adipose tissues – despite the same body weight. This
could indicate that KBP-089 treatment results in a loss of fat
mass rather than lean body mass. Food restriction alone is
however not sufficient to obtain the same reduction in adi-
pose depots. As mentioned above, amylin agonism has long
been associated with an increase in respiratory quotient,
which is associated with a preferential oxidation of fat
(Wielinga et al., 2010). Moreover, other studies have also asso-
ciated activation of amylin receptors with a specific reduction
in fat mass rather than lean mass (Roth et al., 2006, 2007),
whereas inhibiting amylin signalling centrally increases fat
mass (Rushing et al., 2001), thus potentially explaining the
difference in fat depots in this study. This was tested using
MR scanning. There was no difference in whole body fat mass
between the KBP-089-treated and pair-weighed rats; however,
in support of the limited loss of lean mass, we found a slight –
albeit significant – increase in lean mass in KBP-089-treated
rats compared with vehicle rats, underscoring that the weight
loss is primarily mediated through a reduction in adipose tis-
sue weight. Furthermore, the slight increase in lean mass is a
positive effect, as heavy weight loss in many cases is associ-
ated with loss in lean body mass in humans (Garthe et al.,
2011; Weiss et al., 2016).

In terms of hyperglycaemia and insulin resistance, amylin
analogues have shown promise (Ratner et al., 2004; Mack
et al., 2011); however, they do not possess the intrinsic ability
to reduce fasting plasma glucose levels and insulin tolerance,
in contrast to KBP-089 as shown here in both ZDF and HFD
rats, or other DACRAs (Hjuler et al., 2015). These data are
further corroborated by the pair-weight study where

substantially lower glucose and insulin levels were observed
during glucose tolerance tests, in the KBP-089 treatment
group when compared with the weight-matched group. The
improvement in insulin levels also manifested as an improve-
ment in glucose control too; however, the possibility that the
PW animals had an ‘artificial’ increase in glucose intolerance
due to prolonged fasting (or significant food restriction) can-
not be out ruled, although they did not show any signs of
malnutrition or ill behaviour. The lowering of insulin levels
could be attributed to the lack of improvement in glucose tol-
erance when compared with the improvement observed in
KBP-089-treated rats, which would have been likely after a
significant weight loss (Horton and Hill, 2001; Lafontan and
Langin, 2009; Karpe et al., 2011). The KBP-089-induced im-
provement in glucose tolerance is partly mediated through
the lowering of gastric emptying rate, as previously observed
with amylin agonism (Young et al., 1995; Young, 2005). In an
p.o. glucose tolerance test without dosing prior to the glucose
challenge (data not shown), glucose tolerance was slightly
improved in KBP-089-treated rats, and insulin levels were sig-
nificantly lowered compared with vehicle rats, while PW ani-
mals mimic glucose tolerance and insulin levels as
demonstrated in the OGTT. These data further indicate the
strong insulinostatic effect of KBP-089.

Another important way to regulate body weight could
be to manipulate volunteer food intake/composition of
food in the brain. This was hypothesized to be relevant
for KBP-089 due to a known effect of amylin agonism on
the release of dopamine in the hypothalamus (Brunetti
et al., 2002) and alterations in the melanocortigenic sys-
tem, (Roth et al., 2012) both of which are mediators of
the reward/pleasure circuits known to affect feeding pat-
terns (Pandit et al., 2016). Normally, amylin does not pro-
duce conditioned taste aversion (Lutz et al., 1995;
Rushing et al., 2002); hence, this is not normally used to
explain the alterations in food intake. Alternatively, the re-
duced impulse to consume sugar instead of normal chow
could be explained in other ways. In humans, patients
treated with pramlintide also experience a voluntary shift
in eating behaviour and ‘binge eating’ (Smith et al.,
2007). A change of food intake towards a more healthy diet
(less energy dense and sweet) is also observed in patients
after surgical weight intervention (Mathes and Spector,
2012). The mechanisms behind this are not clear; however,
alterations in food reward or taste functions have been sug-
gested as possible explanations (Miras and le Roux, 2014).
From the food preference study presented here, it could
be speculated that dosing with KBP-089 offers some of
the effects obtained by surgical interventions, making
KBP-089 a relevant option for treating severely obese pa-
tients and thereby aiding a significant weight loss along
with a change in lifestyle, which might improve the results
even further.

In conclusion, the novel DACRA KBP-089 induces and
sustains a substantial weight loss in obese rats and reduces
overall adiposity and ectopic lipid accumulation in the liver.
In addition, KBP-089 improved glucose tolerance and indi-
rectly improved insulin action independent of food intake
and body weight, hence revealing the potential of KBP-089
as an anti-obesity agent with additional benefits on glucose
control and liver steatosis.

Figure 6
KBP-089 induces changes in food preference. Voluntary food
(chow) and chocolate intake was monitored for 24 h after 7 days
of 2.5 μg·kg�1 KBP-089 treatment. Statistical analysis between
groups and diets was evaluated by two-way ANOVA with Tukey’s
multiple comparisons test. *P < 0.05 treatment groups total caloric
comparison; aP < 0.05 compared with control (chow); bP < 0.05
compared with vehicle (chow); and cP < 0.05 compared with
vehicle (chocolate).
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The Dual Amylin- and Calcitonin-Receptor Agonist KBP-042
Increases Insulin Sensitivity and Induces Weight Loss
in Rats with Obesity
Sara Toftegaard Hjuler1, Sofie Gydesen1, Kim Vietz Andreassen1, Steffen Lund Kjær Pedersen1, Lars I. Hellgren2,
Morten Asser Karsdal1, and Kim Henriksen1

Objective: In this study, KBP-042, a dual amylin- and calcitonin-receptor agonist, was investigated as a

treatment of obesity and insulin resistance in five different doses (0.625 mg/kg–10 mg/kg) compared with

saline-treated and pair-fed controls.

Methods: Rats with obesity received daily s.c. administrations for 56 days, and glucose tolerance was

assessed after one acute injection, 3 weeks of treatment, and again after 7 weeks of treatment. To

assess the effect on insulin sensitivity, rats received 5 mg/kg KBP-042 for 21 days before hyperinsuline-

mic–euglycemic clamp.

Results: KBP-042 induced a sustained weight loss of up to 20% without any significant weight reduction

in the pair-fed groups. Decreases in adipose tissues and lipid deposition in the liver were observed, while

plasma adiponectin was increased and plasma leptin levels were decreased. Acute administration of

KBP-042 led to impaired glucose tolerance and increased plasma lactate, while this diabetogenic effect

was reversed by chronic treatment. Finally, assessment of insulin sensitivity using the hyperinsulinemic–

euglycemic clamp showed that KBP-042 increased the glucose infusion rate.

Conclusions: The study indicates that KBP-042 combines two highly relevant features, namely weight

loss and insulin sensitivity, and is thus an excellent candidate for chronic treatment of obesity and insulin

resistance.

Obesity (2016) 00, 00–00. doi:10.1002/oby.21563

Introduction
Obesity is one of the greatest public health challenges of the 21st

century (1). Obesity can lead to insulin resistance and type 2 diabe-

tes (2), which are associated with a range of metabolic dysfunctions

(3,4). Weight loss, improved glycemic control, and increased insulin

action to reduce strain on the b cells are key points for improving

disease status. This can be achieved by different interventions (exer-

cise, diet, medication, surgery) which all cause improvements in

metabolic profiles and increase of insulin sensitivity and b-cell func-

tion (5,6). However, as lifestyle changes often result in only minor

weight reductions followed by a rapid regain of weight (7), there is

a need for treatments targeting multiple factors of the obesity-related

diseases. These include insulin resistance and b-cell failure to avoid

development of type 2 diabetes, as well as diabetic complications.

Activation of amylin receptors has already been linked with reduc-

tion of food intake (8), increased responsiveness to leptin (9-11),

weight loss (12,13), and indications of increased energy expenditure

(11,13-16). However, amylin is a short-lasting agonist in vivo, and

there is a need for improved ligands. KBP-042 is a dual amylin- and

calcitonin-receptor agonist with highly potent antiobesity and anti-

diabetic effects (17), although a long-term chronic treatment has not

yet been tested.

In this study, KBP-042 was tested in a long-term treatment of predia-

betic rats with obesity, in order to evaluate KBP-042’s potential as a

chronic treatment of obesity. We further examined whether the bene-

ficial effects on glucose homeostasis were maintained throughout the

study, and finally we investigated whether treatment with KBP-042

could increase insulin sensitivity and reduce hepatic steatosis.
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Methods
Peptide therapy
Recombinant KBP-042 peptide (Unigene Laboratories, Boonton, NJ)

was dissolved in saline for subcutaneous (s.c.) delivery. The doses

for KBP-042 administration in the studies were based on previous

studies in animal models of obesity and type 2 diabetes and ranged

from 10 mg/kg to 0.625 mg/kg (�2.87–0.18 nmol/kg/day) (17,18).

Animal experiments
All animal procedures were performed in accordance with guidelines

from the Animal Welfare Division of the Danish Ministry of Justice

under the institutional license issued to Nordic Bioscience (2012-15-

2934-00094). All male Sprague Dawley rats were obtained at 6

weeks of age and housed under controlled temperature (208C 6 2)

on a normal 12-h light–dark cycle with ad libitum access to water

and food. Normal diet control rats (ND) were fed rodent chow

(5002, LabDiet, St. Louis, MO) and high-fat diet (HFD) rats a 60%

fat kcal diet (#D12495, Research Diets Inc., NJ). After 10 weeks of

high-fat feeding rats were assigned into groups (n 5 10) and con-

trolled for equal mean body weight.

Acute study. Food was removed in the afternoon (4 p.m.). After

16 to 18 h of fasting an oral glucose tolerance test (OGTT) was per-

formed. Rats received a single dose of saline (vehicle) or peptide

(10 mg/kg, 5 mg/kg, 2.5 mg/kg, 1.25 mg/kg, 0.625 mg/kg). After 30

min, a glucose bolus (2 g/kg, Sigma-Aldrich, Copenhagen, Den-

mark) was administered by oral gavage. Blood glucose was moni-

tored by Accu-CheckVR Avia monitoring system (Roche Diagnostics,

Rotkreuz, Switzerland) and EDTA-plasma was obtained from the

lateral tail vein at t 5 0, 15, 30, 60, and 120 min.

Pica test. Fasted animals were administered s.c. with 5, 10, or 50

mg/kg KBP-042 or vehicle (saline). After dosing, animals had free

access to normal chow or kaolin pellets (5TBP, Test diet, MO) and

food and kaolin intake was monitored after 4 and 24 h.

Chronic study. Each rat was dosed once daily with either saline

(vehicle, pair-fed 5 mg/kg, pair-fed 10 mg/kg) or KBP-042 (10 mg/kg,

5 mg/kg, 2.5 mg/kg, 1.25 mg/kg, 0.625 mg/kg) in the afternoon for 8

weeks. The two pair-fed groups were food restricted to match the daily

food intake of their corresponding treatment groups (5 mg/kg or 10 mg/

kg). Pair-fed animals received an average of the daily intake of their

treated paired group every day in the afternoon. Food intake and body

weight were monitored daily for the first 6 days, then weekly. OGTT,

performed as in the acute study and intravenous glucose tolerance tests

(IVGTT) were performed after 3 and 7 weeks of treatment. IVGTT

was performed in the morning after 18 h of fasting. Each rat received

a single dose of either saline (vehicle, pair-fed 5 mg/kg, pair-fed 10

mg/kg) or peptide (10 mg/kg, 5 mg/kg, 2.5 mg/kg, 1.25 mg/kg, 0.625 mg/

kg), after 30 min glucose (0.5 g/kg, Sigma-Aldrich, Copenhagen, Den-

mark) was administered in the lateral tail vein and blood glucose was

monitored and EDTA-plasma was obtained at t 5 0, 5, 15, 30, 60, and

120 min, as described above. To assess effect on gastric emptying,

overnight-fasted rats received s.c. KBP-042 injection, were adminis-

tered 40 mg/kg acetaminophen by oral gavage (4 mL/kg) after 30 min

and the appearance of acetaminophen in plasma was monitored (19).

Blood was collected 30 min after administration from the tail vein and

acetaminophen levels were measured in EDTA-plasma (Acetamino-

phen Direct ELISA Kit, Immuneanalysis, Pomona, CA). Gastric emp-

tying was calculated as % change relative to ND rats.

After 8 weeks, EDTA-Aprotinin plasma samples were collected for

hormonal analyses after 3 h fasting. Animals were euthanized under

isoflurane inhalation followed by exsanguination. Excised tissue was

snap-frozen in liquid nitrogen and stored at 2808C, and plasma was

stored at 2208C samples until further analysis.

Hyperinsulinemic–euglycemic clamp
Insulin-mediated whole body glucose uptake was estimated in rats fed

either HFD or ND (as described above). The HFD rats were stratified

into HFD vehicle or HFD-KBP-042 groups (n 5 5–7). ND vehicle

and HFD vehicle rats received saline injections while HFD-KBP-042

received 5 mg/kg of KBP-042 s.c. for 21 days. After the treatment

period, animals were subjected to a hyperinsulinemic–euglycemic

clamp experiment explained in details in the Supporting Information.

Plasma analysis
Plasma levels of lactate (L-lactate colorimetric assay, Abcam, Cam-

bridge, UK), insulin (Mercodia Rat Insulin ELISA, Mercodia AB,

Uppsala, Sweden), leptin (Rat Leptin ELISA, Millipore Corporation,

Billerica, MA), glucose-dependent insulinotropic peptide (GIP) (Rat/

Mouse GIP (Total) ELISA, Merck Millipore, Billerica, MA), and

adiponectin (Rat Adiponectin ELISA, Millipore Corporation, Biller-

ica, MA) were analyzed according to manufacturer�s instruction.

Tissue analysis
Lipids were extracted from liver samples with addition of internal

standards and triacylglycerol (TAG) was isolated from the total lipid

extract using aminopropyl solid-phase extraction cartridges, trans-

methylated, and quantified using Gas Chromatography–Flame Ioni-

zation Detector as previously described (20).

Statistical analysis
Data were statistically analyzed by one-way ANOVA multiple com-

parison followed by Tukey’s test. In Supporting Information Table

S1, ND controls were compared with HFD vehicle using Student’s

t-test. Values of P < 0.05 were considered to be significant.

Results
KBP-042 mediated substantial and sustained
reductions in body weight
The baseline characteristics of HFD rats and lean controls confirmed

the obese and prediabetic status of the HFD rats (Supporting Infor-

mation Table S1).

After treatment with KBP-042 for 8 weeks, a dose-dependent and sus-

tained reduction of body weight was observed. A large weight loss

was observed in the initial phase of the study (Figure 1A, B) in the

three highest treatment groups (2.5 mg/kg, 5 mg/kg, and 10 mg/kg), as

well as the two corresponding pair-fed groups (pair-fed 5 mg/kg and

pair-fed 10 mg/kg). This corresponds well with the large reduction in

food intake in the first 6 days of treatment (Figure 1D). Due to the

drastic reduction in food intake, pica behavior was tested as a surro-

gate for nausea in rats. The two highest doses, 5 and 10 mg/kg KBP-

042 did not give rise to kaolin intake whereas a high dose of KBP-

042 not used in this study (50 mg/kg) provoked pica behavior

Obesity KBP-042, a Weight Loss Drug and Insulin Sensitizer Hjuler et al.
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Figure 1 (A) Body weight progression in % of initial body weight during the study from randomization at day 0 to last day of treatment, day 56. (B) Vehicle-
corrected body weights. (C) End point body weights. (D) Food intake of all treatment groups during the entire study. Food intake was monitored every day for
the first 6 days followed by weekly monitoring. Pair-fed groups were fed the same as the average for their corresponding treatment group (5 mg/kg or 10 mg/kg).
(E) Accumulated food intake for the entire duration of the study expressed in kcal/2 animals. (F) Calculated food efficiency. n 5 10 for all groups except vehicle
(n 5 12). Statistical analysis between groups for panels C, E, and F performed as a one-way ANOVA followed by Tukey’s post hoc test with the following annota-
tions: ###P< 0.001 vs. normal diet control (ND). *P< 0.05, ***P< 0.001 vs. high-fat diet (HFD) vehicle. ††P< 0.01, †††P< 0.001 vs. pair-fed 5 mg/kg.
‡‡P< 0.01, ‡‡‡P< 0.001 vs. pair-fed 10 mg/kg. Data are expressed as mean 6 SEM. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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(Supporting Information Figure S1). After the transient reduction in

feeding, food intake increased during the study. The pair-fed groups

gained weight again after feeding increased; inversely, treatment with

KBP-042 sustained the initial weight reduction throughout the 56 days,

with significant reductions in the 2.5 mg/kg, 5 mg/kg, and 10 mg/kg

groups compared with the HFD vehicle (Figure 1C). The accumulated

food intake corresponds well with the weight change for the three high-

est treatment groups (2.5 mg/kg, 5 mg/kg, and 10 mg/kg) (Figure 1E),

although the pair-fed groups which received the same amount of food as

their corresponding treatment group did not lose significant weight.

Accordingly, treatment with 2.5, 5, and 10 mg/kg KBP-042 resulted in

drastic and significant reduction in food efficiency compared with pair-

fed (Figure 1F), suggesting increased energy expenditure.

KBP-042 reduced adipose tissue and ectopic
lipid accumulation
After treatment three different adipose tissues were isolated and as

seen in Figure 2A–C, the weights of isolated epididymal and perire-

nal adipose tissues were significantly reduced after treatment with

10 mg/kg of KBP-042. The perirenal adipose tissue in the 2.5, 5, and

10 mg/kg groups was reduced significantly while inguinal fat was

not. The same reduction was not seen in the pair-fed controls.

Lipid accumulation in liver was assessed as hepatic TAG concentra-

tion (Figure 2D). As expected the HFD vehicle group had dramati-

cally higher TAG levels compared with ND group. This accumula-

tion was significantly reduced after treatment with KBP-042 (10 mg/

kg), while the corresponding pair-fed control group did not show a

significant reduction in liver TAG. In order to assess the treatment

effect on fatty acid metabolism in selective ways (e.g. metabolism

of saturated vs. monounsaturated vs. polyunsaturated), the fatty acid

composition of hepatic TAG was analyzed. The results showed that

there was no difference in the relative distribution, i.e., the treatment

caused a general reduction in TAG without effecting the metabolism

of specific fatty acid types (Supporting Information Table S2).

Finally, adiponectin and leptin levels were measured after 56 days of

treatment (Figure 2E, F). Adiponectin was significantly increased in

response to treatment with all doses of KBP-042 except 0.625 mg/kg.

For plasma leptin a statistically significant reduction was seen when

comparing 10 mg/kg KBP-042 with the corresponding pair-fed control.

In summary, fat depots, lipid, and adipokine data support a strongly

improved metabolic status as a function of treatment with KBP-042.

Chronic treatment with KBP-042 improved
glucose tolerance with reduced insulin levels
OGTT was performed after the first injection, as well as after 3 and

7 weeks of treatment.

The acute OGTT showed a slightly impaired glucose tolerance for

the 10 mg/kg group compared with HFD vehicle (Figure 3A, D). A

hyperglycemic effect was observed 30 min after s.c. administration

of KBP-042 at t 5 0 compared with vehicle (5.9 mM) for 5 mg/kg

(6.8 mM, P 5 0.033) and for 10 mg/kg (7.4 mM, P < 0.001)

groups. The total area under the curve (tAUC) was significantly

increased after injection of 10 mg/kg KBP-042 (Figure 3D). How-

ever, the insulin levels during the first 60 min after glucose adminis-

tration were reduced in animals dosed with KBP-042 (Figure 3G, J).

After 3 weeks of treatment with KBP-042 or saline, the three high-

est doses of KBP-042 resulted in a significantly lowered tAUC (Fig-

ure 3B, E). Insulin levels were lowered by KBP-042 except in the

0.625 mg/kg group (Figure 3H, K). Pair-fed 10 mg/kg group also had

a reduced insulin response (Figure 3K).

During OGTT after week 7 (Figure 3C) the two highest dose groups

had improved glucose tolerance when tAUC was considered (Figure

3F). The two highest dose groups showed increased glucose tolerance,

while drastically reduced insulin levels were observed within the first

60 min after glucose administration (Figure 3I, L). Pair-feeding did

not change glucose handling compared with HFD vehicle.

After administration of KBP-042, plasma lactate was dose-

dependently increased in treatment of naive animals (Supporting

Information Figure S2A) and resulted in a 1.5 mM increase in plasma

lactate 30 min after s.c. administration of 10 mg/kg KBP-042. Interest-

ingly, the KBP-042-provoked lactate response was completely blunted

by chronic treatment (Supporting Information Figure S2B, C).

KBP-042 reduced gastrointestinal mobility and
plasma levels of the gut hormone GIP
The rate of gastric emptying during OGTT was assessed in response

to acute dosing with KBP-042, after treatment for 3 weeks, or after

7 weeks (Figure 4A, C, E, respectively). Acute s.c. administration of

KBP-042 resulted in a significant reduction of gastric emptying 30

min after acetaminophen administration for the three highest treat-

ment groups (2.5 mg/kg, 5 mg/kg, and 10 mg/kg) (Figure 4A). In ani-

mals treated for 3 weeks with KBP-042, gastric emptying was

reduced for all treatment groups. The two pair-fed groups displayed

a slower rate of gastric emptying due to food restriction; however,

they still have significantly higher rates of gastric emptying com-

pared with 5 mg/kg and 10 mg/kg groups of KBP-042 (Figure 4C).

After 7 weeks of treatment the reduced gastric emptying was still

significant at most doses compared with HFD vehicle. The pair-fed

groups were no longer different from the HFD controls (Figure 4E).

GIP levels in plasma were quantified 0 to 30 min after acute glucose

administration, and after 3 and 7 weeks of treatment (Figure 4B, D,

F). After acute administration of KBP-042, GIP levels were signifi-

cantly lower in the groups treated with 2.5 to 10 mg/kg KBP-042

(Figure 4B). After treatment for 3 weeks, all groups displayed a

drastic reduction in plasma GIP. The two pair-fed groups demon-

strated significantly lowered GIP levels compared with HFD vehicle

probably due to food restriction. They were still significantly higher

than their corresponding treatment controls (5 mg/kg and 10 mg/kg)

(Figure 4D). After 7 weeks of treatment, plasma GIP levels were

reduced; however, the changes were only significant in the three

highest treatment groups. The reductions in pair-fed groups were no

longer present after 7 weeks of treatment (Figure 4F).

KBP-042 maintained peripheral glucose tolerance
with lower insulin levels irrespective of altered
gastric emptying
To circumvent the gastrointestinal tract and assess peripheral glu-

cose tolerance, IVGTTs were performed after 3 and 7 weeks of

treatment (Figure 5). In both tests, all KBP-042 groups showed a

trend towards lower blood glucose compared with vehicle and pair-
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Figure 2 (A–C) Weight of isolated epididymal, inguinal, and perirenal white adipose tissue (WAT), respectively, after 56 days of treatment. (D) Total tri-
acylglyceride content extracted from liver tissue after treatment with KBP-042 or saline for 56 days. (E,F) Plasma adiponectin and leptin levels,
respectively, after 56 days of treatment. n 5 10 for all groups except vehicle (n 5 12). Statistical analysis between groups performed as a one-way
ANOVA followed by Tukey’s post hoc test with the following annotations: ##P< 0.01, ###P< 0.001 vs. normal diet control (ND). *P< 0.05,
**P< 0.01, ***P< 0.001 vs. high-fat diet (HFD) vehicle. †P< 0.05, ††P< 0.01 vs. pair-fed 5 mg/kg. ‡P< 0.05 vs. pair-fed 10 mg/kg. Data are
expressed as mean 6 SEM.
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fed controls 5 and 10 min after glucose administration (Figure 5A,

B). This manifested in a lowered tAUC0–120 min for the 2.5 mg/kg

KBP-042 group only in the first test after 3 weeks and not after 7

weeks of treatment. No effect was observed for pair-fed groups.

Interestingly, when insulin levels were quantified, the tAUC for

insulin was significantly reduced in KBP-042 1.25-10 mg/kg groups

after 3 weeks of treatment (Figure 5G). After 7 weeks of treatment,

groups treated with 2.5 mg/kg and 5 mg/kg KBP-042 had

Figure 3 Blood glucose and insulin levels during oral glucose tolerance test (OGTT) performed in animals treated with KBP-042 or vehicle once (left), for 3
weeks (middle), or 7 weeks (right). Animals were challenged with an oral glucose bolus (2 g/kg) at time 5 0 and dosed with either KBP-042 or saline at
t 5 230. (A–C) Blood glucose levels during acute OGTT, OGTT after 3 weeks, and OGTT after 7 weeks, respectively. (D–F) Area under the curve (AUC) for
acute OGTT, OGTT after 3 weeks, and OGTT after 7 weeks, respectively. (G–I) Insulin levels during acute OGTT, OGTT after 3 weeks, and OGTT after 7
weeks, respectively. (J-L) Insulin levels during acute OGTT, OGTT after 3 weeks, and OGTT after 7 weeks, respectively, expressed as AUC. n 5 10 for all
groups except vehicle (n 5 12). Statistical analysis between groups performed as a one-way ANOVA followed by Tukey’s post hoc test with the following
annotations: *P< 0.05, **P< 0.01, ***P< 0.001 vs. high-fat diet (HFD) vehicle. ††P< 0.01, †††P<0.001 vs. pair-fed 5 mg/kg. ‡‡P< 0.01, ‡‡‡P< 0.001 vs.
pair-fed 10 mg/kg. Data are expressed as mean 6 SEM. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4 (A) Relative rates of gastric emptying measured 30 min after glucose challenge in the oral glucose tolerance test (OGTT) performed in treat-
ment naive animals. (B) Area under the curve (AUC) of plasma levels of glucose-dependent insulinotropic peptide (GIP) during OGTT in treatment naive
animals up to 30 min after glucose challenge. (C) Relative rates of gastric emptying measured 30 min after glucose challenge in the OGTT performed
animals treated with KBP-042 for 3 weeks. (D) AUC of plasma levels of GIP during OGTT in animals treated for 3 weeks, up to 30 min after glucose
challenge. (E) Relative rates of gastric emptying measured 30 min after glucose challenge in the OGTT performed animals treated with KBP-042 for 7
weeks. (F) AUC of plasma levels of GIP during OGTT in animals treated for 7 weeks, up to 30 min after glucose challenge. n 5 10 for all groups
except high-fat diet (HFD) vehicle (n 5 12). Statistical analysis between groups performed as a one-way ANOVA followed by Tukey’s post hoc test
with the following annotations: *P< 0.05, **P< 0.01, ***P< 0.001 vs. HFD vehicle. ††P< 0.01, †††P< 0.001 vs. pair-fed 5 mg/kg. ‡‡P< 0.01,
‡‡‡P< 0.001 vs. pair-fed 10 mg/kg. Data are expressed as mean 6 SEM.
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significantly reduced insulin levels while maintaining glucose toler-

ance (Figure 5H).

KBP-042 improved whole body insulin sensitivity
in the hyperinsulinemic–euglycemic clamp
A hyperinsulinemic–euglycemic clamp study was performed to

address the effect of KBP-042 on insulin sensitivity. For this study,

ND rats were compared with insulin-resistant HFD rats and 5 mg/kg

KBP-042 treated HFD rats. Figure 6A shows GIR reduced by �30%

(P 5 0.057) in the HFD group compared with ND. The treatment

with KBP-042 led to a significant increase in GIR (82%, P <
0.001) compared with HFD vehicle. When KBP-042 treatment is

compared with ND, GIR is increased with 27% (P < 0.05). As

expected, body weight was increased after HFD for 10 weeks as

compared with ND (Figure 6B), but treatment with KBP-042 for 21

days reduced weight with �18%, and the body weight was not sig-

nificantly different from the ND rats at the end of the study.

Discussion
In this study, KBP-042 induced a significant weight loss over a

period of 8 weeks, albeit with dramatic reductions in food intake

initially. Kaolin consumption was, however, only stimulated in a

higher dose than used in this study, thus indicating the reduction in

food intake was not due to illness. However, minor nausea in the

rats cannot be excluded. The highest KBP-042 groups sustain the

weight loss (up to 20% compared with HFD vehicle) throughout the

study, a phenomenon not seen in the pair-fed groups. The decreased

food efficiency of the KBP-042-treated rats (2.5 mg/kg–10 mg/kg)

and the large weight difference between treated and pair-fed rats,

indicate increased energy expenditure. In general, amylin agonism

blunts the reduction of energy expenditure that is normally caused

by food restriction and weight loss, as well as changing RER

(11,21), an indicator of fat utilization. Interestingly, amylin only

increases energy expenditure when given as chronic infusion s.c. or

i.c.v. (15,16,22), a finding likely related to short-lived activity of

amylin (23). KBP-042 has a longer and more potent activation pro-

file (17), despite a fast disappearance from plasma (<120 min) (18).

However, energy expenditure, as well as potential fecal energy

losses have to be formally assessed in future studies.

KBP-042 was able to significantly reduce TAG accumulation in the

liver at both 2.5 mg/kg and 10 mg/kg. The reduction did not reach a

significant level at 1.25 mg/kg and 5.0 mg/kg due to the relatively

large individual variations in the hepatic TAG levels, but there is a

tendency towards reduced hepatic TAG in these groups. Since

ectopic deposition of lipids in the liver is related to increased insulin

resistance, reducing the hepatic lipid-load could improve hepatic

insulin sensitivity, hereby reducing gluconeogenesis in the fatty liver

and increasing glucose tolerance (24). As of today, weight loss is

the only remedy for ectopic lipid deposition, and KBP-042 serves as

an excellent drug candidate to mediate this in an efficient manner.

However, the extent to which a similar effect could be obtained by

matching the weight loss remains to be explored. Importantly, the

Figure 5 (A,B) Intravenous glucose tolerance test (IVGTT) performed in animals treated for 3 weeks and 7 weeks, respectively, with either KBP-042 or
saline. Animals were dosed s.c. at t 5 230 and received i.v. glucose challenge at t 5 0. (C) Area under the curve (AUC) 0 to 120 min for the IVGTT in
panel A performed after treatment with KBP-042 for 3 weeks. (D) AUC 0 to 120 min for the IVGTT in panel B performed after treatment with KBP-042 for
7 weeks. (E) Plasma insulin levels during the IVGTT performed after 3 weeks of treatment. (F) Plasma insulin levels during the IVGTT performed after 7
weeks of treatment (legends as for panel A). (G) AUC for plasma insulin levels 0 to 30 min after glucose challenge in the IVGTT in panel A performed after
treatment with KBP-042 for 3 weeks (legends as for panel B). (H) AUC for plasma insulin levels 0 to 30 min after glucose challenge in the IVGTT in panel
B performed after treatment with KBP-042 for 7 weeks. n 5 10 for all groups except high-fat diet (HFD) vehicle (n 5 12). Statistical analysis between
groups performed as a one-way ANOVA followed by Tukey’s post hoc test with the following annotations: *P< 0.05, ***P< 0.001 vs. HFD vehicle.
†P< 0.05, †††P< 0.001 vs. pair-fed 5 mg/kg. ‡P< 0.05, ‡‡P< 0.01 vs. pair-fed 10 mg/kg. Data are expressed as mean 6 SEM. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 6 (A) Glucose infusion rate (GIR) at steady state during hyperinsulinemic–euglycemic clamp when blood glucose was clamped
at basal levels after 21 days of treatment. (B) Body weight at hyperinsulinemic–euglycemic clamp experiment day after 21 days of
treatment. Statistical analysis between groups performed as a one-way ANOVA followed by Tukey’s post hoc test with the following
annotations: *P< 0.05, **P< 0.01, ***P< 0.001. Data are expressed as mean 6 SEM.
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analysis of the fatty acid composition of TAG further suggests that

the fatty acid metabolism in the liver is unaltered, and the changes

are an overall TAG reduction.

During acute OGTT, increases in plasma lactate and blood glucose

were seen 30 min after administration of KBP-042, corresponding to

previous studies showing acute hyperglycemia following acute admin-

istration of salmon calcitonin or rat amylin (25). This is likely

explained by inhibition of insulin secretion, but also increased plasma

lactate as seen in this study. This manifested as a tendency towards

impaired glucose tolerance. Interestingly, the increase in plasma lac-

tate was not present in animals treated chronically. In fact, chronic

treatment led to improved oral glucose tolerance compared with both

vehicle and pair-fed groups. Importantly, the improved glucose clear-

ance was achieved with significantly lower plasma insulin levels, indi-

cating improved insulin action. The improved glucose tolerance

together with reduced liver TAG supports a general improved metabo-

lism and insulin sensitivity. This is further supported by the reduction

in adiposity, as plasma adiponectin is reduced in subjects who have

obesity and related to for example, inflammation, insulin resistance,

and energy metabolism (26,27), as well as type of phenotype in differ-

ent fat depots (28). The observed increase in adiponectin is in align-

ment with the improvement in both glucose tolerance and insulin

action as well as fatty acid removal from liver that KBP-042 induces

(26,29-31). The reduced adiposity also manifested in lowering of

plasma leptin, which corresponds well with previous demonstrations

that KBP-042 increases the sensitivity towards leptin (18), a finding

also seen with amylin (14,32).

IVGTT was performed to assess peripheral glucose homeostasis

while circumventing the gastrointestinal system, which is obviously

very affected by amylin agonism such as KBP-042 (33,34). Rats

treated with KBP-042 maintained glucose tolerance with reduced

insulin levels hence implying improved insulin sensitivity, albeit
with an effect markedly lower than in the OGTT. This corroborates

that KBP-042 has gastric emptying-independent effects on glucose

tolerance. The reduced insulin levels both during IVGTT and OGTT

could be explained by a direct KBP-042-mediated inhibition of both

insulin and glucagon secretion directly in the islets of Langerhans

(17), but maintaining or improving glycemia, glucose disposal rate,

and insulin action after a significant weight loss is also well

described in humans (5).

Plasma GIP levels and gastric emptying was assessed during the

OGTT, and the rate of gastric emptying correlated to the GIP levels.

In summary, KBP-042 reduces plasma incretin levels during OGTT,

directly inhibits insulin and glucagon release from the islets of

Langerhans (17), and reduces gastric emptying. These effects can

also explain the reduced insulin levels in the OGTT, but not in the

IVGTT. The reduced gastric emptying can mediate a beneficial

effect on postprandial glucose levels, which along with fasting

plasma glucose levels are very important factors in the reduction of

risks related to hyperglycemia.

To formally assess the suggested increase in insulin action we per-

formed a hyperinsulinemic–euglycemic clamp study. The reduced

GIR seen in the HFD group compared with ND was expected since

obesity is negatively correlated to insulin sensitivity and GIR (2).

The large increase in GIR after treatment with KBP-042 illustrated

the increase in insulin sensitivity. The KBP-042-induced weight loss

could explain a large increase in GIR. However, here the rats treated

with KBP-042 had similar body weight to the ND, but with a signif-

icantly increased GIR. This could suggest that insulin sensitivity is

increased beyond what would be expected from weight loss,

although this has to be further tested in weight-matched animals

receiving the same diet.

In conclusion, KBP-042 induced a sustained weight loss over 8

weeks in obese prediabetic rats but not in pair-fed animals, leading

to reduction in adipose tissues, ectopic TAG deposition, improved

glucose tolerance, and improved insulin action. The combination of

a weight-reducing and insulin-sensitizing agent is to our knowledge

unique. KBP-042 thus shows great promise for the treatment of type

2 diabetes and obesity due to its multiple beneficial effects on sev-

eral aspects of the metabolic syndrome.O
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Gydesen S, Andreassen KV, Hjuler ST, Christensen JM, Karsdal
MA, Henriksen K. KBP-088, a novel DACRA with prolonged receptor
activation, is superior to davalintide in terms of efficacy on body weight.
Am J Physiol Endocrinol Metab 310: E821–E827, 2016. First published
February 16, 2016; doi:10.1152/ajpendo.00514.2015.—This study aims
to elucidate the mechanism behind the potent weight loss induced by
dual amylin and calcitonin receptor agonists (DACRA) through com-
parison of the novel DACRA KBP-088 with the amylinomimetic
davalintide with regard to in vitro receptor pharmacology and in vivo
efficacy on food intake and body weight. KBP-088 and davalintide
were tested for their ability to activate the amylin and calcitonin
receptors as function of dose and time. Two doses of KBP-088 (1.67
and 5.0 �g/kg) were compared with similar davalintide doses in
high-fat diet (HFD)-fed rats receiving subcutaneous dosing once daily
for 62 days. Glucose tolerance was assessed after 3 and 7 wk of
treatment. KBP-088 demonstrated activation of amylin and calcitonin
receptors and prolonged receptor activation compared with davalint-
ide as well as a potent reduction of acute food intake. KBP-088
transiently reduced food intake and induced and notably sustained a
significant �16% vehicle-corrected weight loss without significant
weight loss in the calorie-restricted control groups. Additionally,
KBP-088 reduced white adipose tissues and adipocyte hypertrophy.
Finally, KBP-088 alleviated hyperinsulinemia and improved oral
glucose tolerance even with significantly lower insulin levels after 3
and 7 wk of treatment. KBP-088 is a potent amylin and calcitonin
receptor agonist with prolonged receptor activation compared with
davalintide. Moreover, KBP-088 induced and sustained significant
weight loss and reduced overall adiposity and adipocyte hypertrophy
in HFD rats. Finally, KBP-088 improved oral glucose tolerance and
alleviated hyperinsulinemia, underscoring the potential of KBP-088 as
an antiobesity agent with benefits on glucose control.

obesity; amylin; DACRA; adiposity; treatment

OBESITY IS A CONSEQUENCE of the modern-day lifestyle, and the
number of obese people is increasing. Associated with obesity
is a number of comorbidities and reduced life expectancy. Of
these, type 2 diabetes, nonalcoholic fatty liver disease, osteo-
arthritis, and cardiovascular disease are prominent, and the
obesity-derived insulin resistance is considered a major detri-
mental event in terms of prognosis (21)(15)(6).

Treatments for obesity are few, and even with the recent
approval of high-dose liraglutide as a treatment for obesity in
the US, there is a very limited library of molecules leading to
weight loss.

Amylin and amylin analogs such as davalintide are associ-
ated with control of appetite and thereby weight loss; however,
they are significantly limited by a lack of efficacy especially in
humans (10). The amylin analog pramlintide is the only mol-

ecule approved as therapy, and it is only as adjunct therapy to
insulin for treatment of diabetes (12, 17), which underscores
the challenge in translating potent receptor activation to in vivo
efficacy. Dual amylin and calcitonin receptor agonists
(DACRAs) are separated from amylin, as they elicit activation
not only of the amylin receptor (AMY-R), but also of the
calcitonin receptor (CTR) (1), and interestingly they also
appear to activate the receptors for an extended period of time,
leading to markedly superior effects on classical amylin-
induced responses in vivo, such as food intake, weight reduc-
tion, and suppression of glucagon (1, 11, 16). However, the
extent to which these effects can be translated into long-term
efficacy on body weight and how they compare to previous
amylin analogs is presently not known.

In this study, we studied a novel, highly potent DACRA,
KBP-088, with a prolonged receptor activation profile in a
long-term in vivo study head to head with davalintide, a potent
AMY-R agonist, to clearly determine peptide properties pre-
dictive of in vivo efficacy on body weight.

RESEARCH DESIGN AND METHODS

Peptide therapy. Synthetic KBP-088 and davalintide (American
Peptide) were dissolved in saline for subcutaneous delivery. The 5
�g/kg dose chosen for peptide administration in the current investi-
gations was based on previous comparable DACRA studies in animal
models of obesity and type 2 diabetes (1, 5) using sCT and the potent
DACRA KBP-042.

In vitro receptor binding and activity. The receptor specificity and
potency at the amylin and calcitonin receptor were determined by the
ability of KBP-088 to induce �-arrestin and recruitment in cell lines
overexpressing the human calcitonin amylin and calcitonin gene-
related peptide receptors, respectively. U20S CALCR cells (Discov-
erX cat. no. 93-0566C3), CHO K1 CALCR RAMP3 (DiscoverX cat.
no. 93-0268C2) and CKO-K1 CALCRL RAMP1 (DiscoverX cat. no.
93-0269C2) cells were used to quantify �-arrestin by PathHunter
Detection Kit (DiscoverX 93-0001) according to the manufacturer’s
instructions. The responses were analyzed and plotted as previously
described (1, 2).

Animal experiments. All animal procedures were performed in
accordance with guidelines from the Animal Welfare Division of the
Danish Ministry of Justice under the institutional license issued to
Nordic Bioscience (2012-15-2934-00094). Male Sprague-Dawley rats
were obtained at 6 wk of age and housed at the Nordic Bioscience
animal facility (21–23°C, 55–65% relative humidity, 12:12-h light-
dark cycle) with ad libitum access to food and water.

Animals. Normal-diet age-matched lean rats (ND) were fed a
standard pelleted chow, and high-fat diet-fed rats (HFD) a 60 kcal%
fat diet (#58Y1; TestDiet, London, UK). At study start, HFD rats
received 10% fructose (#F0127, Sigma-Aldrich, Brøndby, Denmark)
in the drinking water, and, in order to avoid bacterial growth, citric
acid was added (pH 3.6) in fructose drinking water; ND rats received
tap water with an equal amount of citric acid.

Address for reprint requests and other correspondence: S. Gydesen, Nordic
Bioscience, Herlev Hovedgade 207, 2730 Herlev, Denmark (e-mail:
sgy@nordicbioscience.com).
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Acute food intake. Acute food intake was tested in overnight-fasted
HFD rats. The animals received vehicle, KBP-088 (5, 1.67 �g/kg sc),
or davalintide (5, 1.67 �g/kg sc), and food intake was monitored 4, 24,
48, and 72 h postinjection.

Chronic in vivo study. We compared two doses of KBP-088 (1.67
and 5.0 �g/kg) with similar davalintide doses in HFD rats. Following
10 wk of HFD feeding, the rats were randomly (body weight) assigned
to treatment groups (n � 8) receiving either vehicle (saline sc),
KBP-088 (5, 1.67 �g/kg sc), or davalintide (5, 1.67 �g/kg sc) once
daily. Pair-fed rats (saline sc) were food restricted to KBP-088 5
�g/kg and davalintide 5 �g/kg. Food intake and body weight were
monitored on days 1–20, 28, 35, 42, 49, 56, and 62. After 3 and 7 wk
of treatment, OGTT was performed in overnight-fasted (12 h) rats,
with blood glucose measured and EDTA-plasma obtained for hor-
monal analysis. Rats received glucose gavage (2 g/kg po). Blood
samples were collected from the tail vein before drug administration
(�30 min) and glucose challenge (0 min) and 15, 30, 60, and 120 min
post-glucose challenge.

At study end, the animals were euthanized, anesthetized by
inhalation (isoflurane) followed by exsanguation and dissection.
Epididymal fat pads were fixed in 4% formaldehyde and then
stained with hematoxylin. Sections were randomly and blindly
selected and viewed under a microscope (12 sections per group; 6
sections for ND control, �20 magnification). Pictures were taken
and adipocytes counted using Olympus cell imaging software, and
the average size of the adipocytes was calculated.

Blood samples were collected in EDTA tubes and centrifuged at
5,000 rpm for 10 min at 4°C. Blood glucose was monitored by
Accu-Check Avia monitoring system (Roche Diagnostics, Rot-

kreuz, Switzerland). Plasma levels of insulin (Mercodia Rat Insulin
ELISA; Mercodia, Uppsala, Sweden) was analyzed according to
manufacturer’s instruction.

Statistical analysis. All data are presented as means � SE. The
statistical analyses of various drug effects were conducted using
one-way ANOVA, followed by Tukey’s posttest for multiple com-
parison. ND controls and HFD rats as well as EC50 values weare
compared using Student’s t-test. All analyses were performed using
GraphPad Prism software (GraphPad Prism, San Diego, CA). A value
of P 	 0.05 was considered statistically significant.

RESULTS

KBP-088 induces prolonged receptor activation in vitro,
whereas davalintide does not. Table 1 shows the sequence of
KBP-088 and davalintide for comparison. In vitro analyses of
the potency of KBP-088 and davalintide on the calcitonin,
amylin and CGRP receptors showed that both KBP-088 and
davalintide are highly potent ligands for the calcitonin and
amylin receptors (Fig. 1). EC50 values for the CTR were
calculated to 4.5 � (1.4) � 10�9 M and 5.2 (� 1.2) � 10�9 M
for KBP-088 and davalintide (P � 0.68), respectively, whereas
the corresponding EC50 values for the AMY-R were 4.0 (�
1.7) � 10�10 M and 1.3 ( � 1.7) � 10�9 M for KBP-088 and
davalintide (P � 0.38), respectively. In contrast, on the
CGRP-R we only observed a response with davalintide,
whereas KBP-088 even at very high doses (10�7 M) did not
induce �-arrestin recruitment (Fig. 1C). However, the mag-

Fig. 1. Dose-range curves of KBP-088 and
davalintide on induction of �-arrestin in cal-
citonin receptor (CTR; A), amylin receptor
(AMY-R; B), and calcitonin gene-related
peptide receptor (CGRP-R; C) -expressing
cell lines. D: prolonged CT-R-specific �-ar-
restin response mediated by 100 nM KBP-
088 or 100 nM davalintide in CTR-express-
ing cells for 4–72 h. A–D are pooled data
from 3–4 independent experiments.

Table 1. Amino acid sequences of the dual amylin and calcitonin receptor agonists

Sequences

KBP-088 AC- C S N L S T C M L G R L S Q E L H R L Q T F P K T D V G A N A P -NH2

Davalintide K C N T A T C V L G R L S Q E L H R L Q T Y P R T N T G S N T Y -NH2

Amino acid sequence comparison of KBP-088 and davalintide. Differences in sequences are highlighted in boldface. KBP-088’s NH2-terminal cysteine has
an acetyl modification.
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nitude of the CGRP-R induction elicited by davalintide was
low compared with the endogenous CGRP-R agonist,

-CGRP. An important aspect of the DACRAs is their
prolonged interaction with the CTR (2) and while davalint-
ide has been reported to bind irreversibly to the AMY-R (9)
it is not clear to what extent this translates into functional
receptor activation over time. To address this, we compared
davalintide to KBP-088 with receptor to prolonged receptor
activation, and as seen in Fig. 1D, KBP-088 induces a potent
prolonged receptor activation with activation still observed
at 72 h, in line with other DACRAs (2). On the other hand,
despite the potent short term activation of the receptors (Fig.
1, A–C), davalintide did not lead to prolonged receptor
activation (Fig. 1D).

Both davalintide and KBP-088 attenuate short-term food
intake, albeit only KBP-088 shows a prolonged reduction. A
single dose of KBP-088 and davalintide resulted in signifi-
cantly (P 	 0.01) reduced food intake 4 h postinjection;
however, only KBP-088 significantly reduced food intake 24
(�95%) and 48 (�32%) hours postinjection (Fig. 2A).

KBP-088 potently reduces appetite, body weight, and fat
depots. Ten weeks of high-fat feeding resulted in a phenotype
with significantly (P 	 0.001, �30%) increased body weight
(HFD), hyperinsulinemia, impaired glucose control without
hyperglycemia, but impaired insulin sensitivity (HOMA-IR)
compared with the lean age-matched controls (ND) (Table 2)
resembling an obese and prediabetic phenotype.

To investigate the anti-obesity potential of KBP-088 in vivo
we treated HFD rats for 8 wk, and compared the metabolic
effects with equivalent davalintide dosing. Previously,
DACRAs have shown a hypophagic effect (5); therefore, we
included a pair-fed group to both KBP-088 and davalintide
treated rats exploring impact of food restriction regarding body
weight. KBP-088 and davalintide were subcutaneously admin-
istered (1.67 and 5 �g/kg sid) throughout 62 days. During the
study period food intake was transiently attenuated by KBP-088
(Fig. 2, B and C) treatment, although cumulative food intake after
the initial 2 wk of treatment was not significantly different

Fig. 2. A: short-term treatment effect on food intake (4–48 h) by 2 different concentrations of KBP-088 and davalintide in high-fat diet-fed (HFD) rats (n �
8 rats per group). Weekly food intake (B), cumulative food intake days 1–14 (C), and days 15–62 (D) in HFD rats dosed with davalintide and KBP-088 (1.67
and 5 �g/kg) for 62 days (n � 8 rats per group; KBP-088 5 �g/kg n � 4). *P 	 0.05, **P 	 0.01, ***P 	 0.001 vs. KBP-088 1.67 �g/kg; # vs. 1.67 �g/kg
davalintide, $ vs. 5 �g/k davalintide g, * vs. vehicle. Statistical analysis between groups was evaluated by one-way ANOVA post hoc analyses. All data are
means � SE.

Table 2. Model characterization

ND Control HFD

Body weight (g) 466 � 33 607 � 23***
Fasting plasma glucose (ng/ml) 6.2 � 0.1 5.6 � 0.1**
Fasting plasma insulin (ng/ml) 1.0 � 0.1 2.2 � 0.2***
HOMA-IR (mM x �U/ml) 6.3 � 0.6 14.8 � 1.1***
Glucose tAUC in OGTT after 7 wk of

treatment (mmol/l·min) 1,253 � 20 1,422 � 31***
Insulin tAUC in OGTT after 7 wk of

treatment (ng/ml·min) 260 � 17 358 � 33*

Values are means � SE; n � 8 rats per group. Model characterization of
normal-diet lean (ND Control) and high-fat diet-fed (HFD) rats. HOMA-IR,
homeostasis model assessment of insulin resistance; tAUC, total area under the
curve; OGTT, oral glucose tolerance test. Statistical tests performed with
Student’s t-test. *P 	 0.05, **P 	 0.01, ***P 	 0.001 vs. ND Control.
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compared with davalintide and vehicle treated rats (Fig. 2D). At
study end, body weight of KBP-088-treated animals was signifi-
cantly lowered compared with vehicle- and davalintide-treated
rats and associated pair-fed rats (Fig. 3B). The reduced food intake
in the initial phase of the study (Fig. 2A) corresponds well with the
significant weight loss observed in both KBP-088-treated groups
and the KBP-088-associated pair-fed group compared with vehi-
cle- and davalintide-treated rats (Fig. 3A).

Based on food intake and body weight change, food efficacy
was calculated. We used the total food intake from days 15–62,
as there were no significant difference in food consumption
between the groups in this period. Expectedly, KBP-088 treat-
ment (1.67 and 5 �g/kg) resulted in a marked attenuation of
food efficiency (Fig. 3C), which was significantly different
from vehicle- and davalintide-treated rats and the pair-fed
group associated with the KBP-088 5 �g/kg group.

At termination, we isolated epididymal, inguinal, and peri-
renal fat depots. Interestingly and in conjunction with the
significant body weight reduction, the weight of epididymal
white adipose tissue was significantly reduced after treatment
with 1.67 and 5 �g/kg KBP-088 (Fig. 4A). This reduction was
not observed in the pair-fed control or in davalintide-treated
rats. There was a trend toward reducing inguinal and perirenal
adipose tissue (Fig. 4, B and C). Furthermore, the size of the
adipocytes (Fig. 4D, 1–6, E) in KBP-088-treated HFD rats was
markedly reduced compared with vehicle- and davalintide-
treated rats and corresponding pair-fed controls.

KBP-088 enhances glucose tolerance and potentially insulin
sensitivity. As expected, the basal insulin levels were markedly
increased in HFD rats compared with ND rats; however,
hyperinsulinemia was significantly reduced in KBP-088
groups compared with vehicle (data not shown). To investigate
the effect of KBP-088 on glucose tolerance, we performed an
OGTT in weeks 3 and 7. Glucose tolerance was significantly
improved by KBP-088 (1.67 and 5 �g/kg) and davalintide (5
�g/kg) to a similar extent (Fig. 5, A and B), evidenced by the
�12% decreases in the blood glucose AUC values for both
treatment doses of 5 �g/kg (Fig. 5, C and D). Pair feeding did
not improve glucose tolerance in either test. The glucose-
induced insulin hypersecretion observed in vehicle- and pair-
fed groups was markedly suppressed during OGTT by the two
concentrations of KBP-088 and by davalintide at 5 �g/kg,

which resulted in significantly reduced insulin AUC values in
KBP-088- (1.67 and 5 �g/kg) and davalintide- (5 �g/kg)
treated rats (Fig. 5, E and F).

Overall, these findings suggest that KBP-088 exerts a pro-
nounced anorectic effect in HFD rats, a reduction of body weight,
and an improvement in energy homeostasis in conjunction with
alleviation of hyperinsulinemia, which is in line with previous
findings for injectable DACRAs (5), and illustrates the need for
prolonged receptor activation to induce these effects.

DISCUSSION

Amylin receptor agonists are highly interesting as candidates
for the treatment of type 2 diabetes and obesity (4). However,
despite the approval of the amylin receptor agonist pramlintide
for the treatment of diabetes as adjunct to mealtime insulin,
these ligands are notoriously limited in terms of efficacy both
on glucose homeostasis and on weight control. Recent studies
have indicated that DACRAs, dual amylin and calcitonin
receptor agonists, have potency extending far beyond classical
amylin agonists such as pramlintide, although the explanation
for this remained to be elucidated.

In this study, we compared a novel DACRA, called KBP-088,
to the amylin mimetic davalintide, an amylin, calcitonin, and
calcitonin gene-related peptide receptor agonist, using a series of
in vitro and in vivo tests to elucidate the mechanism underlying
the superior activity of the DACRAs. By use of short-term in vitro
assays, davalintide was roughly equipotent to KBP-088; however,
when their ability to elicit long-term receptor activation was
tested, davalintide did not induce this. On the other hand, KBP-
088 activated the receptor for up to 72 h, demonstrating a superior
receptor activation profile. Furthermore, these effects manifested
directly in a prolonged ability to control appetite by KBP-088,
which was not seen for davalintide. This was somewhat surpris-
ing, as davalintide previously had been shown to bind irreversibly
to the AMY-R (9); however, due to some yet to be identified
mechanism, this does not translate into prolonged receptor acti-
vation or prolonged suppression of appetite.

In this study, KBP-088 induced a marked weight loss. The
drastic reduction in body weight observed at study start could be
explained by the initial anorectic effect of KBP-088, as the
food-restricted pair-fed controls lowered their body weight simi-

Fig. 3. Weekly (A), study end body weight (B), and food efficacy (days 15-62; C) in HFD rats dosed with davalintide and KBP-088 (1.67 and 5 �g/kg) for 62
days and pair-fed (n � 8 rats per group; KBP-088 5 �g/kg n � 4). *P 	 0.05, **P 	 0.01, ***P 	 0.001; * vs. vehicle, # vs. 1.67 �g/kg davalintide, $ vs.
5 �g/kg davalintide, ¤ vs. pair-fed 5 �g/kg KBP-088.
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larly. Importantly, five animals were subtracted from the 5 �g/kg
group due to a too-large weight loss. The maximal dose of
KBP-088 was selected based on previous findings using salmon
calcitonin, an amylin and calcitonin receptor agonist, and
DACRAs (5); however, this peptide exerts a very potent anorectic
effect, and in future studies the maximal doses will be of lower
concentration. Interestingly, the food intake returned to normal
within 3 wk, and the pair-fed group regained lost body weight,
whereas the KBP-088-treated groups maintained the weight loss

achieved, 16% throughout the study in the highest-concentration
KBP-088 group. We speculate that the nonexisting prolonged
response of davalintide underlay the lack of ability to suppress
body weight at the doses chosen, although it transiently sup-
pressed food intake. These are consistent with the need for
infusion pumps and thereby continuous exposure to davalintide in
order for it to exert a weight-reducing effect (9).

Considering the fact that KBP-088 significantly suppresses
body weight compared with the pair-fed controls emphasizes

Fig. 4. Relative weight of epididymal (A), inguinal (B), and retroperitoneal (C) adipose tissue at study end. D 1–6: Hematoxylin-stained epididymal adipose tissue
at �10 magnification in 1) vehicle, 2) lean, 3) KBP-088, 4) davalintide, 5) pair-fed KBP-088, and 6) pair-fed davalintide, respectively (n � 8 rats per group;
KBP-088 5 �g/kg n � 4). E: quantified adipocyte size (12 sections per group; 6 sections for ND-control, �20 magnification, dimension: 2040 � 1536). *P 	
0.05, **P 	 0.01, ***P 	 0.001: * vs. vehicle, $ vs. 5 �g/kg davalintide, # vs. pair-fed 5 �g/kg davalintide, ¤ vs. pair-fed 5 �g/kg KBP-088. Statistical analysis
between groups was evaluated by one-way ANOVA post hoc analyses. All data are means � SE.
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that KBP-088 has some beneficial effect on the weight reduc-
tion besides suppressed food intake. Furthermore, the de-
creased food efficiency of the KBP-088-treated rats, and the
difference between treated and pair-fed rats, suggest an in-
creased energy expenditure. Davalintide has enhanced pharma-
cological properties over rat amylin (8), albeit a short-lasting
effect compared with KBP-088. Under normal conditions the

rats will lower energy expenditure during weight loss; how-
ever, continuous infusion of amylin prevents this reduction (11,
18), and similar effects were observed with davalintide (9).

Interestingly, amylin increases energy expenditure only when
given as a continuous infusion or icv (3, 7, 18), a finding likely
related to the short-lived activation of the AMY-R. However, the
energy expenditure needs to be formally assessed in the future.

Fig. 5. A and B: plasma glucose during oral glucose tolerance test (OGTT) in HFD rats dosed with davalintide and KBP-088 (1.67 and 5 �g/kg) after 3 and 7
wk, respectively. Total AUC for glucose (C and D) and insulin (E and F) during OGTT after 3 and 7 wk, respectively (n � 8 rats per group; KBP-088 5 �g/kg
n � 4). *P 	 0.05, **P 	 0.01, ***P 	 0.vs. pair-fed 5 �g/kg davalintide, ¤ vs. pair-fed 5 �g/kg KBP-088. Statistical analysis between groups was evaluated
by one-way ANOVA post hoc analyses. All data are means � SE.
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Additionally, KBP-088 reduced overall adiposity as well as
decreasing the size of adipocytes in the epididymal white
adipose tissue over the study period. Weight loss has on
multiple occasions been associated with beneficial effects on
adipocytokines (14) and leptin metabolism – leptin sensitivity,
which has previously been shown to be improved by DACRAs
(5). Furthermore, weight loss and reduction in adipose cell size
are involved in restoring plasma insulin concentration toward
normal, concomitant with the return of normal tissue insulin
sensitivity (13), and whether KBP-088 has a direct effect on
adipocyte hypertrophy needs further investigations.

Short- and long-term treatment with KBP-088 improved
glucose tolerance compared with both vehicle and pair-fed
groups in accord with previous studies performed with
DACRAs (5) and davalintide. The previously described effect
of davalintide on glucose tolerance was performed in rats
receiving a continuous infusion of davalintide (8). Notably,
glucose tolerance was also improved in davalintide-treated rats
even though there was a lack of prolonged receptor activation.
This was probably due to the predosing of the rats with the
peptides 30 min prior to an OGTT, which confirms the ability
of davalintide to improve glucose tolerance short-term, as
previously described. However, to evaluate the overall treat-
ment effect of KBP-088 and davalintide on glucose tolerance,
the OGTT must be performed without predosing. As KBP-088
has a prolonged response and reduces body weight, the gluco-
regulatory and insulinostatic effects would expectedly be pres-
ent; however, as davalintide did not elicit long-term receptor
activation, the glucose-lowering effect might have been lost.

In line with previous DACRA findings, albeit in contrast to
other glucose-lowering agents such as sulfonylureas and GLP-1
analogs, the enhanced glucose disposal was achieved with an
attenuated insulin secretion. This could imply an enhanced insulin
sensitivity; however, this needs further investigations addressing
insulin sensitivity and circumventing gastric emptying, as amylin
agonism lowers the gastric emptying rate (19, 20).

In conclusion, the novel DACRA KBP-088 has prolonged
receptor activation, and furthermore, KBP-088 induces and
sustains a marked weight loss over 62 days in obese rats, which
concomitantly leads to a reduced amount of adipose tissue. In
addition, KBP-088 improves glucose tolerance and implies im-
proved insulin action, underscoring the potential of KBP-088 as
an antiobesity agent with additional benefits on glucose control.
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Gydesen S, Andreassen KV, Hjuler ST, Hellgren LI, Karsdal
MA, Henriksen K. Optimization of tolerability and efficacy of the
novel dual amylin and calcitonin receptor agonist KBP-089 through
dose escalation and combination with a GLP-1 analog. Am J Physiol
Endocrinol Metab 312: E000–E000, 2017. First published March 14,
2017; doi:10.1152/ajpendo.00419.2016.—Amylin and GLP-1 ago-
nism induce a well-known anorexic effect at dose initiation, which is
managed by dose escalation. In this study we investigated how to
optimize tolerability while maintaining efficacy of a novel, highly
potent dual amylin and calcitonin receptor agonist (DACRA), KBP-
089. Furthermore, we tested the GLP-1 add-on potential of KBP-089
in high-fat diet (HFD)-fed rats. KBP-089 potently activated both the
amylin and calcitonin receptors in vitro and demonstrated a prolonged
receptor activation as well as a potent reduction of acute food intake.
HFD rats dosed every day or every second day obtained equal weight
loss at study end, albeit with an uneven reduction in both food intake
and body weight in rats dosed every second day. In a 4-fold dose
escalation, KBP-089 induced a transient reduction in food intake at
every escalation step, with reducing magnitude over time, and the
following treatment with 2.5, 10, and 40 �g/kg resulted in an ~15%
vehicle-corrected weight loss, a corresponding reduction in adipose
tissue (AT), and, in all treatment groups, improved oral glucose
tolerance (P � 0.01). Twofold and linear escalations suppressed body
weight evenly with no significant reduction in food intake at either
escalation step. KBP-089 (1.25 �g/kg) and liraglutide (50 �g/kg)
reduced 24-h food intake by 29% and 37% compared with vehicle,
respectively; however, when they were combined, 24-h food intake
was reduced by 87%. Chronically, KBP-089 (1.25 �g/kg) and lira-
glutide (50 �g/kg) lowered body weight 8% and 2% in HFD rats,
respectively, whereas the combination resulted in a 12% body weight
reduction. Moreover, the combination improved glucose tolerance
(P � 0.05). In conclusion, DACRAs act complementarily with GLP-1
on food intake and body weight. Furthermore, on escalation, KBP-089
was well tolerated and induced and sustained a significant weight loss
and a reduction in AT in lean and HFD rats, underscoring the potential
of KBP-089 as an anti-obesity agent.

obesity; amylin, DACRA; adiposity; treatment; tolerance; GLP-1;
insulin sensitivity

OBESITY IS THE RESULT of excessive caloric intake and a sedentary
lifestyle. Complications such as insulin resistance, type 2 diabetes
mellitus (T2DM), and nonalcoholic fatty liver disease, among

others, often coexist with obesity. Achieving weight loss through
low-energy diets, increased physical activity, and behavioral ther-
apy represent the core components of lifestyle intervention in
obesity management (31). Complementary therapies such as sur-
gery and pharmacotherapy are used in persons not achieving
sufficient weight loss with lifestyle interventions (8).

Amylin receptor agonists (pramlintide and davalintide) have
shown promise for weight reduction in preclinical models (19)
and clinical settings (3, 26), and in combination with leptin
(22) and small-molecule weight loss agents (4). Due to its
appetite-regulating capability, pramlintide has been shown to
reduce insulin-induced weight gain, in combination with reg-
ulation of postprandial glucose levels, and therefore has been
approved as adjunct therapy to mealtime insulin for the treat-
ment of T2DM (25, 32). In the context of T2DM, pramlintide
has been shown to cause small placebo-subtracted absolute
reductions in hemoglobin A1c (Hb A1c) of 0.2–0.4% and
weight loss of 2.1–2.3 kg in obese individuals (20). Side effects
include temporary nausea in T2DM (20, 34).

The most recent therapy for obesity is high-dose liraglutide,
which induces a reduction in body weight and sustains the
achieved weight loss partially due to a lowered appetite (7).
Furthermore, liraglutide also addresses elevated blood glucose
levels, albeit still with limitations in terms of efficacy and
challenges with tolerability (14, 17). Treatment with amylin
and GLP-1 analogs induces potent reductions in food intake.
Changes in satiety induced by activation of receptors in the
brain (e.g., by amylin and GLP-1) can lead to nausea (5, 10),
and to circumvent these tolerability issues, the peptides are
escalated in dose over time (3, 15, 17).

Dual amylin and calcitonin receptor agonists (DACRAs)
elicit activation not only of the amylin receptor (AMY3-R) but
also of the calcitonin receptor (CTR) (1). Notably, DACRAs
activate the receptors for an extended time period, leading to
superior effects on classical amylin-induced responses in vivo,
such as food intake, weight reduction, and suppression of
glucagon (1, 9, 24, 30).

In this study, we characterized a novel, highly potent
DACRA, KBP-089, in vitro as well as in vivo. We determined
the potency and receptor activation profile using cell lines
expressing the CTR and the AMY3-R. In vivo, we evaluated
the tolerability of KBP-089 using dose-escalation regimes,
assessed dosing frequency by comparing daily dosing with
dosing every second day, and examined KBP-089 as mono-

Address for reprint requests and other correspondence: S. Gydesen, Nordic
Bioscience, Herlev Hovedgade 207, 2730 Herlev, Denmark (e-mail: sgy
@nordicbio.com).

Am J Physiol Endocrinol Metab 312: E000–E000, 2017.
First published March 14, 2017; doi:10.1152/ajpendo.00419.2016.

0193-1849/17 Copyright © 2017 the American Physiological Societyhttp://www.ajpendo.org E1

AQ: 1

AQ: au

AQ:3

AQ: 4

AQ: 2

tapraid4/zh1-aend/zh1-aend/zh100517/zh17740d16z xppws S�5 4/29/17 12:39 MS: E-00419-2016 Ini: 5/ml/ss

DOCHEAD � ; DOCTOPIC �

http://orcid.org/0000-0001-9215-4880
mailto:sgy@nordicbio.com
http://doi.org/10.1152/ajpendo.00419.2016.
mailto:sgy@nordicbio.com


therapy and in combination with the GLP-1 analog liraglutide
as treatment for obesity in high-fat diet-fed rats (HFD).

METHODS

Peptide Therapy

Synthetic KBP-089 (American Peptide Company, Vista, CA) and
liraglutide (Bachem, Bubendorf, Switzerland) were dissolved in saline
for subcutaneous delivery. The suboptimal doses chosen for KBP-089
administration in the current in vivo investigations were based on
previous comparable DACRA studies in animal models of obesity
using potent DACRA, KBP-042 (11), and KBP-088 (9) and on
previous studies using liraglutide (16).

In Vitro Receptor Binding and Activity

KBP-089 receptor specificity and potency were determined by
cAMP production and �-arrestin recruitment in cell lines with heter-
ologous overexpression of the human calcitonin (CTa), amylin
(CTa � RAMP3), and calcitonin gene-related peptide (CGRP) recep-
tors (U2OS CALCR cells, DiscoverX catalog no. 93-0566C3;
CHO-K1 CALCR-RAMP3, DiscoverX catalog no. 93-0268C2; and
CHO-K1 CALCRL-RAMP1, DiscoverX catalog no. 93-0269C2, re-
spectively). All in vitro cell experiments were conducted with 2,500
cells/well, incubated with ligands for 3 h at 37°C in a humidified
incubator with atmospheric air supplemented with 5% CO2 unless
otherwise specified. Quantification of the intracellular cAMP was
assayed using the cAMP femto Tb kit (no. 62AM7PEB; Cisbio
Bioassays) according to the manufacturer’s instructions. �-Arrestin
recruitment was quantified by using the PathHunter detection kit
(DiscoverX catalog no. 93-0001) according to the manufacturer’s
instructions. Data analysis was conducted as previously described (1,
2, 9).

Animal Experiments

All animal procedures were performed in accordance with guide-
lines from the Animal Welfare Division of the Danish Ministry of
Justice under the institutional license issued to Nordic Bioscience
(2012-15-2934-00094). Male Sprague-Dawley (SD) rats (Envigo,
Horst, The Netherlands) were obtained at 6 wk of age and housed at
the Nordic Bioscience animal facility (21–23°C, 55–65% relative
humidity, 12:12-h light-dark cycle) with ad libitum access to food and
water.

Animals

From arrival and throughout the study periods, normal-diet age-
matched lean rats (ND) were fed a standard pelleted chow (no. 5002;
LabDiet, St. Louis, MO) and high-fat diet-fed rats (HFD) a 60 kcal%
fat diet (no. 58Y1; TestDiet, London, UK) from arrival and a mini-
mum of 10 wk before study initiation.

Acute Food Intake

Acute food intake tests were performed in overnight-fasted HFD
rats (16 wk of age). The animals received either vehicle (saline) or

KBP-089 and/or liraglutide subcutaneously in multiple concentrations
and combinations, and food intake was monitored 4, 24, 48, and 72 h
postinjection.

Chronic In Vivo Studies

Dosing once daily vs. every other day. To assess daily dosing vs.
dosing every other day, male HFD rats (18 wk of age) were randomly
assigned into three treatment groups (n � 5–6) and received either
vehicle (saline) or KBP-089 (5 �g/kg) once daily (s.i.d.) or every
other day (q.a.d.) for 15 days. Food intake and body weight was daily
monitored. On days 0 and 16, a pharmacokinetic (PK) profile was
conducted. The rats received a single injection of KBP-089 (5 �g/kg),
and the amount of KBP was measured in plasma samples obtained 0,
10, 20, 40, 60, 120, and 240 min after dosing in an in-house ELISA
as previously described (12).

KBP-089 tolerability in HFD rats. One hundred age-matched male
SD rats (50 HFD and 50 ND, 18 wk of age) were assigned into
treatment groups and normalized according to body weight (n � 10),
and a four-step dose escalation of KBP-089 (0.625, 2.5, 10, and 40
�g/kg) was applied, followed by 6 wk of treatment with each group’s
final dose, as follows. All four treatment groups received 0.625 �g/kg
KBP-089 from study start; one group continued 0.625 �g/kg treat-
ment throughout the study. Three of the treatment groups receiving
0.625 �g/kg KBP-089 were escalated to 2.5 �g/kg at day 7; one group
continued 2.5 �g/kg treatment throughout the study. Two of the
treatment groups receiving 2.5 �g/kg KBP-089 were escalated to 10
�g/kg at day 21; one group continued 10 �g/kg treatment throughout
the study. One of the treatment groups receiving 10 �g/kg KBP-089
was escalated to 40 �g/kg at day 35 and continued 40 �g/kg treatment
throughout the study. Food intake and body weight were monitored
daily through the escalation period and once weekly during the
treatment period. An oral glucose tolerance test (OGTT) was per-
formed 3 wk into the treatment period.

In addition, we did a similar dose-escalation study with smaller
escalations of KBP-089 in male ND rats (n � 10 rats/treatment group,
16 wk of age). These rats were escalated either once weekly (0.625,
1.25, 2.5, 5, and 10 �g/kg; E1) at days 0, 7, 14, 21, and 28 or twice
weekly (0.625, 0.94, 1.25, 1.88, 2.5, 3.75, 5, 7.5, and 10 �g/kg; E2)
at days 0, 4, 7, 11, 14, 18, 21, 25, and 28 with daily monitoring of food
and body weight.

KBP-089 and liraglutide in HFD rats. Seventy HFD rats (18 wk of
age) were assigned into treatment groups according to body weight
(n � 9–10 rats/treatment group). The rats received suboptimal doses
of KBP-089 (0.625 and 1.25 �g/kg sc), liraglutide (25 and 50 �g/kg),
and their combinations (0.625 � 25 �g/kg and 1.25 � 50 �g/kg) and
vehicle for 10 wk. Body weight was monitored daily, and after 3 and
8 wk of treatment, OGTTs were performed. At study end, animals
were euthanized (anesthetized by inhalation of isoflurane), followed
by exsanguination and dissection. Epididymal, retroperitoneal, and
subcutaneous inguinal fat were surgically removed and weighed.

Glucose Tolerance Tests

The rats received glucose by oral gavage (2 g/kg). EDTA plasma
samples were collected from the tail vein before glucose challenge (0

Table 1. Amino acid sequence of hCT, sCT, KBP-089, davalintide, and rat amylin

Name
NH2-Term.

Mod. 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37
COOH-Term.

Mod.

hCT C G N L S T C M L G T Y T Q D F N K F H T F P Q T A I G V G A P -NH2

sCT C S N L S T C V L G K L S Q E L H K L Q T Y P R T N T G S G T P -NH2

KBP-089 AC- C S N L S T C M L G R L S Q D L H R L Q T Y P K T D V G A N A P -NH2

Davalintide K C N T A T C V L G R L S Q E L H R L Q T Y P R T N T G S N T Y -NH2

rAMY K C N T A T C A T Q R L A N F L V R S S N N L G P V L P P T N V G S N T Y -NH2

Amino acid sequences of human calcitonin (hCT), salmon calcitonin (sCT), KBP-089, davalintide, and rat amylin (rAMY) are shown. Modifications in
KBP-089 consist of an NH2-terminal acetyl group and a COOH-terminal amide group.

E2 IMPROVING KBP-089 TOLERABILITY AND EFFICACY

AJP-Endocrinol Metab • doi:10.1152/ajpendo.00419.2016 • www.ajpendo.org

AQ: 5

EQ:1

AQ: 14

AQ: 6

AQ: 7

tapraid4/zh1-aend/zh1-aend/zh100517/zh17740d16z xppws S�5 4/29/17 12:39 MS: E-00419-2016 Ini: 5/ml/ss



min) in both tests and at 15, 30, 60, and 120 min after glucose
challenge.

Biochemical Analysis

Blood samples were collected in EDTA tubes and centrifuged at
5,000 rpm for 10 min at 4°C. Blood glucose was monitored using the
Accu-Check Avia monitoring system (Roche Diagnostics, Rotkreuz,
Switzerland). Plasma levels of insulin (Mercodia rat insulin ELISA;
Mercodia, Uppsala, Sweden) were analyzed according to the manu-
facturer’s instructions.

Statistical Analysis

All figure data are means � SE. Group differences were as-
sessed using analysis of variance followed by post hoc Dunnet’s
(compared with vehicle) or Tukey’s multiple comparison test. Lean
age-matched controls were compared with HFD vehicle using
Student’s t-test. All analyses were performed using GraphPad
Prism (GraphPad Software, San Diego, CA). Concentration-re-
sponse curves were fitted in GraphPad Prism using the variable
slope (four parameter) setting with least-squares fit. EC50 values
were determined in individual experiments, and the average of

Fig. 1. A–D: Concentration-response curves
of KBP-089 for cAMP (A) and �-arrestin
induction (B) in calcitonin receptor (CTR)-
expressing cell line or cAMP (C) and �-ar-
restin induction (D) in amylin receptor
(AMY3-R)-expressing cell line. E: pro-
longed CTR-specific �-arrestin response
mediated by 100 nM KBP-089 in CTR-
expressing cells for 4–72 h. F: �-arrestin
induction in CGRP receptor-expressing cell
line. For A–F, pooled data are from 3–4
independent experiments. G: effect of a sin-
gle subcutaneous KBP-089 injection on ca-
loric intake (n � 6–8 rats per group). *P �
0.05; ***P � 0.001 compared with vehicle.
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means � SD was used to calculate the pEC50. A value of P � 0.05
was considered statistically significant.

RESULTS

KBP-089 Induces Prolonged Receptor Activation In Vitro

KBP-089 is a novel DACRA, and the sequence can be found in
Table 1 with the sequences of related peptides. The receptor
activation profile corresponds to that in previous publications,
with salmon calcitonin (sCT) being the most potent ligand on both
receptors and human calcitonin and amylin being selective for
their corresponding receptors (2, 9, 28). The ability of KBP-089 to
activate the calcitonin- and amylin receptors was assessed by
cAMP production and �-arrestin recruitment (Fig. 1, A–D), and
corresponding pEC50 values were determined (see Table 2).
pEC50 values for KBP-089 for �-arrestin on both CTa and
AMY3a were significantly higher compared with the sCT pEC50

value, and in addition, the KBP-089 pEC50 value for cAMP on
AMY3a was markedly higher than the sCT pEC50 value. Further-
more, an important aspect of the DACRAs is their prolonged

interaction with the CTa (2). To address this, we tested prolonged
receptor activation with KBP-089, and as shown in Fig. 1E,
KBP-089 induced a potent prolonged receptor activation with
activation still observed after 72 h, in line with other DACRAs (1,
9). Finally, we tested the response on the CGRP receptor, and
even at high concentrations, KBP-089 did not induce �-arrestin
recruitment (Fig. 1F).

KBP-089 Potently Attenuates Acute Food Intake

A single dose of KBP-089 dose-dependently reduced caloric
intake (Fig. 1G). Four hours postinjection, all concentrations of
KBP-089 significantly suppressed caloric intake, and at 24 h a
similar suppression, except from the KBP-089 0.625 �g/kg dose,
was observed. At 48 h postinjection, KBP-089 still suppressed
food intake with 5, 10, and 40 �g/kg doses (40 �g/kg ~28% of
vehicle intake, P � 0.001). Interestingly, a single injection of 10
and 40 �g/kg KBP-089 markedly suppressed caloric consumption
in rats. Furthermore, in terms of exposure, no difference between
first and last dose was observed.

Table 2. Amylin and calcitonin receptor pEC50 values for KBP-089 and sCT

Ligand

CTR AMY3-R

cAMP �-Arrestin cAMP �-Arrestin

pEC50 pEC50 pEC50 pEC50

Salmon calcitonin‡ 9.8 � 0.1 (3) 8.2 � 0.0 (3) 8.8 � 0.3 (3) 8.7 � 0.1 (3)
KBP-089 9.9 � 0.6 (3)ns 8.7 � 0.1 (3)† 9.9 � 0.4 (3)* 9.2 � 0.1 (3)†
Fold difference (EC50 KBP-089/EC50 sCT) 1.3 3.0 10.4 2.9

pEC50 values for cAMP production and �-arrestin recruitment were determined for each individual experiment, and data are means � SD of individual
experiments. Values in parentheses are the number of individual experiments performed in this study. All parameters were measured in cells expressing
human CTR or human AMY3-R. *P � 0.05; †P � 0.001, KBP-089 compared with sCT (ns, not significantly different). ‡Previously published (Andreassen
et al. 2014).

Fig. 2. A–C: daily caloric intake (A), body weight (B), and cumulative caloric intake (C) in high-fat diet-fed rats dosed with KBP-089 (5 �g/kg) s.i.d. or q.a.d.
for 15 days (n � 5–6 rats per group). D and E: corresponding PK profiles of KBP-089 (s.i.d. and q.a.d) at baseline (D) and at study end after 16 days (E). All
data are means � SE.
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KBP-089 Efficacy is Independent of Pharmacokinetic Profile

To assess KBP-089 tolerance, HFD rats were treated for 15
days with KBP-089 (5 �g/kg) either s.i.d. or q.a.d. Expectedly,
KBP-089 transiently suppressed food intake in the group dosed
once daily. The animals dosed every other day had a markedly
suppressed food intake on dosing days; however, the food
intake was increased on nondosing days (Fig. 2A). Concomi-
tantly, body weight was evenly reduced by KBP-089 s.i.d,
whereas KBP-089 q.a.d. had a more uneven weight loss, albeit

resulting in equal body weight reduction (Fig. 2B). Cumulative
food consumption was slightly reduced in s.i.d. dosed rats
compared with q.a.d. dosed rats (Fig. 2C).

To determine pharmacokinetics of KBP-089, we performed
a PK study before study start and after 15 days of KBP-089 (5
�g/kg) treatment (Fig. 2D). The plasma concentration of KBP-
089 increased immediately after dosing (Tmax was between 20
and 50 min), and KBP-089 was observed in plasma for 80 min.
T½ was ~1 h, and after 120 min, KBP-089 was cleared from

Fig. 3. A–D: daily caloric intake (A and B)
and body weight (C and D) during the esca-
lation period and the treatment period in
four-step dose-escalated lean and high-fat
diet-fed rats, respectively. E–H: correspond-
ing plasma glucose levels during oral glu-
cose tolerance test (E and F) and incremental
area under the curve (iAUC) values for glu-
cose (G and H) (n � 10 rats per group).
**P � 0.01; ***P � 0.001, compared with
vehicle. All data are means � SE.
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plasma. There was no difference between values for area under
the curve (AUC; Fig. 2E) on day 1 and day 15, indicating that
KBP-089 does not accumulate even with repeated exposure.

KBP-089 is Tolerable in High Concentrations After Dose
Escalation

Amylin receptor and GLP-1 receptor agonists are known to
evoke nausea and vomiting (5, 10), a phenomenon handled
clinically using dose escalation (15, 17). Furthermore, high
doses of DACRA therapy were shown to induce kaolin inges-
tion, an indication of an adverse gastrointestinal (GI) response
to therapy (11). In the current study, we determined whether
dose-escalating KBP-089 therapy led to weight loss with a
more “modest” suppression of food intake, i.e., a more toler-
able profile.

A 4-fold dose escalation followed by 6 wk of treatment
(0.625, 2.5, 10, and 40 �g/kg) in HFD and ND rats (565 � 7
vs. 488 � 11 g, P � 0.001) was applied. Dose escalation
induced a transient reduction in food intake at every escalation
step in ND (Fig. 3A) and HFD rats (Fig. 3B), but with
attenuated duration and magnitude over time compared with
those not escalated. The following 6 wk of treatment with 2.5,
10, and 40 �g/kg resulted in an ~15% vehicle-corrected weight
loss in ND (Fig. 3C) and HFD rats (Fig. 3D) and a correspond-
ing reduction in overall adipose tissue (data not shown). Food
efficiency was calculated on the basis of food intake and body
weight change, and as previously observed, food efficiency
was decreased by DACRA treatment (9, 11) (data not shown).
Moreover, all treatment groups showed improved oral glucose
tolerance (ND rats, Fig. 3E; HFD rats, Fig. 3F), resulting in
significantly lowered (P � 0.01) incremental AUC values (ND
rats, Fig. 3G; HFD rats, Fig. 3H).

As was evident from the previous study, fourfold concentration
increments still led to substantial suppression of food intake.
Accordingly, we switched to twofold escalations (0.625, 1.25, 2.5,

5, and 10 �g/kg; E1) once weekly and linear escalations (0.625,
0.94, 1.25, 1.88, 2.5, 3.75, 5, 7.5, and 10 �g/kg; E2) twice
weekly, and as shown in Fig. 4A, smaller dose escalations were
associated with a lower reduction in food intake at the indi-
cated increases in dose level. Furthermore, the cumulative
reduction in food intake was larger in the group without
escalation than in the two escalated groups (Fig. 4B). Impor-
tantly, weight loss following dose escalation reached the same
magnitude as that without escalation, albeit the time to get to
maximum weight loss was prolonged (Fig. 4C). Expectedly,
the food efficiency was lowered in all therapy groups (Fig. 4D).

KBP-089 Acts Complementarily with GLP-1 on Food Intake,
Body Weight, and Glucose Tolerance

To assess whether KBP-089 acts in combination with GLP-1
on food intake and body weight, we did acute food intake
studies with KBP-089 and GLP-1 analog, liraglutide, and a
long-term treatment study in HFD rats. The effect of a single
subcutaneous injection of KBP-089, liraglutide, and their com-
binations were tested on the cumulative 72-h caloric intake
using multiple concentrations (Fig. 5A). A single injection of
liraglutide (100, 200, and 400 �g/kg) significantly suppressed
the caloric consumption compared with vehicle, whereas the
lower concentrations of liraglutide (25 and 50 �g/kg) were not
able to change the intake. Concomitantly, the high concentra-
tions of KBP-089 (2.5, 5, and 10 �g/kg) were able to induce a
significant reduction in the 72-h caloric intake compared with
vehicle, whereas the low concentrations of KBP-089 (0.625
and 1.25 �g/kg) were unable to attenuate 72-h caloric intake.
Interestingly, all the combinations used were able to induce a
marked suppression in the amount of calories consumed over
72 h compared with intake by vehicle rats.

To assess whether KBP-089 acts complementarily with
liraglutide, low doses of liraglutide and KBP-089 were used
alone or in combination for 10 wk. On the basis of effects

Fig. 4. A and B: daily caloric intake (A) and
body weight (B) during the escalation period
in 2-fold escalations (0.625, 1.25, 2.5, 5, and
10 �g/kg; E1) once weekly at days 0, 7, 14,
21, and 28 and linear escalations (0.625,
0.94, 1.25, 1.88, 2.5, 3.75, 5, 7.5, and 10
�g/kg; E2) twice weekly at days 0, 4, 7, 11,
14, 18, 21, 25, and 28 in lean rats fed a
normal diet. C and D: cumulative caloric
intake (C) and food efficiency (D) during the
escalation period (n � 10 rats per group).
**P � 0.01; ***P � 0.001 compared with
vehicle. #P � 0.05 compared with E1.
$$P � 0.01 compared with E2. All data are
means � SE.
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observed in Fig. 5A, we chose the suboptimal doses for the
chronic study. Ten weeks of treatment with low-dose liraglu-
tide (50 �g/kg) and KBP-089 (1.25 �g/kg) resulted in a 2%
and 8% vehicle-corrected weight loss, respectively, whereas
the combination resulted in a 12% vehicle-corrected body
weight reduction (Fig. 5B). Concomitantly, only a combination
of liraglutide and KBP-089 (50 �g/kg liraglutide and 1.25

�g/kg KBP-089) was able to lower overall adiposity, resulting
in a significant reduction in epididymal, inguinal, and perirenal
adipose tissue (Fig. 5, C–E). Moreover, this combination im-
proved oral glucose tolerance after 3 (Fig. 6, A and C) and 8 wk
(Fig. 6, B and D) of treatment. Insulin levels were lowered in
rats treated with low concentrations of KBP-089 and slightly
potentiated in rats treated with low concentrations of liraglutide

Fig. 5. A: cumulative caloric intake (72 h)
after a single dose of liraglutide, KBP-089,
or combinations of liraglutide and KBP-089.
B: body weight during treatment period.
C–E: weight of epididymal (C), inguinal
(D), and perirenal adipose tissue (AT; E) at
study end (n � 8–10 rats per group). *P �
0.05; ***P � 0.001 compared with vehicle.
All data are means � SE.
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after 3 wk (Fig. 6E) of treatment, resulting in significantly
different AUC values in KBP-089- and liraglutide-treated rats
(Fig. 6G). The combination of the two insulin-opposing treat-
ments (50 �g/kg liraglutide and 1.25 �g/kg KBP-089) resulted
in an intermediate insulin level that was not significantly
different from that in vehicle-treated rats; however, it was
significantly lower compared with that in liraglutide-treated

rats (Fig. 6G). Insulin levels during the OGTT performed after
8 wk of treatment with KBP-089 showed a reducing trend (Fig.
6F), albeit AUC was not significantly different from vehicle
(Fig. 6H). A similar trend was observed in the combination (50
�g/kg liraglutide and 1.25 �g/kg KBP-089), whereas insulin
levels in obese rats treated with low-dose liraglutide were not
different from those in rats treated with vehicle.

Fig. 6. Plasma glucose (A and B) and insulin
levels (E and F) during oral glucose toler-
ance test (OGTT) after 3 and 8 wk, respec-
tively, in high-fat diet-fed rats dosed with
liraglutide (50 �g/kg), KBP-089 (1.25 �g/
kg), or a combination of liraglutide and
KBP-089 (50 and 1.25 �g/kg, respectively)
for 10 wk. Total area under the curve (AUC)
is shown for glucose (C and D) and insulin
levels (G and H) during OGTT after 3 and 8
wk, respectively, in all treatment groups (li-
raglutide, 25 and 50 �g/kg; KBP-089, 0.625
and 1.25 �g/kg; or combinations of liraglu-
tide and KBP-089, 25 � 0.625 �g/kg and
50 � 1.25 �g/kg, respectively; n � 8–10
rats per group). *P � 0.05 compared with
vehicle. #P � 0.05; ##P � 0.01 compared
with 25 �g/kg liraglutide. ¤P � 0.05; @P �
0.07 compared with 50 �g/kg liraglutide. All
data are means � SE.
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DISCUSSION

In this article we present data on the novel dual amylin and
calcitonin receptor agonist (DACRA) KBP-089. Our data show
that KBP-089 is a highly potent DACRA, based on activation
of the AMY3-R and the calcitonin receptor, with no activation
of the CGRP receptor, and importantly, KBP-089 possesses the
ability to induced prolonged receptor activation, a trait known
to be crucial for in vivo activity of other members of the
DACRA family (9).

The in vitro investigation was limited to AMY3-R, and
investigations into AMY1-R and AMY2-R activation are war-
ranted to provide important pharmacological information due
to differences in receptor subtype off-target activation by
CGRP (21). However, the in vivo data presented in this article
suggests that KBP-089 does not have an AMY1-R activation
profile that is significantly different from that for AMY3-R or
that such a difference is not important for the observed phar-
macological effect. A recent study of rodent area postrema
neurons suggests that the different subtypes are coexpressed in
the same individual neurons (18); hence, no AMY-R subtype
appears be to predominant, or tissue specific, and could be
indicative of amylin receptor expression in other AMY-R
relevant tissues.

The in vitro efficacy indeed translated to in vivo efficacy, as
shown by the massive suppression of food intake following a
single injection of KBP-089. Interestingly, on this parameter
KBP-089 was more potent than previously reported DACRAs
(9, 11), as well as other previously described amylin-receptor
agonists such as pramlintide and davalintide (19, 33), and the
suppression clearly exceeded a 24-h time frame, potentially
indicating that less frequent dosing could be feasible. To
address this question, we compared chronic dosing using 5
�g/kg s.i.d. or 5 �g/kg q.a.d. KBP-089, and importantly, both
dose regimens led to similar weight loss during the 15-day
study; however, in the q.a.d. arm, notable fluctuations in food
intake and body weight were observed, likely resulting in a
challenge in terms of tolerability.

Peptides with known anorectic effects, such as amylin and
GLP-1 analogs, are associated with GI tolerability problems (3,
13), and we speculate that the massive suppression of food
intake following initial dosing is indicative of adverse effects
on the GI tract, as also supported by kaolin intake at high doses
of KBP-042 (11). To investigate whether a similar weight loss,
albeit with a less pronounced suppression of appetite, could be
obtained, we mimicked the clinical situation for pramlintide
and GLP-1 analogs and used dose escalation (3, 17). In these
studies, we found that dose escalation resulted in a similar
magnitude of weight loss, with lower suppression of appetite;
however, the time before maximum weight loss was prolonged.
Importantly, the increments of the dose escalation are very
important, because over-large increments led to substantial
suppression of food intake. These data correlate well with what
was expected from the literature and the dose escalation of
anorectic peptides (3, 17). These data indicate that dose-
escalation strategies can be tested in rat models using appetite
suppression and weight regulation as the output, and clearly
indicate that dose escalation is a good option for increasing
tolerability of this type of molecule.

Finally, because GLP-1 analogs and amylin receptor ago-
nists are thought to work, at least on the appetite regulation,

through a similar mechanism of action (13), we studied the
potential combination of KBP-089 with liraglutide. Both
classes of molecules exhibit weight-lowering effects, and pre-
viously, combinations of GLP-1 and amylin agonism have
shown synergistic reductions in food intake in nonhuman
primates (6), and peptide hybrids composed of an exenatide
analog and davalintide have shown beneficial effects body
weight and glucose control in obese rats (27, 29). Hence, the
combination of GLP-1 and amylin therapies for the treatment
of metabolic disease has been intensively discussed (23),
because combination-based therapies are increasing in this area
of disorders. We found a good effect on appetite suppression
when combining the two peptides, resulting in efficacy ob-
served at doses considered virtually ineffective when given as
stand-alone doses. Importantly, this manifested in efficacy on
body weight, as well.

In conclusion, KBP-089 is a novel, promising DACRA with
a substantial potency for control of metabolic parameters, and
dose-escalation strategies are implemented, it is highly likely
that the expected GI events can be overcome. Finally, KBP-
089 acts complementarily with GLP-1, indicating the potential
for an add-on therapy causing additional weight loss.
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KBP-089, Improves Metabolic and Hepatic Features of Nonalcoholic 

Steatohepatitis in High Fat, High Cholesterol Fed Rats.  

 

Sofie Gydesen1,2*, Samuel J. Daniels1, Anna T. Larsen1, Nina Sonne1, Morten A. 

Karsdal1,3, Kim Henriksen1 

 

1Nordic Bioscience, Herlev Hovedgade 207, Herlev, Denmark,  
2Department of Systems Biology, Technical University of Denmark, Lyngby, Denmark,  
3 KeyBioscience AG, Stans, Switzerland 

 

Abstract  

Obesity and non-alcoholic fatty liver disease (NAFLD) are the most common causes of 

nonalcoholic steatohepatitis (NASH) and subsequently chronic liver disease, such as 

fibrosis. While no treatments are approved, weight loss and insulin sensitizers have shown 

promise on metabolic and hepatic parameters; hence, drugs causing weight loss and 

alleviating insulin resistance are highly interesting as candidates for treatment of NAFLD 

and NASH.  

We started rats on high fat diet (HFD) for 8 weeks to induce obesity followed by a high fat, 

high cholesterol and cholate diet (HFCC) for 56 days to induce NASH. After HFD, the rats 

were assigned into treatment groups receiving either vehicle (saline) or escalated to 0.625, 

1.25, 2.5 and 5.0 µg/kg KBP-089.  

KBP-089 induced and sustained a significant 16.5% vehicle-corrected weight loss, reduced 

overall adiposity and enhanced insulin action during and oral glucose tolerance test. 

Furthermore, KBP-089 dose-dependently reduced the HFCC diet induced hepatomegaly 

and reduced circulating levels of triglycerides and AST. At the histological level, KBP-089 

impressively reduced both the combined NAFLD activity score and HFCC induced fibrosis 

stage. 

In conclusion, KBP-089 is a weight reducing agent that is well tolerated when introduced 

by dose escalation. Importantly, KBP-089 improves metabolic and hepatic features of NASH 

in a human like NASH model system, hence revealing the potential of KBP-089 as a 

therapeutic target in the treatment of NASH.  
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Introduction 

Nonalcoholic fatty liver disease (NAFLD) is considered the hepatic manifestation of the 

metabolic syndrome and is increasingly becoming common in parallel with the increasing 

prevalence of obesity83,152. NAFLD is characterized by excessive fat accumulation in the 

liver in the absence of excessive alcohol consumption or any other specific causes of hepatic 

steatosis82 – a lipid accumulation above 5% of the liver weight is classified as NAFLD83. 

When the balance between lipid uptake and utilization is abrogated, lipids accumulate in 

the liver. NAFLD encompasses a variety of liver pathologies with different clinical 

manifestations, extending from simple lipid accumulation in the hepatocytes to nonalcoholic 

steatohepatitis (NASH) with intralobular inflammation, hepatocellular ballooning and 

fibrosis100,288,289, and is projected to be the leading cause of liver transplants in the future153. 

Presently, there are no approved pharmacological treatments for NASH.  

Lifestyle changes focusing on healthy eating, weight loss and regular exercise is a 

cornerstone in NAFLD therapy in adults154–156 and children157, and bariatric surgery has 

been shown to reverse NASH and even substantial fibrosis158,159. Surgery however is only 

performed in a minority of the patients and is associated with peri- and postoperative 

hazards, hence there is clearly a need for pharmacological therapies to treat NASH160,161. 

Consequently, insulin sensitizers such as the PPAR-γ agonists pioglitazone109,110 and 

rosiglitazone111 have been introduced as “off-label” treatments for NASH112,290,291, and while 

these agents have proven efficacious in patients with NASH – with regards to hepatic 

histology and glucose control – their use is limited by the conservative beneficial effects and 

the undesired side effects associated with their use, namely weight gain. Insulin sensitizers, 

which improve glucose control but also reduces body weight could potentially be a more 

efficacious treatment, as weight loss is the most important parameter for NASH and a 

significantly weight loss per se results in resolutions of disease156. 

The therapeutics currently under evaluation in clinical trials are focused on relatively 

downstream events of liver injury such as inflammation and fibrogenesis – it might be 

useful to target upstream events such as weight loss, insulin sensitivity, control of satiety 

and energy efficiency177,178, hence possibly preventing the prevalence of progression into 

fibrosis and cirrhosis and targeting the core of MS.  

KBP-089 is a dual amylin and calcitonin receptor agonist (DACRA) that activate both the 

amylin receptor and the calcitonin receptor, and possess superior activity in terms of 

receptor activation and duration of activation compared to classical amylin receptor 

agonists268,269. Notably, the extended activation of the receptors appears to increase the in 

vivo efficacy269, thus addressing a major limitation of amylin agonists.  

KBP-089 has along with another DACRA called KBP-042 shown anti-obesity potential as 

well as the ability to reduce liver steatosis in obese rats274,279. KBP-089 is associated with 

transient hypophagia at dosing initiation and activation of receptors in the brain (eg. by 
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amylin and GLP-1) that induce satiety changes can lead to nausea292,293; however, recently 

it was demonstrated that KBP-089 was well tolerated even in high concentrations when 

introduced by dose-escalation.  

In this study, we evaluate the effects of KBP-089 in a rat model with excessive hepatic lipid 

accumulations, inflammation and mild fibrosis including a characterization of the KBP-089 

effects on a series of metabolic parameters, such as bodyweight and glucose metabolism and 

importantly liver steatosis, inflammation and fibrosis.  

 

Materials and methods 

 

Peptide therapy 

Synthetic KBP-089 (American Peptide Company, CA, USA) was dissolved in saline for 

subcutaneous delivery (s.c.). The doses chosen for peptide administration in the current 

investigations were based on previous comparable DACRA studies in animal models of 

obesity using potent DACRAs269,270,274 

 

Animal experiments 

All animal procedures were performed in accordance with guidelines from the Animal 

Welfare Division of the Danish Ministry of Justice under the institutional license issued to 

Nordic Bioscience (2016-15-0201-00910). Male Sprague Dawley rats (Harlan, Venray, The 

Netherlands) were obtained at 6 weeks of age and housed (2 rats per cage, standard wood 

chips enriched with red-tinted huts, nest material and sticks) at the Nordic Bioscience 

animal facility (21-23 °C, 55-65% relative humidity, 12-h light/dark cycle) with ad libitum 

access to food and water. From arrival to study start, the rats were fed a 60 kcal% fat diet 

(5.1 kcal/g) (#58Y1, TestDiet, London, UK). 8 weeks post arrival and throughout the study, 

the rats were fed a 65 kcal% fat (mostly cocoa butter) with 2% cholesterol and 0.5% cholate 

added (HFCC) (5.30 kcal/g) (#D09052204, Research Diet, New Brunswick, NJ, USA). The 

rats received food and tap water ad libitum. 
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In vivo study 

KBP-089 in high fat, high cholesterol and cholate fed rats.  

After 8 weeks of high fat feeding, the rats were randomly assigned into experimental groups 

according to body weight, ensuring an equal average value of body weight at study start. 

The rats were dose escalated in four steps (0.625, 1.25, 2.5 and 5.0 µg/kg KBP-089) once 

weekly at day 1, 7, 14 and 21 followed by 4 weeks of treatment with either dose. All four 

treatment groups received 0.625 µg/kg from study start – one group continued 0.625 µg/kg 

treatment throughout the study. Three of the treatment groups receiving 0.625 µg/kg were 

escalated to 1.25 µg/kg at day 7 – one group continued 1.25 µg/kg treatment. Two of the 1.25 

µg/kg groups were escalated to 2.5 µg/kg at day 21 – one group continued 2.5 µg/kg 

treatment throughout the study and finally, one of the 2.5 µg/kg treatment groups was 

escalated to 5 µg/kg at day 35 and continued 5 µg/kg treatment throughout the study period. 

The vehicle group received saline (s.c.). Food intake and body weight were daily monitored 

through the escalation period and once weekly during the treatment period. We measured 

aspartate transaminase (AST), alanine transaminase (ALT), and triglyceride levels after 

the 8 weeks of high fat feeding and at study end, and performed an oral glucose tolerance 

test (OGTT) 2 weeks into the treatment period. 

 

Glucose tolerance tests  

The rats received glucose per oral gavage (p.o.) (2 g/kg) and blood samples were collected 

from the lateral tail vein prior to the glucose challenge (0 min) and 15, 30, 60, and 120 

minutes post glucose challenge in the OGTT. 

 

Liver histology  

To address tissue fat accumulation, potential inflammation and fibrosis, livers were 

surgically removed, fixed in 4% formaldehyde and paraffin embedded. 5µm sections from 

liver tissue were stained with Sirius Red and Masson’s Trichrome, slides were examined 

under a light microscope, and magnification for each picture is stated. Quantitatively image 

analysis of steatosis (% of area) was performed using Image J software. Further, the 

combined NAFLD activity score (NAS) (0-8) composed of a steatosis (0-3), ballooning (0-2) 

and inflammation (0-3) scores31 was performed. Two independent individuals  scored 

steatosis, ballooning, inflammation and fibrosis blindly (magnification x20, 8 images per 

animal; 4 pictures per depth; 5 animals per group).  

 

Biochemical analysis 

Blood samples were collected in Hep/Li tubes and centrifuged at 5000 rpm for 10 min at 4 

°C. Blood glucose was monitored by Accu-Check® Avia monitoring system (Roche 
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Diagnostics, Rotkreuz, Switzerland). Plasma levels of insulin (Mercodia Rat Insulin ELISA, 

Mercodia AB, Uppsala, Sweden) was analysed according to manufacturer's instruction. 

Alanine transaminase (ALT), aspartate transaminase (AST), and triglycerides (TG) levels 

were measured in-house (ADVIA® 1800, Siemens, Germany).  

 

Statistical analysis 

All data are presented as means ± SEM. The statistical analysis of various drug effects were 

conducted using one-way ANOVA followed by Dunnets's post test for multiple comparison 

for parametric data and Kruskal-Wallis test with Dunn’s post test for non-parametric data. 

Comparison between baseline and study end in vehicle rats as well as the difference 

between vehicle and KBP-089 (5 µg/kg) treated rats with regards to the parameters included 

in the NALFD activity score (NAS), and fibrosis score were evaluated by Student’s t-test. 

All analyses were performed using GraphPad Prism software (GraphPad Prism, San Diego, 

CA). A value of p<0.05 was considered statistically significant.  

 

Results 

KBP-089 potently reduced body weight and fat depot size 

After 8 weeks of high fat feeding, the rats were significantly obese compared to age-matched 

lean controls (data not shown). Post induction of experimental obesity, the diet was changed 

to HFCC and the rats assigned to the different treatment groups. KBP-089 treatment was 

subcutaneously administered and introduced by a four-step dose escalation once weekly 

followed by treatment with either dose (E0.625, E1.25, E2.5 and E5 µg/kg). Food intake was 

transiently attenuated by non-escalated 2.5 µg/kg KBP-089 (Figure 1A) as previously 

observed with DACRAs269,274,279. In the escalated groups, a transient reduction in food 

intake was observed when the rats were escalated to 2.5 µg/kg (Figure 1A), albeit 

cumulative caloric intake at study end was not significantly different in either of the 

escalation groups compered to vehicle rats (Figure 1B). 
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Figure 1: KBP-089 was well tolerated when introduced by dose escalation. KBP-089 treatment was 

introduced by a four-step dose escalation once weekly followed by treatment with either dose (E0.625, E1.25, E2.5 

and E5 µg/kg). (A) Caloric intake monitored daily initially, and then weekly in high fat, high cholesterol and cholate 

fed rats. Expressed as daily intake per animal. (B) Cumulative caloric intake in rats. (n = 10 rats per group). 

Statistical analysis between groups was evaluated by an ordinary one-way ANOVA with Dunnet’s multiple 

comparisons test (not significant). 

 

8 weeks of KBP-089 treatment – dose escalation from 0.625 µg/kg and the following 4 weeks 

of treatment with 1.25, 2.5 and 5 µg/kg KBP-089 (E1.25, E2.5 and E5 µg/kg) resulted in a 

~8%, 16% and 17% vehicle-corrected weight loss, respectively, hence significantly 

attenuating food efficiency (data not shown). At study end, epididymal, inguinal and 

perirenal fat pads were weighed and in line with the massive reduction in body weight, a 

corresponding reduction in epididymal (Figure 2B), inguinal (Figure 2C), and perirenal 

(Figure 2D) adipose tissue compared to vehicle was observed.  
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Figure 2: KBP-089 potently reduced body weight and fat depots in HFD rats. KBP-089 treatment was 

introduced by a four-step dose escalation once weekly followed by treatment with either dose (E0.625, E1.25, E2.5 

and E5 µg/kg). (A) Body weight monitored daily initially, and then weekly in high fat, high cholesterol and cholate 

fed rats. Relative weight of (B) epididymal, (C) inguinal and (D) peritoneal adipose tissue (AT) at study end. (n = 10 

rats per group). Statistical analysis between groups was evaluated by an ordinary one-way ANOVA with Dunnet’s 
multiple comparisons test, p<0.05. *compared to vehicle. 

 

KBP-089 enhances insulin action 

An OGTT was performed after 2 weeks of treatment (Figure 3). All treatment groups 

showed a trend towards lower blood glucose levels compared to vehicle 15 minutes post 

glucose challenge (Figure 3A); however, incremental area under the curve (iAUC) was only 

significantly reduced the highest treatment group when compared to vehicle (Figure 3C). 

Interestingly, the glucose stimulated insulin secretion observed in vehicle rats was dose-

dependently suppressed by KBP-089 during the OGTT (Figure 3B), hence resulting in 

significantly reduced insulin iAUC values in KBP-089 treated rats (Figure 3D).  
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Figure 3: KBP-089 enhances insulin action in HFCC rats. (A) Plasma glucose and (B) insulin during oral 

glucose tolerance test (OGTT) in high fat, high cholesterol and cholate fed (HFCC) rats treated with four-step dose 

escalated KBP-089. The rats were escalated once weekly followed by treatment with either dose (E0.625, E1.25, E2.5 

and E5 µg/kg). Incremental area under the curve (iAUC) values for (C) glucose and (D) plasma insulin during OGTT 

after 2 weeks of treatment. (n = 10 rats per group). Statistical analysis between groups was evaluated by an ordinary 
one-way ANOVA with Dunnet’s multiple comparisons test, p <0.05, * compared to vehicle. 

 

KBP-089 lowers circulating levels of aspartate transaminase and triglyceride  

Plasma for determination of ALT, AST, and TG levels was collected after 8 weeks of HFD 

(baseline) and at study end. 8 weeks of HFCC diet increased the circulating levels of AST, 

ALT, and TG levels in vehicle rats compared to baseline (Table 1).  

 

Biomarker Baseline   Study end P value 

AST 87.7 ±   2.1 U/L 141.8  ±   12.2 U/L p<0.001 

ALT 47.9   ±   1.5 U/L   146.3  ±   14.6 U/L p<0.001 

TG 0.84 ±   0.04 mmol/L  1.14  ±   0.07 mmol/L p<0.01 

 

Table 1: Baseline and study end values of alanine transaminase (ALT), aspartate transaminase (AST), triglycerides 

(TG), total cholesterol, high-density lipoproteins (HDL), and low-density lipoproteins (LDL) in untreated rats fed a 

high fat, high cholesterol and cholate diet. (n = 10 rats per group). The results are presented as mean ± SEM (n=10). 
Statistical analysis between baseline and study end was evaluated by Student’s t-test. 
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At study end, the level of aspartate transaminase (AST) in plasma was significantly reduced 

by KBP-089 treatment (E2.5 µg/kg, p<0.05; E5 µg/kg, p<0.01 and 2.5 µg/kg, p<0.05) (Figure 

4A). Similarly, ALT levels showed a lowering trend (Figure 4B), however, the values were 

not significantly reduced compared to vehicle at study end. The HFCC induced increase in 

circulation TG was lowered by KBP-089 – significantly in the E2.5 µg/kg group (Figure 4C).  
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Figure 4: The effect of KBP-089 on aspartate transaminases and triglyceride. Baseline and study end values 

of (A) aspartate transaminase (AST), (B) alanine transaminase (ALT), and (C) triglycerides (TG). (n = 10 rats per 

group). Statistical analysis between groups was evaluated by an ordinary one-way ANOVA with Dunnet’s multiple 

comparisons test and difference between baseline and study end by Student’s t-test, p<0.05. * compared to vehicle, 
#compared the groups baseline value, ¤p = 0.06. 

 

KBP-089 reduces accumulation of lipids in the liver 

At study end, hepatic steatosis and ballooning were assessed in liver (Figure 5). As seen in 

figure 5I, the HFCC diet led to a genuinely dramatic increase in lipid accumulation and 

ballooning. We calculated the fat content, which was ~23% in the vehicle rats. 

 
 

Figure 5: Masson’s Trichrome stained liver sections from HFCC rats. Representative pictures of Masson’s 
Trichrome stained livers from (I) vehicle and (II) rats escalated to 5 µg/kg KBP-089 (magnification of x10). 
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After 8 weeks of treatment, the HFCC diet induced hepatomegaly was dose-dependently 

reduced by KBP-089 (Figure 6A); however, this reduction in liver weights was equalized 

when normalized to the individual body weight (data not shown). We evaluated the livers 

using the NAFLD activity score (NAS). The blinded histological assessment of NAS was 

performed on Masson’s Trichrome and Sirius Red stained terminal hepatic tissue from 

vehicle and KBP-089 E5 µg/kg treated HFCC rats. HFCC feeding induced massive lipid 

accumulation, ballooning and mild inflammation in the vehicle livers. Notably, after 

treatment with KBP-089 for 8 weeks, this inappropriate storage of lipids was reduced by 

treatment with KBP-089 (Figure 6B) and concomitantly, NAS was significantly reduced 

(Figure 6C).  
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Figure 6: KBP-089 reduces diet induced hepatomegaly, liver steatosis and NAFLD activity score in HFCC 

rats.  (A) Liver weights at study end, (B) quantitatively image analysis of steatosis (% of area) using Image J software 

and (C) combined NAS score (0-8) composed of a steatosis (0-3), ballooning (0-2) and inflammation (0-3) scores31. 

Steatosis, ballooning and inflammation were scored blinded by two independent persons (magnification x20, 8 images 

per animal; 4 pictures per depth; 5 animals per group). Statistical analysis between groups was evaluated by (A) an 

ordinary one-way ANOVA with Dunnet’s multiple comparisons test, and (B, C) Student’s t-test, p <0.05, * compared 
to vehicle. 

 

KBP-089 reduces inflammation and fibrosis stage in HFCC rats 

We evaluated the terminal hepatic tissue from vehicle and KBP-089 E5 µg/kg treated HFCC 

rats. As seen in figure 7, 8 weeks of HFCC induced both marked hepatic steatosis, 

inflammation and mild fibrosis. The obese HFCC model had zone 3 perisinusoidal and 

periportal fibrosis – alone or with both traits present – and some of the livers even had 

bridging fibrosis.  
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Figure 7: Sirius red stained liver sections from HFCC rats. Representative pictures of Sirius Red stained livers 
from (I) vehicle, and (II) HFCC rats escalated to 5 µg/kg KBP-089 treatment (magnification x10).  

 

Furthermore, HFCC dieting profusely induced inflammation resulting in an inflammatory 

score of ~2, which was spectacularly reduced by approximately 60% by KBP-089 treatment 

(Figure 8A). Finally, the HFCC induced fibrotic traits were reduced in the hepatic sections 

from the KBP treated rats, resulting in an impressive ~45% reduction in fibrosis score 

compared to the vehicle HFCC rats (Figure 8B).  

L
o

b
u

la
r 

in
fl

a
m

m
a

ti
o

n
 (

0
-3

)

V
e
h

ic
le

 

E
 5

 µ
g

/k
g

0 .0

0 .5

1 .0

1 .5

2 .0

2 .5

* * * * * *

F
ib

ro
s

is
 s

c
o

re
 (

0
-4

)

V
e
h

ic
le

 

E
 5

 µ
g

/k
g

0 .0

0 .5

1 .0

1 .5

2 .0

2 .5

* * * * *

A B

Figure 8: KBP-089 reduces inflammation and fibrosis scores in HFCC rats. (A) Lobular inflammation and 

(B) fibrosis score in vehicle and HFCC rats escalated to 5 µg/kg KBP-089 treatment. Two blinded independent persons 

(magnification x20 for inflammation, x10 for fibrosis, 8 images per animal; 4 pictures per depth 5 animals per group) 
scored inflammation and fibrosis31. 
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Discussion 

The present study describes the effects of the dual amylin and calcitonin agonist, KBP-089, 

in an experimental rat model of NASH. KBP-089 was able to induce and sustain significant 

weight loss, enhance insulin action and improve general liver health. In this study, we 

focused on the pathophysiology between diet induced obesity and insulin resistance, and 

the development of NASH. As previously reported, in rats, a diet high in fat and cholesterol 

leads to a phenotype resembling human NASH294–296, albeit without eliciting obesity. 

Therefore, we included fattening period so the rats were significantly obese when they 

started the HFCC diet. Notably, this model has metabolic and hepatic features of NASH 

including steatosis, ballooning and inflammation. Interestingly, this model also revealed 

features as zone 3 perisinusoidal and periportal fibrosis – alone or with both traits present 

– and bridging fibrosis, which is in line with fibrotic findings in female rats fed a high fat, 

high cholesterol diet for 16 weeks295.   

KBP-089 was in this study introduced by dose escalation, which has been shown effective 

when introducing high concentrations of KBP-089270, and was able to induce and sustain a 

significant weight loss equalling the weight loss previously described with standard 

dosing274. Importantly, KBP-089 possessed the ability to improve insulin action, consistent 

with other DACRAs269,274,279. 

An interesting aspect of the findings in the HFCC model regarding the reduction of fatty 

acid accumulation in the liver and enhanced insulin action is the known relation between 

liver fat, insulin resistance and NASH 297,298. Insulin sensitizers as rosiglitazone111 and 

pioglitazone109,110 have beneficial effects on the histologic features of livers in patients with 

NASH. Likewise, it has recently been found that the weight reducing agent, liraglutide, led 

to histological resolution in patients with NASH169. Hence, our findings suggest that KBP 

at least due to its weight reducing capacity and improvement of insulin action could be a 

potential treatment candidate for NASH. This is corroborated by the KBP-089 induced 

reduction in AST levels, hepatic inflammation and fibrosis in this severe model – 

inflammation and the fibrotic traits were significantly reduced. The protective effect of 

KBP-089 on the HFCC dietary model of NASH supports the hypothesis that therapies 

directed toward alleviation of insulin resistance and obesity could enhance the care of 

patients with NASH. 

In conclusion, the obese HFCC rat model reflects the human pathophysiology of NASH. 

KBP-089 is well tolerated when introduced by dose escalation and it induces a substantial 

weight loss. Importantly, KBP-089 improves metabolic and hepatic features of NASH, hence 

revealing the potential of KBP-089 as a therapeutic target that alleviates obesity and 

insulin resistance.  
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CHAPTER IV 

IV. Discussion   

 

This series of studies describes the metabolic effects of treatment with dual amylin- and 

calcitonin receptor agonists (DACRAs), called KBP-042, KBP-088 and KBP-089. These 

peptides activate both the amylin and the calcitonin receptor, and importantly, they possess 

the ability to induce prolonged receptor activation – a trait found to be crucial for potent in 

vivo activity. KBPs induce and sustain a pronounced weight loss in vivo, leading to 

markedly improved metabolic parameters including food preference, and these are beyond 

those observed simply by diet-induced weight loss. Furthermore, KBPs improve 

inflammatory status and fibrosis stage in a rat model of NASH. Finally, these peptides were 

well tolerated when introduced by dose escalation.  

Amylin receptor agonists such as pramlintide299 and davalintide300 have shown promise as 

pharmacological intervention in obesity and type 2 diabetes. Despite the approval of the 

amylin receptor agonist pramlintide for the treatment of diabetes as adjunct to mealtime 

insulin, these ligands are notoriously limited in terms of in vivo efficacy – both on glucose 

homeostasis and weight control. 

KBP-042, KBP-088 and KBP-089 are based on the peptide backbone of salmon calcitonin 

and selected on prolonged receptor activation, acute food intake and body weight reductions. 

The knowledge obtained in previous studies with salmon calcitonin encouraged a 

development of novel dual agonists targeting both the amylin- and calcitonin receptors. 

KBP-042 was the first peptide discovered and it was first presented in 2014268 followed by 

an injectable form showing that the use of injections reduced the variations on 

bioavailability273. Later other similar peptides like KBP-088 and KBP-089, also included in 

this thesis, were developed. KBP-042, KBP-088 and KBP-089 target the same receptors, 

albeit with slightly different potencies. This appears in vivo where KBP-088 induced a more 

pronounced hypophagic response in obese rats than KBP-042, which was tolerable at 10 

µg/kg. KBP-089 and KBP-088 have comparable receptor potencies and were therefore only 

used in 2.5 µg/kg when introduced without dose escalation. Nevertheless, these peptides 

have similar sequences and in vitro and in vivo properties, and have been used 

interchangeably in this thesis to address various parts of our metabolic questions as a part 

of the overall development plan for these. 

  



              IV. Discussion 

 

100 

Dual Amylin and Calcitonin Receptor Agonists Mediated Receptor Activation 

Our data shows that KBPs are highly potent in terms of activation of the amylin and the 

calcitonin receptor – with no activation of the CGRP receptor. Importantly, KBPs elicit 

prolonged receptor activation; a trait we prove to be crucial for potent in vivo activity as 

seen by the massive suppression of food intake following a single injection of KBP-089.  

When KBP-088 was compared to davalintide – an amylin, calcitonin and calcitonin gene-

related peptide receptor agonist – in vitro, davalintide was roughly equipotent to KBP-088 

concerning short-term activation of the amylin and the calcitonin receptor. Notably, when 

their ability to elicit long-term receptor activation was tested, davalintide did not match 

KBP-088, which activated the receptor for up to 72 hours demonstrating a superior receptor 

activation profile. Furthermore, these effects manifested directly into a prolonged ability to 

control appetite by KBP-088, which was not seen for davalintide. This was somewhat 

surprising, as davalintide previously has been shown to bind irreversibly to the amylin 

receptor300, albeit due to some yet to be identified mechanism this does not translate into 

prolonged receptor activation or prolonged suppression of appetite – a lack effect underlined 

in vivo when not using continuous infusion. 

Despite the potent in vivo efficacy, peptides are not detectable in plasma for long nor do 

they accumulate – not even with repeated exposure. Plasma concentrations of KBP increase 

immediately after dosing while after 120 minutes, the plasma is cleared. This could be due 

to the internalization of the activated receptor. Normally, an internalized receptor stops 

signaling; however, it has been shown that the CTR elicits continuous signaling from the 

early endosome, which could be part of the explanation for the prolonged in vivo efficacy 

observed220,301. Furthermore, sCT binds virtually irreversible to the CTR and has a slower 

receptor dissociation rate than amylin, which also prolongs the signaling220,301. This has not 

yet been investigated for KBP, albeit as KBP has a similar receptor activation profile as 

sCT it is reasonable to assume such similar properties in terms of lower dissociation rate 

compared to amylin as well as irreversible binding, which is supported by the short plasma 

half life yet long pharmacodynamic effects in vivo.   

 

The Anti-Obesity Effects of Dual Amylin and Calcitonin Receptor Agonists   

In all chronic studies, a potent weight reduction was observed initially. This drastic 

reduction in body weight could be explained by the initial anorexic effect of KBPs as the 

food restricted pair-fed controls lowered their body weight similarly. Interestingly, the 

caloric intake returned normalized within the first two weeks depending on the ligand, and 

when the food consumption normalized the pair-fed group regained lost body weight 

whereas the KBP treated rats maintained the weight loss achieved. This large difference in 

body weight and the decreased food efficiency of the KBP treated rats indicate an increased 

EE in the KBP treated rats. Previously, data showing a food independent weight reduction 
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when administering amylin or amylinomimetics have been published280,302, supporting our 

data. Considering the fact that KBPs significantly suppressed body weight compared to the 

pair-fed controls emphasizes that these peptides have some beneficial effects on body weight 

and composition besides suppressed food intake, likely increasing EE. Rats normally 

suppress EE during weight loss; however, continuous infusion of amylin prevents this253,258 

and there has been similar observations with davalintide275. Notably, amylin only increases 

EE when administered as continuous infusion or icv258,259,267, a finding likely related to the 

low amylin receptor potency. The KBP mediated effect on EE is to be formally assessed in 

the future. 

Throughout the studies, KBP induced a 15-20% vehicle-corrected weight loss with the 

highest concentrations. This body weight reduction extends far beyond what has previously 

been found with amylin agonism in rats. This is corroborated in the davalintide comparison 

study where KBP-088 treated rats lose significantly more weight than davalintide treated 

rats. We speculate that the absence of prolonged receptor activation by davalintide 

underlies the lack of ability suppress body weight at the doses chosen, although it 

transiently suppressed food intake, and these findings are supported by the need for 

infusion pump mediated delivery to ensure weight reduction275. 

In line with the reduction in body weight, KBP treatment reduced overall adiposity and 

decreased the adipocyte hypertrophy in the epididymal white adipose tissue, which is 

involved in restoring circulating insulin concentrations towards normal, concomitant with 

the return of normal tissue insulin sensitivity303. Whether these peptides have a direct effect 

on adipocyte hypertrophy needs further investigations; however, amylin has been 

demonstrated to directly stimulate adipocytes in vitro potentiating the effect of insulin and 

thereby may influence IR304. MR scans revealed a slight increase in lean mass in KBP 

treated rats compared to untreated rats. Previous studies have associated amylin receptor 

activation with a specific reduction in fat mass rather than lean mass253,305, while inhibiting 

amylin signaling centrally increases fat mass266, hence potentially explaining the difference 

in body composition. 

Another important aspect of body weight loss could be to manipulate volunteer food 

consumption and composition of food chosen. This hypothesis was thought to be relevant for 

KBPs as amylin agonism has effect on the release of dopamine in the hypothalamus306 and 

induce alterations in the melanocortigenic system307 both of which are mediators of the 

reward/pleasure circuits that are known to affect feeding patterns308. Interestingly, patients 

treated with amylin analog pramlintide also experience a voluntary change in eating 

patterns and reduce ‘binge eating’309. From the food preference study, it could be speculated 

that dosing with KBP offers some of the beneficial effects that the patients experience after 

surgical intervention. Patients who have had weight reducing surgical intervention 

experience a change of food consumption towards less energy dense and sweet diet310, hence 

making KBPs a relevant option for treating obese patients and thereby aiding a body weight 

reduction and in combination with a healthier lifestyle, this might improve the results even 
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further. The mechanisms of action behind these changes are not completely clear, albeit 

alterations in food reward or taste functions have been suggested as possible 

explanations311. Whether this is the case for KBP remains to be elucidated.  

 

The Glucoregulatory Effects of Dual Amylin and Calcitonin Receptor Agonists  

In terms of hyperglycemia and IR, amylin analogues have shown promise146,300; however, 

they do not possess the intrinsic ability to improve fasting plasma glucose levels and insulin 

tolerance. In contrast, these data reveals the ability of KBP to improve fasting plasma 

glucose levels and HbA1c in ZDF rats and improve glucose tolerance in both ZDF and HFD 

rats independent of the gastric emptying effect. The glucose tolerance was improved 

compared to both vehicle and pair-fed rats in line with previous findings for salmon 

calcitonin195 and KBP273 and also compared to davalintide. Notably, davalintide did improve 

glucose tolerance even though there was a lack of prolonged receptor activation. This is due 

to the pre-dosing of the rats with the peptides 30 minutes prior to OGTT, which confirms 

the ability of davalintide to improve glucose tolerance short-term as previously described300. 

Previous findings on davalintide also showed improved glucose tolerance during OGTT, 

however, the experiments were performed with continuous infusion of the peptide300. In 

contrast to other glucose lowering agents such as sulfonylureas and GLP-1 analogues, the 

enhanced glucose disposal was achieved with an attenuated insulin secretion. Of interest, 

it was previously found that KBP directly lowered glucose stimulated insulin secretion in 

isolated islets268. Thus, we speculate that KBPs directly relieve the β-cell stress in an insulin 

resistant environment by enhancing insulin action. An insulinostatic concept was also 

demonstrated for the insulin sensitizer, pioglitazone, which has a direct insulinostatic effect 

on the β-cell that may contribute to its capacity to lower insulinemia and anti-diabetic 

action312,313.    

The KBP-improved glucose tolerance is partly mediated through lowering of gastric 

emptying rate, which has previously been attributed an amylin agonism mechanism237,314, 

hence affected by KBP. To assess peripheral glucose homeostasis while circumventing this 

influence of gastric emptying, intravenous glucose tolerance tests were performed. Rats 

treated with KBP maintained glucose tolerance with reduced insulinemia implying an 

improved insulin sensitivity, hence corroborating that KBP has effects on glucose tolerance, 

which are independent of gastric emptying.  

The suggested improvement in insulin action was formally tested in a hyperinsulinemic–

euglycemic clamp set-up in obese hyperinsulinemic HFD rats. The glucose infusion rate 

(GIR) was expectedly lowered in the HFD vehicle rats compared the normal diet age-

matched rats since obesity is negatively correlated to insulin sensitivity and GIR27. KBP 

treatment induced a marked increase in GIR, hence supporting enhanced insulin 

sensitivity. The KBP-induced weight loss would explain a large increase in GIR; however, 

as mentioned above KBPs have effects beyond what weight loss provides and further, in 

this particular study, the rats treated with KBP had similar body weight to the ND rats, 
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albeit a significantly higher GIR. This supports the finding in the weight-matched study – 

namely that insulin sensitivity is increased beyond what would be expected from weight 

loss.  

To further investigate whether KBP had beneficial metabolic effects beyond what was 

achieved with weight loss, a weight-matched control group was implemented. The study 

supported this hypothesis as substantially lower glucose and insulin levels were observed 

during an oral glucose tolerance test in the KBP treated group when compared to weight-

matched controls. The improvement in insulin levels manifested in an improvement in 

glucose control too. It cannot be ruled out that the weight-matched animals had an 

‘artificial’ increase in glucose intolerance due to significant food restriction or prolonged 

fasting, although the rats did not show any signs of malnutrition or abnormal behavior. 

This mild lowering of insulin could be an explanation for the limited improvement in glucose 

tolerance when compared to the improvement observed in KBP treated rats. This would 

have been likely after a marked weight loss315–317.  

Adiponectin and leptin levels were measured after chronic treatment with KBP. 

Adiponectin was significantly increased by KBP treatment. In contrast, plasma leptin was 

reduced. Weight loss has on multiple occasions been associated with beneficial effects on 

adipocytokines318. The increased level of adiponectin supports an improved metabolic status 

as plasma adiponectin is reduced in obese people and related to inflammation, IR, and 

energy metabolism319,320, as well as the type of phenotype in the different fat depots321. The 

decreased overall adiposity is likewise reflected in lowering of plasma leptin that supports 

previous findings where KBP improves leptin sensitivity273 – leptin sensitivity which is also 

improved by amylin280,322. Furthermore, KBP treated rats drastically reduced GIP and GLP-

1 that were elevated in untreated rats following a glucose challenge. This pronounced 

suppression of these glucose dependent hormones could cause the reduced glucose 

stimulated insulin secretion in treated rats; however, since glucose homeostasis is 

maintained or even improved, we speculate that the reduction in incretin response is 

acceptable. Interestingly, it has been suggested that inhibition of GIP signaling actually 

prevents obesity in knockout mice on a calorie dense diet323; however, this is not the case in 

hyperphagic leptin deficient mice, where GIP knockout does not prevent excess weight 

gain324. The mechanism behind the suppression of GIP and GLP-1 is unclear, albeit a 

lowering of gastric emptying rate will naturally reduce the secretion of GIP and GLP-1. This 

is however not all there is to it. We measured GIP at different time points during the OGTT 

and the suppression of GIP was evident at all time points even when the glucose should 

have passed. This could indicate that KBP might have a direct effect on GIP; however, this 

needs further investigation.  
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Optimization of Tolerability  

KBPs induce hypophagia at dose initiation and peptides with known anorectic effects, such 

as amylin and GLP-1 analogues, are associated with gastrointestinal tolerability problems 

in humans325,326. The massive suppression of food consumption following initial dosing 

might be indicative of adverse effects on the GI tract, which is also supported by kaolin 

intake at high doses of KBP in the pica test. The kaolin consumption was only stimulated 

at a high concentration – a higher concentration than used in the chronic studies, thus 

indicating the reduction in food intake was not due to illness, albeit nausea cannot be 

excluded. 

To explore whether a similar weight loss was obtainable with a less pronounced induction 

of hypophagia, clinical setups for pramlintide and GLP-1 analogues using dose-escalation 

were mimicked325,327. Dose-escalation induced in a similar magnitude of weight loss with 

lower suppression of appetite; however, the time to reach maximum weight loss was 

prolonged. Notably, the increments of the dose-escalation steps are very important. Too 

large increments lead to substantial suppression of intake, possibly indicating an adverse 

response in the GI tract. These findings correlate well with what was expected from 

literature and dose-escalation of anorectic peptides325,327. These data support that dose-

escalation is an option for increasing tolerability of this type of molecule, and that dose-

escalation strategies can be tested in rat models using appetite suppression and weight 

regulation as the output. Moreover, in the acute settings, the suppression of food 

consumption clearly exceeded a 24-hour period; hence, potentially these peptides could be 

administered less frequently. To address this, different dosing regimens were investigated. 

Chronic dosing using 5 µg/kg once daily (s.i.d.) or 5 µg/kg every other day (q.a.d.) was 

compared, and importantly both dose regimens led to similar weight loss during the 15 day 

study. In the q.a.d. dosed rats, notable fluctuations in caloric intake and body weight were 

observed, likely resulting in a challenge in terms of tolerability. Surely, it is of interest to 

challenge these dosing regimens, and to test less frequent dosing as the peptides have the 

ability to suppress caloric intake up to 72 hours – perhaps escalation to an even higher dose 

that would allow less dosing.  

 

Dual Amylin and Calcitonin Receptor Agonist and GLP-1 Synergy 

As GLP-1 analogues and amylin receptor agonists are thought to work, at least on the 

appetite regulation, through a similar mechanism of action326, we studied the potential 

combination of KBP with liraglutide. Various combinations were tested and it was found 

that a combination of the two peptides had superior efficacy in terms of suppressing acute 

caloric intake than either of the peptides alone. Chronically, two suboptimal doses of KBP 

and liraglutide were investigated and we found a good effect when combining the two 

peptides, resulting in body weight efficacy observed at doses considered virtually ineffective 

when given as stand-alone doses. Both amylin and GLP-1 agonism exhibit weight-lowering 

effects and previously, the combination of GLP-1 and amylin have shown synergistic 
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reductions in food intake in non-human primates328. Furthermore, also peptide hybrids 

composed of an exenatide analogue and davalintide have shown reduction of body weight 

and improved glucose control in obese rats329,330. Hence, the combination of GLP-1 and 

amylin therapies could be of interest for the treatment of metabolic disease as combination-

based therapies are increasing in this area of disorders.  

 

The Effects of Dual Amylin and Calcitonin Receptor Agonists on Nonalcoholic 

Steatohepatitis  

The metabolic effects of KBPs were mostly tested in the hyperinsulinemic obese model. This 

high fat fed rat model is useful for highlighting the beginning IR along with obesity as they 

do mimic the status of the majority of insulin resistant/pre-diabetic patients331. Even though 

this model is heavily obese, insulin resistant, and has ectopic steatosis, there is no 

inflammation nor elevated liver markers in the plasma. Thus, to further explore the anti-

steatotic effect of KBP observed in HFD, the high fat, high cholesterol and cholate model 

(HFCC) was used.  

As previously reported, a diet high in fat and cholesterol develop a phenotype resembling 

human NASH294–296, albeit without eliciting obesity. As the focus in this model was the 

pathophysiology between diet-induced obesity, IR and the development of NASH, we 

included fattening period so the rats were significantly obese when they started the HFCC 

diet and KBP treatment. This obese HFCC model has metabolic and hepatic features of 

human NASH including steatosis, ballooning and inflammation. Interestingly, this model 

also revealed features such as zone 3 perisinusoidal and periportal fibrosis – alone or with 

both traits present – and bridging fibrosis, which is in line with fibrotic findings in female 

rats fed a high fat, high cholesterol diet for 16 weeks295.   

An interesting aspect of the findings in the HFD and the HFCC model regarding the 

reduction of fatty acid accumulation in the liver and enhanced insulin action is the known 

relation between liver fat, IR and NASH297,298. Insulin sensitizers as rosiglitazone111 and 

pioglitazone109,110 have beneficial effects on the histologic features of livers in patients with 

NASH. Likewise, it has recently been found that the weight reducing agent, liraglutide, led 

to histological resolution in patients with NASH169. Hence, our findings suggest that KBP 

at least due to its weight reducing capacity and improvement of insulin action could be a 

potential treatment candidate for NASH. This is corroborated by the KBP induced reduction 

in AST levels, hepatic inflammation and fibrosis in this severe model – inflammation and 

the fibrotic traits were not eliminated, albeit significantly reduced. The protective effect of 

KBP on the HFCC dietary model of NASH supports the hypothesis that therapies directed 

toward obesity and IR could enhance the care of patients with NASH. 

In summary, these studies have indicated that KBPs have potency extending far beyond 

classical amylin agonists. The peptides were well tolerated when introduced by dose 

escalation and improved metabolic and hepatic features markedly. These data clearly 
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reveals that KBPs at least due to the weight reducing capacity and beneficial effects on 

various metabolic features could be a novel treatment candidate for obesity and related 

morbidities as type 2 diabetes and NASH. 
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CHAPTER V 

V. Conclusion  

 

The overall conclusion to the hypothesis is that a prolonged receptor activation enhanced 

the in vivo efficacy and that KBPs induce metabolic improvement beyond what is observed 

with caloric restriction and simple diet induced weight loss. This underlines that KBPs have 

potential as novel treatments for obesity and related co-morbidities. 

 

More specifically the conclusions are as followed: 

1. KBPs are highly potent in terms of activation of the AMY-R and the CTR – without 

activating the CGRP-R, and have a superior ability to elicit prolonged receptor 

activation compared to davalintide 

2. KBPs decrease food intake and alter food preference in rats. 

3. KBPs induce and sustain substantial weight loss in obese rats independent of caloric 

consumption. 

4. KBPs improve glucose tolerance with lowered hyperinsulinemia independent of 

caloric consumption and weight loss in obese rats. 

5. KBPs improve insulin and leptin sensitivity in obese rats. 

6. KBPs attenuate fasting plasma glucose and HbA1c and enhance glucose tolerance 

and insulin action in ZDF rats. 

7. KBPs are well tolerated when introduced by dose escalation; however, with later 

onset of maximal weight loss. 

8. KBPs can be dosed every other day while still inducing similar weight loss.  

9. KBPs are superior to davalintide in terms of efficacy on body weight and work 

complementary with GLP-1 agonist, liraglutide. 

10. KBPs reduce lipid accumulation in liver and muscle in obese rats as well as liver 

steatosis, inflammation and fibrosis scores in NASH rats.  
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CHAPTER VI 

VI. Perspectives 

 

The prospect of the synthetic dual amylin and calcitonin receptor agonists as potential 

therapeutic agents in obesity and related co-morbidities is quite intriguing. Several aspects 

in terms of mode of action, and how the anti-obesity effects and improved metabolic health 

observed in rats translate into humans remain to be fully evaluated.  

 

Do DACRAs increase energy expenditure? 

The discrepancy between the KBP induced weight loss and the caloric restricted pair-fed 

group groups clearly suggests an increase in EE of the treated animals. Amylin 

administration has previously been demonstrated to maintain metabolic rate during energy 

restriction and enhance fat utilization253,332 perhaps by activation of brown adipose tissue267. 

To formally elucidate whether DACRAs modulates metabolic activity measures of e.g. EE, 

respiratory exchange ratio and physical activity are of great importance, and could be 

conducted using metabolic cages and activity wheels. 

The body composition (e.g. lean versus fat mass) was determined using a magnetic 

resonance scanner. KBP treated rats had significantly lower fat mass compared to 

untreated and interestingly, treated rats had a slightly increased lean mass. Lean mass is 

determined as muscle tissue mass equivalent of all the body parts containing water, 

excluding fat, bone minerals, and such substances, which do not contribute to the NMR 

signal (hair, claws, etc.). Nevertheless, it would be of great interest to image the body 

composition and thus determine the efficacy of muscle mass exclusively.  

 

Are DACRAs insulin sensitizers? And where does the glucose go?   

Another interesting finding is the improved glucose tolerance and enhanced insulin action, 

which is independent of body weight. KBP improved glucose tolerance and insulin action 

beyond what was observed with a regular diet induced weight loss. We used the 

hyperinsulinemic-euglycemic in the HFD rats; however, to formally assess insulin 

sensitivity in KBP treated rats compared to weight-matched rats the gold standard 

hyperinsulinemic-euglycemic clamp should be performed333 in combined with a radio-active 

labeled tracer (e.g. 14C-  or  3H-deoxyglocuse) glucose uptake/clearance of peripheral 

tissues334. Additionally, it would be of great interest to combine the radiolabelled clamp 

study with in vitro studies investigating glucose uptake in cultured peripheral tissues (e.g. 

muscle fibers335, adipocytes304, hepatocytes336 during normal or gluco- and lipotoxic 
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conditions to mimic diabetic conditions337. Furthermore, it would be interesting to further 

explore the direct effect DACRAs on pancreatic islets – also in a gluco- and lipotoxic 

environment.  

 

Could DACRAs be dosed once weekly? 

The peptides are dose once daily. In paper III, dosing every other day was tried and 

interestingly the rats reduced their body weight similarly. It would be interesting to explore 

more dosing regimens and frequencies, as dosing e.g. once weekly could be preferable for 

some patients.   

 

Does the calcitonin receptor have any relevance for obesity and associated morbidities? 

Another aspect in elucidating the mechanisms of action is to determine which of the two 

receptors targeted is responsible for the effects observed. The anti-obesity potential of these 

peptides has been established; however, it would be interesting to separate the 

contributions of the different receptors.  

Furthermore, obesity is associated with hyperamylinemia and it has been hypothesized that 

amylin sensitivity is reduced in the obese state. It could be of interest to test KBP as well 

as calcitonin and amylin treatment animals with diet or drug induced hyperamylinemia, 

hence possibly lowered sensitivity to amylin.  

 

 

Combination therapies 

Additionally, the combinational therapy with GLP-1 will be of outmost importance. In paper 

IV, suboptimal dosing was used to enlighten a potential KBP-GLP-1 synergy. In the future, 

this synergy as well as combination with e.g. insulin and leptin should be further explored 

as this could hold the key to improve metabolic and glycemic control in preclinical and 

clinical settings.  

 

 

Clinical perspectives  

Finally, it will be exhilarating to monitor the anti-obesity, anti-diabetic and anti-NASH 

effects of the KBPs in clinical development – after all, treating people is the main goal.   



              VI. Perspectives 

 

110 

  



              References 

 

111 

References  
 

1  Kopelman P. Health risks associated with overweight and obesity. Obes Rev 2007; 8 Suppl 1: 

13–7. 

2  de Wit L, Luppino F, van Straten A, Penninx B, Zitman F, Cuijpers P. Depression and obesity: 

A meta-analysis of community-based studies. Psychiatry Res 2010; 178: 230–235. 

3  Simon GE, Ludman EJ, Linde JA, Operskalski BH, Ichikawa L, Rohde P et al. Association 

between obesity and depression in middle-aged women. Gen Hosp Psychiatry 2008; 30: 32–39. 

4  Pories WJ, Swanson MS, MacDonald KG, Long SB, Morris PG, Brown BM et al. Who would 

have thought it? An operation proves to be the most effective therapy for adult-onset diabetes 

mellitus. Ann Surg 1995; 222: 339-50–2. 

5  Pi-Sunyer FX. Comorbidities of overweight and obesity: current evidence and research issues. 

Med Sci Sport Exerc 1999; 31: S602-8. 

6  Cohen SS, Palmieri RT, Nyante SJ, Koralek DO, Kim S, Bradshaw P et al. Obesity and 

screening for breast, cervical, and colorectal cancer in women: a review. Cancer 2008; 112: 

1892–1904. 

7  Aballay LR, Eynard AR, Díaz M del P, Navarro A, Muñoz SE. Overweight and obesity: A 

review of their relationship to metabolic syndrome, cardiovascular disease, and cancer in 

South America. Nutr. Rev. 2013; 71: 168–179. 

8  Wright SM, Aronne LJ. Obesity in 2010: the future of obesity medicine: where do we go from 

here? Nat Rev Endocrinol 2011; 7: 69–70. 

9  WHO. Obesity and overweight Fact Sheet. 

2016http://www.who.int/mediacentre/factsheets/fs311/en/. 

10  Huxley R, Barzi F, Stolk R, Caterson I, Gill T, Lam TH et al. Ethnic comparisons of obesity in 

the Asia-Pacific region: protocol for a collaborative overview of cross-sectional studies. Obes 

Rev 2005; 6: 193–8. 

11  Wellen KE, Hotamisligil GS. Inflammation, stress, and diabetes. J Clin Invest 2005; 115: 

1111–1119. 

12  Scherer PE. Lilly Lecture 2005 Adipose Tissue From Lipid Storage Compartment to 

Endocrine Organ. 1537. doi:10.2337/db06-0263. 

13  Shoelson SE. Inflammation and insulin resistance. J Clin Invest 2006; 116: 1793–1801. 

14  Kern PA, Di Gregorio GB, Lu T, Rassouli N, Ranganathan G. Adiponectin Expression From 

Human Adipose Tissue Relation to Obesity, Insulin Resistance, and Tumor Necrosis Factor-

␣ Expression. http://diabetes.diabetesjournals.org/content/ 52/7/1779.full-text.pdf (accessed 

22 Mar2017). 

15  Greenberg AS, McDaniel ML. Identifying the links between obesity, insulin resistance and 

beta-cell function: potential role of adipocyte-derived cytokines in the pathogenesis of type 2 

diabetes. Eur J Clin Invest 2002; 32 Suppl 3: 24–34. 



              References 

 

112 

16  Matsuzawa Y, Funahashi T, Kihara S, Shimomura I. Adiponectin and Metabolic Syndrome. 

Arterioscler Thromb Vasc Biol 2004; 24: 29–33. 

17  Ridker PM. Inflammatory biomarkers and risks of myocardial infarction, stroke, diabetes, 

and total mortality: implications for longevity. Nutr Rev 2007; 65: S253-9. 

18  Fain JN, Madan AK, Hiler ML, Cheema P, Bahouth SW. Comparison of the release of 

adipokines by adipose tissue, adipose tissue matrix, and adipocytes from visceral and 

subcutaneous abdominal adipose tissues of obese humans. Endocrinology 2004; 145: 2273–

82. 

19  Bell GI, Kayano T, Buse JB, Burant CF, Takeda J, Lin D et al. Molecular biology of 

mammalian glucose transporters. Diabetes Care 1990; 13: 198–208. 

20  Mueckler M, Thorens B. The SLC2 (GLUT) family of membrane transporters. Mol Aspects 

Med 2013; 34: 121–138. 

21  Leney SE, Tavare JM. The molecular basis of insulin-stimulated glucose uptake: signalling, 

trafficking and potential drug targets. J Endocrinol 2009; 203: 1–18. 

22  Olson AL. Regulation of GLUT4 and Insulin-Dependent Glucose Flux. ISRN Mol Biol 2012; 

2012: 856987. 

23  Heyward CA, Pettitt TR, Leney SE, Welsh GI, Tavaré JM, Wakelam MJ. An intracellular 

motif of GLUT4 regulates fusion of GLUT4-containing vesicles. BMC Cell Biol 2008; 9: 25. 

24  Merry TL, McConell GK. Skeletal muscle glucose uptake during exercise: A focus on reactive 

oxygen species and nitric oxide signaling. IUBMB Life 2009; 61: 479–484. 

25  Reaven GM. The Pathophysiological Consequences of Adipose Tissue Insulin Resistance. In: 

Insulin Resistance. Humana Press: Totowa, NJ, 1999, pp 233–246. 

26  Kahn SE, Prigeon RL, McCulloch DK, Boyko EJ, Bergman RN, Schwartz MW et al. 

Quantification of the relationship between insulin sensitivity and beta-cell function in human 

subjects. Evidence for a hyperbolic function. Diabetes 1993; 42: 1663–72. 

27  Kahn SE, Hull RL, Utzschneider KM. Mechanisms linking obesity to insulin resistance and 

type 2 diabetes. Nature 2006; 444: 840–846. 

28  Kahn SE. The relative contributions of insulin resistance and beta-cell dysfunction to the 

pathophysiology of Type 2 diabetes. Diabetologia 2003; 46: 3–19. 

29  Martins AR, Nachbar RT, Gorjao R, Vinolo MA, Festuccia WT, Lambertucci RH et al. 

Mechanisms underlying skeletal muscle insulin resistance induced by fatty acids: importance 

of the mitochondrial function. Lipids Health Dis 2012; 11: 30. 

30  Morino K, Petersen KF, Shulman GI. Molecular mechanisms of insulin resistance in humans 

and their potential links with mitochondrial dysfunction. Diabetes 2006; 55 Suppl 2: S9–S15. 

31  Kleiner DE, Brunt EM, Van Natta M, Behling C, Contos MJ, Cummings OW et al. Design and 

validation of a histological scoring system for nonalcoholic fatty liver disease. Hepatology 

2005; 41: 1313–1321. 

32  Guilherme A, Virbasius J V, Puri V, Czech MP. Adipocyte dysfunctions linking obesity to 

insulin resistance and type 2 diabetes. Nat Rev Mol Cell Biol 2008; 9: 367–77. 



              References 

 

113 

33  Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, Ferrante AW. Obesity is 

associated with macrophage accumulation in adipose tissue. J Clin Invest 2003; 112: 1796–

1808. 

34  Krssak M, Roden M. The Role of Lipid Accumulation in Liver and Muscle for Insulin 

Resistance and Type 2 Diabetes Mellitus in Humans. Rev Endocr Metab Disord 2004; 5: 127–

134. 

35  Reaven GM. Banting lecture 1988. Role of insulin resistance in human disease. Diabetes 1988; 

37: 1595–607. 

36  Alberti KGMM, Zimmet P, Shaw J. The metabolic syndrome - A new worldwide definition. 

Lancet. 2005; 366: 1059–1062. 

37  Chan JM, Rimm EB, Colditz GA, Stampfer MJ, Willett WC. Obesity, fat distribution, and 

weight gain as risk factors for clinical diabetes in men. Diabetes Care 1994; 17: 961–9. 

38  Lakka H, Lakka TA, Tuomilehto J, Salonen JT. Abdominal obesity is associated with 

increased risk of acute coronary events in men. Eur Heart J 2002; 23: 706–713. 

39  Yusuf S, Hawken S, Ôunpuu S, Bautista L, Franzosi MG, Commerford P et al. Obesity and 
the risk of myocardial infarction in 27 000 participants from 52 countries: a case-control study. 

Lancet 2005; 366: 1640–1649. 

40  KG Alberti, RH Eckel, SM Grundy, PZ Zimmet, JI Cleeman, KA Donato, JC Fruchart, WPT 

James, CM Loria and SC Smith J. Harmonizing the metabolic syndrome. Circulation 2009; 

120: 1640–1645. 

41  Yoon K-H, Lee J-H, Kim J-W, Cho JH, Choi Y-H, Ko S-H et al. Epidemic obesity and type 2 

diabetes in Asia. Lancet 2006; 368: 1681–1688. 

42  Chen L, Magliano DJ, Zimmet PZ. The worldwide epidemiology of type 2 diabetes 

mellitus[mdash]present and future perspectives. Nat Rev Endocrinol 2012; 8: 228–236. 

43  Pi-Sunyer FX. The epidemiology of central fat distribution in relation to disease. Nutr Rev 

2004; 62: S120-6. 

44  Janssen I, Katzmarzyk PT, Ross R. Waist circumference and not body mass index explains 

obesity-related health risk. Am J Clin Nutr 2004; 79: 379–84. 

45  World Health Organization. Global Report on Diabetes. 2016 doi:ISBN 978 92 4 156525 7. 

46  Nolan CJ, Damm P, Prentki M. Type 2 diabetes across generations: From pathophysiology to 

prevention and management. Lancet 2011; 378: 169–181. 

47  Gakidou E, Mallinger L, Abbott-Klafter J, Guerrero R, Villalpando S, Ridaura RL et al. 

Management of diabetes and associated cardiovascular risk factors in seven countries: A 

comparison of data from national health examination surveys. Bull World Health Organ 2011; 

89: 172–183. 

48  Stirban AO, Tschoepe D. No Title. Diabetes Care 2008; 31 Suppl 2: S215-21. 

49  WHO. WHO | Use of glycated haemoglobin (HbA1c) in the diagnosis of diabetes mellitus. 

Abbreviated Rep a WHO Consult 2011; : 1–25. 

50  American Diabetes Association. Standards of medical care in diabetes--2011. Diabetes Care 



              References 

 

114 

2011; 34 Suppl 1: S11-61. 

51  Stratton IM, Adler AI, Neil HA, Matthews DR, Manley SE, Cull CA et al. Association of 

glycaemia with macrovascular and microvascular complications of type 2 diabetes (UKPDS 

35): prospective observational study. BMJ 2000; 321: 405–12. 

52  Defronzo RA. From the triumvirate to the ominous octet: A new paradigm for the treatment 

of type 2 diabetes mellitus. Diabetes 2009; 58: 773–795. 

53  Israili ZH. Advances in the Treatment of Type 2 Diabetes Mellitus. Am J Ther 2011; 18: 117–

152. 

54  Dobbs R, Sakurai H, Sasaki H, Faloona G, Valverde I, Baetens D et al. Glucagon: role in the 

hyperglycemia of diabetes mellitus. Science (80- ) 1975; 187. 

55  Cerf ME. Beta cell dysfunction and insulin resistance. Front Endocrinol (Lausanne) 2013; 4: 

37. 

56  Kernan WN, Inzucchi SE, Viscoli CM, Brass LM, Bravata DM, Horwitz RI. Insulin resistance 

and risk for stroke. Neurology 2002; 59: 809–15. 

57  Dunning BE, Gerich JE. The role of alpha-cell dysregulation in fasting and postprandial 

hyperglycemia in type 2 diabetes and therapeutic implications. Endocr Rev 2007; 28: 253–

283. 

58  Burcelin R, Knauf C, Cani PD. Pancreatic α-cell dysfunction in diabetes. Diabetes Metab 2008; 

34: S49–S55. 

59  Petersen KF, Shulman GI. Pathogenesis of skeletal muscle insulin resistance in type 2 

diabetes mellitus. Am J Cardiol 2002; 90: 11G–18G. 

60  Neutzsky-Wulff A V, Andreassen K V, Hjuler ST, Feigh M, Bay-Jensen A-C, Zheng Q et al. 

Future detection and monitoring of diabetes may entail analysis of both β-cell function and 

volume: how markers of β-cell loss may assist. J Transl Med 2012; 10: 214. 

61  Hansen JB, Arkhammar POG, Bodvarsdottir TB, Wahl P. Inhibition of insulin secretion as a 

new drug target in the treatment of metabolic disorders. Curr Med Chem 2004; 11: 1595–615. 

62  Neary MT, Batterham RL. Gut hormones: Implications for the treatment of obesity. 

Pharmacol Ther 2009; 124: 44–56. 

63  Eaks GA, Tiszka R. Chronic complications of diabetes: a creative management approach. 

Nurse Pract Forum 1998; 9: 74–86. 

64  Schlienger J-L. Complications du diabète de type 2. Presse Med 2013; 42: 839–848. 

65  Bosco D, Armanet M, Morel P, Niclauss N, Sgroi A, Muller YD et al. Unique Arrangement of 

α- and β-Cells in Human Islets of Langerhans. Diabetes 2010; 59. 

66  Rorsman P, Braun M. Regulation of insulin secretion in human pancreatic islets. Annu Rev 

Physiol 2013; 75: 155–79. 

67  Quesada I, Tudurí E, Ripoll C, Nadal N. REVIEW Physiology of the pancreatic a-cell and 

glucagon secretion: role in glucose homeostasis and diabetes. J Endocrinol 2008; 199: 5–19. 

68  Dudley HW. The Purification of Insulin and some of its Properties. Biochem J 1923; 17: 376–



              References 

 

115 

90. 

69  MacDonald PE, Marinis YZ De, Ramracheya R, Salehi A, Ma X, Johnson PR V et al. A KATP 

Channel-Dependent Pathway within α Cells Regulates Glucagon Release from Both Rodent 

and Human Islets of Langerhans. PLoS Biol 2007; 5: e143. 

70  Rhodes CJ. Type 2 Diabetes-a Matter of  -Cell Life and Death? Science (80- ) 2005; 307: 380–

384. 

71  Pfeifer MA, Halter JB, Porte D. Insulin secretion in diabetes mellitus. Am J Med 1981; 70: 

579–88. 

72  Rui L. Energy Metabolism in the Liver. In: Comprehensive Physiology. John Wiley & Sons, 

Inc.: Hoboken, NJ, USA, 2014, pp 177–197. 

73  Kahn SE, Zraika S, Utzschneider KM, Hull RL. The beta cell lesion in type 2 diabetes: There 

has to be a primary functional abnormality. Diabetologia 2009; 52: 1003–1012. 

74  Martin C. The physiology of amylin and insulin: maintaining the balance between glucose 

secretion and glucose uptake. Diabetes Educ 2006; 32: 101S–104S. 

75  Tilakaratne N, Christopoulos G, Zumpe ET, Foord SM, Sexton PM. Amylin receptor 

phenotypes derived from human calcitonin receptor/RAMP coexpression exhibit 

pharmacological differences dependent on receptor isoform and host cell environment. J 

Pharmacol Exp Ther 2000; 294: 61–72. 

76  Ludvik B, Kautzky-Willer A, Prager R, Thomaseth K, Pacini G. Amylin: history and overview. 

Diabet Med 1997; 14 Suppl 2: S9-13. 

77  Maruyama H, Hisatomi A, Orci L, Grodsky GM, Unger RH. Insulin within islets is a 

physiologic glucagon release inhibitor. J Clin Invest 1984; 74: 2296–9. 

78  Gromada J, Franklin I, Wollheim CB. α-Cells of the Endocrine Pancreas: 35 Years of Research 

but the Enigma Remains. Endocr Rev 2007; 28: 84–116. 

79  Young AA. Amylin regulation of fuel metabolism. J Cell Biochem 1994; 55 Suppl: 12–8. 

80  Moore CX, Cooper GJ. Co-secretion of amylin and insulin from cultured islet beta-cells: 

modulation by nutrient secretagogues, islet hormones and hypoglycemic agents. Biochem 

Biophys Res Commun 1991; 179: 1–9. 

81  Henao-Mejia J, Elinav E, Jin C, Hao L, Mehal WZ, Strowig T et al. Inflammasome-mediated 

dysbiosis regulatesprogressionofNAFLDandobesity. 2012. doi:10.1038/nature10809. 

82  Masuoka HC, Chalasani N. Nonalcoholic fatty liver disease: an emerging threat to obese and 

diabetic individuals. Ann N Y Acad Sci 2013; 1281: 106–122. 

83  Rinella ME. Nonalcoholic Fatty Liver Disease. JAMA 2015; 313: 2263. 

84  Ekstedt M, Franzén LE, Mathiesen UL, Thorelius L, Holmqvist M, Bodemar G et al. Long-

term follow-up of patients with NAFLD and elevated liver enzymes. Hepatology 2006; 44: 

865–873. 

85  Parekh S, Anania FA. Abnormal Lipid and Glucose Metabolism in Obesity: Implications for 

Nonalcoholic Fatty Liver Disease. Gastroenterology 2007; 132: 2191–2207. 



              References 

 

116 

86  Ludwig J, Viggiano TR, McGill DB, Oh BJ. Nonalcoholic steatohepatitis: Mayo Clinic 

experiences with a hitherto unnamed disease. Mayo Clin Proc 1980; 55: 434–8. 

87  Bondini S, Kallman J, Wheeler A, Prakash S, Gramlich T, Jondle DM et al. Impact of non-

alcoholic fatty liver disease on chronic hepatitis B. Liver Int 2007; 27: 607–611. 

88  Baffy G, György. MicroRNAs in Nonalcoholic Fatty Liver Disease. J Clin Med 2015; 4: 1977–

1988. 

89  LaBrecque DR, Abbas Z, Anania F, Ferenci P, Khan AG, Goh K-L et al. World 

Gastroenterology Organisation Global Guidelines. J Clin Gastroenterol 2014; 48: 1. 

90  Younossi ZM, Koenig AB, Abdelatif D, Fazel Y, Henry L, Wymer M. Global epidemiology of 

nonalcoholic fatty liver disease-Meta-analytic assessment of prevalence, incidence, and 

outcomes. Hepatology 2016; 64: 73–84. 

91  Donnelly KL, Smith CI, Schwarzenberg SJ, Jessurun J, Boldt MD, Parks EJ. Sources of fatty 

acids stored in liver and secreted via lipoproteins in patients with nonalcoholic fatty liver 

disease. J Clin Invest 2005; 115: 1343–1351. 

92  Lara-Castro C, Garvey WT. Intracellular lipid accumulation in liver and muscle and the 

insulin resistance syndrome. Endocrinol Metab Clin North Am 2008; 37: 841–56. 

93  Neuschwander-Tetri BA. Hepatic lipotoxicity and the pathogenesis of nonalcoholic 

steatohepatitis: the central role of nontriglyceride fatty acid metabolites. Hepatology 2010; 52: 

774–88. 

94  Cusi K. Role of Obesity and Lipotoxicity in the Development of Nonalcoholic Steatohepatitis: 

Pathophysiology and Clinical Implications. Gastroenterology 2012; 142: 711–725.e6. 

95  Szabo G, Petrasek J. Inflammasome activation and function in liver disease. Nat Rev 

Gastroenterol Hepatol 2015; 12: 387–400. 

96  Machado MV, Diehl AM. Pathogenesis of Nonalcoholic Steatohepatitis. Gastroenterology 

2016; 150: 1769–1777. 

97  Hirsova P, Ibrabim SH, Gores GJ, Malhi H. Lipotoxic lethal and sublethal stress signaling in 

hepatocytes: relevance to NASH pathogenesis. J Lipid Res 2016; 57: 1758–1770. 

98  Ertunc ME, Hotamisligil GS. Lipid signaling and lipotoxicity in metaflammation: indications 

for metabolic disease pathogenesis and treatment. J Lipid Res 2016; 57: 2099–2114. 

99  Mannaerts GP, Van Veldhoven PP. [Peroxisomal beta-oxidation]. Verh K Acad Geneeskd Belg 

1993; 55: 45–78. 

100  Tilg H, Moschen AR. Evolution of inflammation in nonalcoholic fatty liver disease: The 

multiple parallel hits hypothesis. Hepatology 2010; 52: 1836–1846. 

101  Johnson AR, Milner JJ, Makowski L. The inflammation highway: metabolism accelerates 

inflammatory traffic in obesity. Immunol Rev 2012; 249: 218–38. 

102  Gressner AM, Lotfi S, Gressner G, Haltner E, Kropf J. Synergism between hepatocytes and 

Kupffer cells in the activation of fat storing cells (perisinusoidal lipocytes). J Hepatol 1993; 

19: 117–32. 

103  Cheung O, Sanyal AJ. Recent advances in nonalcoholic fatty liver disease. Curr Opin 



              References 

 

117 

Gastroenterol 2010; 26: 202–208. 

104  Friedman SL. Liver fibrosis – from bench to bedside. J Hepatol 2003; 38: 38–53. 

105  Baffy G. Kupffer cells in non-alcoholic fatty liver disease: The emerging view. J Hepatol 2009; 

51: 212–223. 

106  Ibrahim J, Nguyen AH, Rehman A, Ochi A, Jamal M, Graffeo CS et al. Dendritic Cell 

Populations With Different Concentrations of Lipid Regulate Tolerance and Immunity in 

Mouse and Human Liver. Gastroenterology 2012; 143: 1061–1072. 

107  Talukdar S, Oh DY, Bandyopadhyay G, Li D, Xu J, McNelis J et al. Neutrophils mediate 

insulin resistance in mice fed a high-fat diet through secreted elastase. Nat Med 2012; 18: 

1407–1412. 

108  Neuschwander-Tetri BA. Non-alcoholic fatty liver disease. BMC Med 2017; 15: 45. 

109  Cusi K, Orsak B, Bril F, Lomonaco R, Hecht J, Ortiz-Lopez C et al. Long-Term Pioglitazone 

Treatment for Patients With Nonalcoholic Steatohepatitis and Prediabetes or Type 2 Diabetes 

Mellitus. Ann Intern Med 2016; 165: 305. 

110  Promrat K, Lutchman G, Uwaifo GI, Freedman RJ, Soza A, Heller T et al. A pilot study of 

pioglitazone treatment for nonalcoholic steatohepatitis. Hepatology 2004; 39: 188–196. 

111  Neuschwander-Tetri BA, Brunt EM, Wehmeier KR, Oliver D, Bacon BR. Improved 

nonalcoholic steatohepatitis after 48 weeks of treatment with the PPAR-γ ligand 

rosiglitazone. Hepatology 2003; 38: 1008–1017. 

112  He L, Liu X, Wang L, Yang Z. Thiazolidinediones for nonalcoholic steatohepatitis. Medicine 

(Baltimore) 2016; 95: e4947. 

113  Tolman KG, Dalpiaz AS. Treatment of non-alcoholic fatty liver disease. Ther Clin Risk Manag 

2007; 3: 1153–63. 

114  Jensen MD, Ryan DH, Apovian CM, Ard JD, Comuzzie AG, Donato KA et al. 2013 

AHA/ACC/TOS Guideline for the Management of Overweight and Obesity in Adults. J Am 

Coll Cardiol 2014; 63: 2985–3023. 

115  Abenavoli L, Milic N, Peta V, Alfieri F, De Lorenzo A, Bellentani S. Alimentary regimen in 

non-alcoholic fatty liver disease: Mediterranean diet. World J Gastroenterol 2014; 20: 16831–

40. 

116  Willians AE, Duncan B. Comparative results of an obesity clinic and a commercial weight-

reducing organization. Med J Aust 1976; 1: 800–802. 

117  Loring B, Robertson A. Obesity and inequities Guidance for addressing inequities in 

overweight and obesity. . 

118  Fried M, Hainer V, Basdevant  a, Buchwald H, Deitel M, Finer N et al. Inter-disciplinary 

European guidelines on surgery of severe obesity. Int J Obes (Lond) 2007; 31: 569–77. 

119  Ikramuddin S, Korner J, Lee W-J, Connett JE, Inabnet WB, Billington CJ et al. Roux-en-Y 

Gastric Bypass vs Intensive Medical Management for the Control of Type 2 Diabetes, 

Hypertension, and Hyperlipidemia. JAMA 2013; 309: 2240. 

120  Camastra S, Muscelli E, Gastaldelli A, Holst JJ, Astiarraga B, Baldi S et al. Long-Term 



              References 

 

118 

Effects of Bariatric Surgery on Meal Disposal and β-Cell Function in Diabetic and Nondiabetic 

Patients. Diabetes 2013; 62. 

121  Kashyap SR, Bhatt DL, Wolski K, Watanabe RM, Abdul-Ghani M, Abood B et al. Metabolic 

Effects of Bariatric Surgery in Patients With Moderate Obesity and Type 2 Diabetes: Analysis 

of a randomized control trial comparing surgery with intensive medical treatment. Diabetes 

Care 2013; 36: 2175–2182. 

122  Valsamakis G, Konstantakou P, Mastorakos G. New Targets for Drug Treatment of Obesity. 

Annu Rev Pharmacol Toxicol 2017; 57: 585–605. 

123  Ioannides-Demos LL, Proietto J, Tonkin AM, McNeil JJ. Safety of drug therapies used for 

weight loss and treatment of obesity. Drug Saf 2006; 29: 277–302. 

124  FDA, Commissioner O of the. Safety Alerts for Human Medical Products - Meridia 

(sibutramine): Market Withdrawal Due to Risk of Serious Cardiovascular Events. . 

125  Christensen R, Kristensen PK, Bartels EM, Bliddal H, Astrup A. Efficacy and safety of the 

weight-loss drug rimonabant: a meta-analysis of randomised trials. Lancet 2007; 370: 1706–

1713. 

126  Azebu LM. The FDA’s Risk/Benefit Calculus in the Approvals of Qsymia and Belviq: Treating 

an Obesity Epidemic While Avoiding Another Fen-Phen. Food Drug Law J 2014; 69. 

127  Withdrawal of the marketing authorisation application for Belviq (lorcaserin). 2013; 309180. 

128  VIVUS. VIVUS Receives Decision Regarding Qsiva Appeal. 2013. 

129  Davis N, Forbes B, Wylie-Rosett J. Nutritional Strategies in Type 2 Diabetes Mellitus. Mt 

Sinai J Med A J Transl Pers Med 2009; 76: 257–268. 

130  Tuso P. Prediabetes and Lifestyle Modification: Time to Prevent a Preventable Disease. Perm 

J 2014; 18: 88–93. 

131  Riccardi G, Rivellese AA. Effects of dietary fiber and carbohydrate on glucose and lipoprotein 

metabolism in diabetic patients. Diabetes Care 1991; 14: 1115–25. 

132  Zanuso S, Jimenez A, Pugliese G, Corigliano G, Balducci S. Exercise for the management of 

type 2 diabetes: a review of the evidence. Acta Diabetol 2010; 47: 15–22. 

133  Umpierre D, Ribeiro PAB, Kramer CK, Leitão CB, Zucatti ATN, Azevedo MJ et al. Physical 

Activity Advice Only or Structured Exercise Training and Association With HbA 1c Levels in 

Type 2 Diabetes. JAMA 2011; 305: 1790. 

134  Standards of Medical Care in Diabetes-2016: Summary of Revisions. Diabetes Care 2016; 39 

Suppl 1: S4-5. 

135  Chamberlain JJ, Rhinehart AS, Shaefer CF, Neuman A. Diagnosis and Management of 

Diabetes: Synopsis of the 2016 American Diabetes Association Standards of Medical Care in 

Diabetes. Ann Intern Med 2016; 164: 542. 

136  Krentz AJ, Patel MB, Bailey CJ. New drugs for type 2 diabetes mellitus: what is their place 

in therapy? Drugs 2008; 68: 2131–62. 

137  Bailey C. The Current Drug Treatment Landscape for Diabetes and Perspectives for the 

Future. Clin Pharmacol Ther 2015; 98: 170–184. 



              References 

 

119 

138  Chaudhury A, Duvoor C, Reddy Dendi VS, Kraleti S, Chada A, Ravilla R et al. Clinical Review 

of Antidiabetic Drugs: Implications for Type 2 Diabetes Mellitus Management. Front 

Endocrinol (Lausanne) 2017; 8: 6. 

139  Riser Taylor S, Harris KB. The Clinical Efficacy and Safety of Sodium Glucose Cotransporter-

2 Inhibitors in Adults with Type 2 Diabetes Mellitus. Pharmacother J Hum Pharmacol Drug 

Ther 2013; 33: 984–999. 

140  Proks P, Reimann F, Green N, Gribble F, Ashcroft F. Sulfonylurea stimulation of insulin 

secretion. Diabetes 2002; 51 Suppl 3: S368-76. 

141  Viollet B, Guigas B, Garcia NS, Leclerc J, Foretz M, Andreelli F. Cellular and molecular 

mechanisms of metformin: an overview. Clin Sci 2012; 122: 253–270. 

142  DeFronzo R a. Overview of Newer Agents: Where Treatment Is Going. Am J Med 2010; 123: 

S38–S48. 

143  Nauck MA, Meier JJ. The incretin effect in healthy individuals and those with type 2 diabetes: 

physiology, pathophysiology, and response to therapeutic interventions. Lancet Diabetes 

Endocrinol 2016; 4: 525–536. 

144  Blonde L, Russell-Jones D. The safety and efficacy of liraglutide with or without oral 

antidiabetic drug therapy in type 2 diabetes: an overview of the LEAD 1-5 studies. Diabetes, 

Obes Metab 2009; 11: 26–34. 

145  Singh-Franco D, Perez A, Harrington C. The effect of pramlintide acetate on glycemic control 

and weight in patients with type 2 diabetes mellitus and in obese patients without diabetes: 

a systematic review and meta-analysis. Diabetes, Obes Metab 2011; 13: 169–180. 

146  Ratner RE, Dickey R, Fineman M, Maggs DG, Shen L, Strobel S a et al. Amylin replacement 

with pramlintide as an adjunct to insulin therapy improves long-term glycaemic and weight 

control in Type 1 diabetes mellitus: a 1-year, randomized controlled trial. Diabet Med 2004; 

21: 1204–1212. 

147  Thompson RGG, Gottlieb A, Organ K, Koda J, Kisicki J, Kolterman OGG. Pramlintide: a 

human amylin analogue reduced postprandial plasma glucose, insulin, and C-peptide 

concentrations in patients with type 2 diabetes. Diabet Med 1997; 14: 547–55. 

148  Thompson RG, Pearson L, Schoenfeld SL, Kolterman OG. Pramlintide, a synthetic analog of 

human amylin, improves the metabolic profile of patients with type 2 diabetes using insulin. 

The Pramlintide in Type 2 Diabetes Group. Diabetes Care 1998; 21: 987–93. 

149  Ahrén B, Landin-Olsson M, Jansson P-A, Svensson M, Holmes D, Schweizer A. Inhibition of 

Dipeptidyl Peptidase-4 Reduces Glycemia, Sustains Insulin Levels, and Reduces Glucagon 

Levels in Type 2 Diabetes. J Clin Endocrinol Metab 2004; 89: 2078–2084. 

150  Adeghate E, Kalász H. Amylin analogues in the treatment of diabetes mellitus: medicinal 

chemistry and structural basis of its function. Open Med Chem J 2011; 5: 78–81. 

151  Psallas M, Manes C. Incretins in type 2 diabetes mellitus: cardiovascular and anti-atherogenic 

effects beyond glucose lowering. Hippokratia 2012; 16: 100–5. 

152  Brunt EM, Wong VW-S, Nobili V, Day CP, Sookoian S, Maher JJ et al. Nonalcoholic fatty liver 

disease. Nat Rev Dis Prim 2015; 1: 15080. 

153  Wong RJ, Aguilar M, Cheung R, Perumpail RB, Harrison SA, Younossi ZM et al. Nonalcoholic 



              References 

 

120 

Steatohepatitis Is the Second Leading Etiology of Liver Disease Among Adults Awaiting Liver 

Transplantation in the United States. Gastroenterology 2015; 148: 547–555. 

154  Hannah WN, Harrison SA. Lifestyle and Dietary Interventions in the Management of 

Nonalcoholic Fatty Liver Disease. Dig Dis Sci 2016; 61: 1365–74. 

155  Orci LA, Gariani K, Oldani G, Delaune V, Morel P, Toso C. Exercise-based Interventions for 

Nonalcoholic Fatty Liver Disease: A Meta-analysis and Meta-regression. Clin Gastroenterol 

Hepatol 2016; 14: 1398–411. 

156  Vilar-Gomez E, Martinez-Perez Y, Calzadilla-Bertot L, Torres-Gonzalez A, Gra-Oramas B, 

Gonzalez-Fabian L et al. Weight Loss Through Lifestyle Modification Significantly Reduces 

Features of Nonalcoholic Steatohepatitis. Gastroenterology 2015; 149: 367-78–5. 

157  Africa JA, Newton KP, Schwimmer JB. Lifestyle Interventions Including Nutrition, Exercise, 

and Supplements for Nonalcoholic Fatty Liver Disease in Children. Dig Dis Sci 2016; 61: 

1375–86. 

158  Corey KE, Rinella ME. Medical and Surgical Treatment Options for Nonalcoholic 

Steatohepatitis. Dig Dis Sci 2016; 61: 1387–97. 

159  Lassailly G, Caiazzo R, Buob D, Pigeyre M, Verkindt H, Labreuche J et al. Bariatric Surgery 

Reduces Features of Nonalcoholic Steatohepatitis in Morbidly Obese Patients. 

Gastroenterology 2015; 149: 379-88–6. 

160  Ratziu V. Novel Pharmacotherapy Options for NASH. Dig Dis Sci 2016; 61: 1398–405. 

161  Musso G, Cassader M, Gambino R. Non-alcoholic steatohepatitis: emerging molecular targets 

and therapeutic strategies. Nat Rev Drug Discov 2016; 15: 249–74. 

162  Ratziu V, Harrison SA, Francque S, Bedossa P, Lehert P, Serfaty L et al. Elafibranor, an 

Agonist of the Peroxisome Proliferator-Activated Receptor-α and -δ, Induces Resolution of 

Nonalcoholic Steatohepatitis Without Fibrosis Worsening. Gastroenterology 2016; 150: 1147–

1159.e5. 

163  Ding L, Yang L, Wang Z, Huang W. Bile acid nuclear receptor FXR and digestive system 

diseases. Acta Pharm Sin B 2015; 5: 135–144. 

164  Intercept Pharmaceuticals. NICE Recommends Ocaliva® (obeticholic acid) for the Treatment 

of Patients with Primary Biliary Cholangitis in England, Wales and Northern Ireland 

(NASDAQ:ICPT). http://ir.interceptpharma.com/releasedetail.cfm?releaseid= 1015364 

(accessed 15 Mar2017). 

165  Neuschwander-Tetri BA, Loomba R, Sanyal AJ, Lavine JE, Van Natta ML, Abdelmalek MF 

et al. Farnesoid X nuclear receptor ligand obeticholic acid for non-cirrhotic, non-alcoholic 

steatohepatitis (FLINT): a multicentre, randomised, placebo-controlled trial. Lancet (London, 

England) 2015; 385: 956–65. 

166  Banini BA, Sanyal AJ. Current and future pharmacologic treatment of nonalcoholic 

steatohepatitis. Curr Opin Gastroenterol 2017; : 1. 

167  Gilead. Gilead Announces Top-Line Phase 2 Results for GS-4997 (Selonsertib) in Nonalcoholic 

Steatohepatitis (NASH), Pulmonary Arterial Hypertension (PAH) and Diabetic Kidney 

Disease (DKD) | Business Wire. http://www.businesswire.com/ 

news/home/20161020005935/en/Gilead-Announces-Top-Line-Phase-2-Results-GS-4997 

(accessed 29 Mar2017). 



              References 

 

121 

168  Hayakawa R, Hayakawa T, Takeda K, Ichijo H. Therapeutic targets in the ASK1-dependent 

stress signaling pathways. Proc Jpn Acad Ser B Phys Biol Sci 2012; 88: 434–53. 

169  Armstrong MJ, Gaunt P, Aithal GP, Barton D, Hull D, Parker R et al. Liraglutide safety and 

efficacy in patients with non-alcoholic steatohepatitis (LEAN): a multicentre, double-blind, 

randomised, placebo-controlled phase 2 study. Lancet 2016; 387: 679–690. 

170  Cui J, Philo L, Nguyen P, Hofflich H, Hernandez C, Bettencourt R et al. Sitagliptin vs. placebo 

for non-alcoholic fatty liver disease: A randomized controlled trial. J Hepatol 2016; 65: 369–

76. 

171  Tobira Therapeutics Announces Late-Breaking Oral Presentation of CENTAUR Phase 2b 

Trial Results at the American Academy for the Study of Liver Diseases Annual Meeting. 

2016.http://files.shareholder.com/downloads/AMDA-2VQ912/0x0x912755/06E39398-D5EE-

43DD-93AD-520DD6093311/TBRA_News_2016_10_20_General_Releases.pdf (accessed 8 

Mar2017). 

172  Friedman S, Sanyal A, Goodman Z, Lefebvre E, Gottwald M, Fischer L et al. Efficacy and 

safety study of cenicriviroc for the treatment of non-alcoholic steatohepatitis in adult subjects 

with liver fibrosis: CENTAUR Phase 2b study design. Contemp Clin Trials 2016; 47: 356–365. 

173  Zein CO, Yerian LM, Gogate P, Lopez R, Kirwan JP, Feldstein AE et al. Pentoxifylline 

improves nonalcoholic steatohepatitis: a randomized placebo-controlled trial. Hepatology 

2011; 54: 1610–9. 

174  Ratziu V, Bedossa P, Francque SM, Larrey D, Aithal GP, Serfaty L et al. Lack of efficacy of 

an inhibitor of PDE4 in phase 1 and 2 trials of patients with nonalcoholic steatohepatitis. Clin 

Gastroenterol Hepatol 2014; 12: 1724–30.e5. 

175  Home - ClinicalTrials.gov. https://clinicaltrials.gov/ct2/home (accessed 28 Mar2017). 

176  Cassidy S, Syed BA. Nonalcoholic steatohepatitis (NASH) drugs market. Nat Rev Drug Discov 

2016; 15: 745–746. 

177  Camilleri M. Peripheral mechanisms in appetite regulation. Gastroenterology 2015; 148: 

1219–33. 

178  Cohen P, Spiegelman BM. Brown and Beige Fat: Molecular Parts of a Thermogenic Machine. 

Diabetes 2015; 64: 2346–51. 

179  Mori I, Ishii A, Nakamura A, Nakamura M, Nakagomi N, Takeda K et al. Expression and 

cellular localization of calcitonin receptor: RT-PCR and in situ hybridization studies. Cell Mol 

Biol (Noisy-le-grand) 2006; 52: 9–13. 

180  Poyner DR, Sexton PM, Marshall I, Smith DM, Quirion R, Born W et al. International Union 

of Pharmacology. XXXII. The mammalian calcitonin gene-related peptides, adrenomedullin, 

amylin, and calcitonin receptors. Pharmacol Rev 2002; 54: 233–46. 

181  Bradford W, Buckholz A, Morton J, Price C, Jones AM, Urano D. Eukaryotic G Protein 

Signaling Evolved to Require G Protein-Coupled Receptors for Activation. Sci Signal 2013; 6: 

ra37-ra37. 

182  Muff R, Born W, Fischer JA. Receptors for calcitonin, calcitonin gene related peptide, amylin, 

and adrenomedullin. Can J Physiol Pharmacol 1995; 73: 963–7. 

183  Sexton PM. Recent advances in our understanding of peptide hormone receptors and RAMPS. 



              References 

 

122 

Curr Opin Drug Discov Devel 1999; 2: 440–8. 

184  McLatchie LM, Fraser NJ, Main MJ, Wise  a, Brown J, Thompson N et al. RAMPs regulate 

the transport and ligand specificity of the calcitonin-receptor-like receptor. Nature 1998; 393: 

333–339. 

185  Christopoulos G, Perry KJ, Morfis M, Tilakaratne N, Gao Y, Fraser NJ et al. Multiple amylin 

receptors arise from receptor activity-modifying protein interaction with the calcitonin 

receptor gene product. Mol Pharmacol 1999; 56: 235–42. 

186  Hay DL, Chen S, Lutz TA, Parkes DG, Roth JD. Amylin: Pharmacology, Physiology, and 

Clinical Potential. Pharmacol Rev 2015; 67: 564–600. 

187  Fraser NJ, Wise A, Brown J, McLatchie LM, Main MJ, Foord SM. The amino terminus of 

receptor activity modifying proteins is a critical determinant of glycosylation state and ligand 

binding of calcitonin receptor-like receptor. Mol Pharmacol 1999; 55: 1054–9. 

188  Zumpe ET, Tilakaratne N, Fraser NJ, Christopoulos G, Foord SM, Sexton PM. Multiple Ramp 

Domains Are Required for Generation of Amylin Receptor Phenotype from the Calcitonin 

Receptor Gene Product. Biochem Biophys Res Commun 2000; 267: 368–372. 

189  Hay DL, Christopoulos G, Christopoulos A, Poyner DR, Sexton PM. Pharmacological 

Discrimination of Calcitonin Receptor: Receptor Activity-Modifying Protein Complexes. Mol 

Pharmacol 2005; 67: 1655–1665. 

190  Hay DL, Christopoulos G, Christopoulos A, Sexton PM. Amylin receptors: molecular 

composition and pharmacology: Table 1. Biochem Soc Trans 2004; 32: 865–867. 

191  Chang CL, Roh J, Hsu SYT. Intermedin, a novel calcitonin family peptide that exists in 

teleosts as well as in mammals: A comparison with other calcitonin/intermedin family 

peptides in vertebrates. Peptides 2004; 25: 1633–1642. 

192  Roh J, Chang CL, Bhalla A, Klein C, Hsu SYT. Intermedin Is a Calcitonin/Calcitonin Gene-

related Peptide Family Peptide Acting through the Calcitonin Receptor-like 

Receptor/Receptor Activity-modifying Protein Receptor Complexes. J Biol Chem 2003; 279: 

7264–7274. 

193  Raddant AC, Russo AF. Calcitonin gene-related peptide in migraine: intersection of 

peripheral inflammation and central modulation. Expert Rev Mol Med 2011; 13: e36. 

194  Chesnut CH, Azria M, Silverman S, Engelhardt M, Olson M, Mindeholm L. Salmon calcitonin: 

a review of current and future therapeutic indications. Osteoporos Int 2008; 19: 479–491. 

195  Feigh M, Henriksen K, Andreassen K V, Hansen C, Henriksen JE, Christiansen C et al. A 

novel oral form of salmon calcitonin improves glucose homeostasis and reduces body weight 

in diet-induced obese rats. DIABETES Obes Metab 2011; 13: 911–920. 

196  Recober A, Russo AF. Calcitonin gene-related peptide: an update on the biology. Curr Opin 

Neurol 2009; 22: 241–6. 

197  Oh-hashi Y, Shindo T, Kurihara Y, Imai T, Wang Y, Morita H et al. Elevated sympathetic 

nervous activity in mice deficient in alphaCGRP. Circ Res 2001; 89: 983–90. 

198  Young A. Effects in Skeletal Muscle. In: Advances in pharmacology (San Diego, Calif.). 2005, 

pp 209–228. 



              References 

 

123 

199  FOSTER G V, BAGHDIANTZ A, KUMAR MA, SLACK E, SOLIMAN HA, MACINTYRE I. 

THYROID ORIGIN OF CALCITONIN. Nature 1964; 202: 1303–5. 

200  COPP DH, CHENEY B. Calcitonin-a hormone from the parathyroid which lowers the calcium-

level of the blood. Nature 1962; 193: 381–2. 

201  Sexton PM, Findlay DM, Martin TJ. Calcitonin. Curr Med Chem 1999; 6: 1067–93. 

202  Management of severe hypercalcaemia. Br Med J 1980; 280: 204–5. 

203  Davey RA, Turner AG, McManus JF, Chiu WM, Tjahyono F, Moore AJ et al. Calcitonin 

Receptor Plays a Physiological Role to Protect Against Hypercalcemia in Mice. J Bone Miner 

Res 2008; 23: 1182–1193. 

204  Turner AG, Tjahyono F, Chiu WSM, Skinner J, Sawyer R, Moore AJ et al. The role of the 

calcitonin receptor in protecting against induced hypercalcemia is mediated via its actions in 

osteoclasts to inhibit bone resorption. Bone 2011; 48: 354–361. 

205  Stevenson JC, Hillyard CJ, MacIntyre I, Cooper H, Whitehead MI. A physiological role for 

calcitonin: protection of the maternal skeleton. Lancet (London, England) 1979; 2: 769–70. 

206  Plosker GL, McTavish D. Intranasal salcatonin (salmon calcitonin). A review of its 

pharmacological properties and role in the management of postmenopausal osteoporosis. 

Drugs Aging 1996; 8: 378–400. 

207  Friedman J, Raisz LG. Thyrocalcitonin: inhibitor of bone resorption in tissue culture. Science 

1965; 150: 1465–7. 

208  Chen JT, Shiraki M, Katase K, Kato T, Hirai Y, Hasumi K. [Calcitonin physiologically 

regulates the postmenopausal bone loss and possibly inhibits the bone loss in fast losers]. 

Nihon Sanka Fujinka Gakkai Zasshi 1994; 46: 1056–62. 

209  Gennari C. Analgesic effect of calcitonin in osteoporosis. Bone 2002; 30: 67S–70S. 

210  Arendt-Nielsen L, Hoeck HC, Karsdal MA, Christiansen C. Role of calcitonin in management 

of musculoskeletal pain. Rheumatol Reports 2009; 1: 12. 

211  Kapuściński P, Tałałaj M, Borowicz J, Marcinowska-Suchowierska E, Brzozowski R. An 

analgesic effect of synthetic human calcitonin in patients with primary osteoporosis. Mater 

Med Pol; 28: 83–6. 

212  Ricevuti G. Effects of human calcitonin on pain in the treatment of Tietze’s syndrome. Clin 

Ther 1985; 7: 669–73. 

213  Alwmark  a, Stavinoha MW, Cooper CW, Greeley GJ, Thompson JC. Calcitonin inhibition of 

insulin release from isolated rat pancreatic islets. Diabetes 1986; 35: 58–60. 

214  Cantalamessa L, Catania  a, Reschini E, Peracchi M. Inhibitory effect of calcitonin on growth 

hormone and insulin secretion in man. Metabolism 1978; 27: 987–92. 

215  Giugliano D, Passariello N, Sgambato S, Torella R, D’Onofrio F. Calcitonin modulation of 

insulin and glucagon secretion in man. Am J Physiol 1982; 242: E206-13. 

216  O’Dor RK, Parkes CO, Copp DH. Amino acid composition of salmon calcitonin. Can J Biochem 

1969; 47: 823–5. 



              References 

 

124 

217  Guttmann S, Pless J, Huguenin RL, Sandrin E, Bossert H, Zehnder K. Synthese von Salm-

Calcitonin, einem hochaktiven hypocalcämischen Hormon. Vorläufige Mitteilung. Helv Chim 

Acta 1969; 52: 1789–1795. 

218  Habener JF, Singer FR, Deftos LJ, Neer RM, Potts JT. Explanation for unusual potency of 

salmon calcitonin. Nat New Biol 1971; 232: 91–2. 

219  Niall HD, Keutmann HT, Copp DH, Potts JT. Amino acid sequence of salmon ultimobranchial 

calcitonin. Proc Natl Acad Sci U S A 1969; 64: 771–8. 

220  Andreassen KV, Hjuler ST, Furness SG, Sexton PM, Christopoulos A, Nosjean O et al. 

Prolonged calcitonin receptor signaling by salmon, but not human calcitonin, reveals ligand 

bias. PLoS One 2014; 9: e92042. 

221  Zaidi M, Moonga BS, Abe E. Calcitonin and bone formation: a knockout full of surprises. J 

Clin Invest 2002; 110: 1769–71. 

222  Azria M, Copp DH, Zanelli JM. 25 years of salmon calcitonin: from synthesis to therapeutic 

use. Calcif Tissue Int 1995; 57: 405–8. 

223  Mehta NM, Malootian A, Gilligan JP. Calcitonin for osteoporosis and bone pain. Curr Pharm 

Des 2003; 9: 2659–76. 

224  Raisz LG. Pathogenesis of osteoporosis: concepts, conflicts, and prospects. J Clin Invest 2005; 

115: 3318–3325. 

225  Copp DH. Calcitonin: discovery, development, and clinical application. Clin Invest Med 1994; 

17: 268–77. 

226  De Bastiani G, Nogarin L, Perusi M. Pig calcitonin in the treatment of localised osteoporosis. 

Ital J Orthop Traumatol 1976; 2: 181–90. 

227  Findlay DM, Sexton PM. Mini ReviewCalcitonin. Growth Factors 2004; 22: 217–224. 

228  Miller S. Calcitonin--guardian of the Mammalian skeleton or is it just a fish story? 

Endocrinology 2006; 147: 4007–9. 

229  Davey RA, Findlay DM. Calcitonin: Physiology or fantasy? J Bone Miner Res 2013; 28: 973–

979. 

230  Gonen E, Sahin I, Ozbek M, Kovalak E, Yologlu S, Ates Y. Effects of pregnancy and lactation 

on bone mineral density, and their relation to the serum calcium, phosphorus, calcitonin and 

parathyroid hormone levels in rats. J Endocrinol Invest 2005; 28: 322–6. 

231  Woodrow JP, Sharpe CJ, Fudge NJ, Hoff AO, Gagel RF, Kovacs CS. Calcitonin Plays a Critical 

Role in Regulating Skeletal Mineral Metabolism during Lactation. Endocrinology 2006; 147: 

4010–4021. 

232  Emmertsen K, Melsen F, Mosekilde L, Lund B, Lund B, Sørensen OH et al. Altered vitamin 

D metabolism and bone remodelling in patients with medullary thyroid carcinoma and 

hypercalcitoninemia. Metab Bone Dis Relat Res 1982; 4: 17–23. 

233  Westermark P, Wilander E, Johnson KH. Islet amyloid polypeptide. Lancet (London, 

England) 1987; 2: 623. 

234  Cooper GJ, Willis AC, Clark A, Turner RC, Sim RB, Reid KB. Purification and 



              References 

 

125 

characterization of a peptide from amyloid-rich pancreases of type 2 diabetic patients. Proc 

Natl Acad Sci U S A 1987; 84: 8628–32. 

235  Hoffmann KQ, McGovern M, Chiu C, de Pablo JJ. Secondary Structure of Rat and Human 

Amylin across Force Fields. PLoS One 2015; 10: e0134091. 

236  Abedini A, Schmidt AM. Mechanisms of Islet Amyloidosis Toxicity in Type 2 Diabetes. 

doi:10.1016/j.febslet.2013.01.017. 

237  Young A. Inhibition of gastric emptying. Adv Pharmacol 2005; 52: 99–121. 

238  Young A. Inhibition of Glucagon Secretion. In: Advances in pharmacology (San Diego, Calif.). 

2005, pp 151–171. 

239  Lutz TA. Effects of amylin on eating and adiposity. Handb Exp Pharmacol 2012; : 231–50. 

240  Lutz TA. Pancreatic amylin as a centrally acting satiating hormone. Curr Drug Targets 2005; 

6: 181–9. 

241  Sexton PM, Paxinos G, Kenney MA, Wookey PJ, Beaumont K. In vitro autoradiographic 

localization of amylin binding sites in rat brain. Neuroscience 1994; 62: 553–67. 

242  Potes CS, Lutz TA. Brainstem mechanisms of amylin-induced anorexia. Physiol Behav 2010; 

100: 511–518. 

243  Lutz TA, Mollet A, Rushing PA, Riediger T, Scharrer E. The anorectic effect of a chronic 

peripheral infusion of amylin is abolished in area postrema/nucleus of the solitary tract 

(AP/NTS) lesioned rats. Int J Obes 2001; 25: 1005–1011. 

244  Barth SW, Riediger T, Lutz TA, Rechkemmer G. Differential effects of amylin and salmon 

calcitonin on neuropeptide gene expression in the lateral hypothalamic area and the arcuate 

nucleus of the rat. Neurosci Lett 2003; 341: 131–4. 

245  Riediger T, Zuend D, Becskei C, Lutz TA. The anorectic hormone amylin contributes to 

feeding-related changes of neuronal activity in key structures of the gut-brain axis. AJP Regul 

Integr Comp Physiol 2003; 286: 114R–122. 

246  Riediger T, Schmid HA, Lutz TA, Simon E. Amylin and glucose co-activate area postrema 

neurons of the rat. Neurosci Lett 2002; 328: 121–4. 

247  Gedulin BR, Young AA. Hypoglycemia overrides amylin-mediated regulation of gastric 

emptying in rats. Diabetes 1998; 47: 93–7. 

248  Frontoni S, Choi SB, Banduch D, Rossetti L. In vivo insulin resistance induced by amylin 

primarily through inhibition of insulin-stimulated glycogen synthesis in skeletal muscle. 

Diabetes 1991; 40: 568–73. 

249  Young A. Inhibition of Insulin Secretion. In: Advances in pharmacology (San Diego, Calif.). 

2005, pp 173–192. 

250  Mäkimattila S, Fineman MS, Yki-Järvinen H. Deficiency of Total and Nonglycosylated 

Amylin in Plasma Characterizes Subjects with Impaired Glucose Tolerance and Type 2 

Diabetes 1. J Clin Endocrinol Metab 2000; 85: 2822–2827. 

251  Lutz TA, Del Prete E, Scharrer E. Reduction of food intake in rats by intraperitoneal injection 

of low doses of amylin. Physiol Behav 1994; 55: 891–5. 



              References 

 

126 

252  Chance WT, Balasubramaniam A, Zhang FS, Wimalawansa SJ, Fischer JE. Anorexia 

following the intrahypothalamic administration of amylin. Brain Res 1991; 539: 352–4. 

253  Roth JD, Hughes H, Kendall E, Baron AD, Anderson CM. Antiobesity effects of the beta-cell 

hormone amylin in diet-induced obese rats: effects on food intake, body weight, composition, 

energy expenditure, and gene expression. Endocrinology 2006; 147: 5855–64. 

254  Chapman I, Parker B, Doran S, Feinle-Bisset C, Wishart J, Strobel S et al. Effect of 

pramlintide on satiety and food intake in obese subjects and subjects with type 2 diabetes. 

Diabetologia 2005; 48: 838–848. 

255  Reidelberger RD, Kelsey L, Heimann D. Effects of amylin-related peptides on food intake, 

meal patterns, and gastric emptying in rats. Am J Physiol - Regul Integr Comp Physiol 2002; 

282: R1395–R1404. 

256  Woerle HJ, Albrecht M, Linke R, Zschau S, Neumann C, Nicolaus M et al. Impaired 

Hyperglycemia-Induced Delay in Gastric Emptying in Patients With Type 1 Diabetes 

Deficient for Islet Amyloid Polypeptide. Diabetes Care 2008; 31: 2325–2331. 

257  Wielinga PY, Alder B, Lutz TA. The acute effect of amylin and salmon calcitonin on energy 

expenditure. Physiol Behav 2007; 91: 212–7. 

258  Wielinga PY, Löwenstein C, Muff S, Munz M, Woods SC, Lutz TA et al. Central amylin acts 

as an adiposity signal to control body weight and energy expenditure. Physiol Behav 2010; 

101: 45–52. 

259  Mack C, Wilson J, Athanacio J, Reynolds J, Laugero K, Guss S et al. Pharmacological actions 

of the peptide hormone amylin in the long-term regulation of food intake, food preference, and 

body weight. Am J Physiol Regul Integr Comp Physiol 2007; 293: R1855-63. 

260  Young AA, Wang M-W, Gedulin B, Rink TJ, Pittner R, Beaumont K. Diabetogenic effects of 

salmon calcitonin are attributable to amylin-like activity. Metabolism 1995; 44: 1581–1589. 

261  Mather KJ, Paradisi G, Leaming R, Hook G, Steinberg HO, Fineberg N et al. Role of amylin 

in insulin secretion and action in humans: antagonist studies across the spectrum of insulin 

sensitivity. Diabetes Metab Res Rev 2002; 18: 118–26. 

262  Gedulin BR, Jodka CM, Herrmann K, Young AA. Role of endogenous amylin in glucagon 

secretion and gastric emptying in rats demonstrated with the selective antagonist, AC187. 

Regul Pept 2006; 137: 121–127. 

263  Furrer D, Kaufmann K, Reusch CE, Lutz TA. Amylin reduces plasma glucagon concentration 

in cats. Vet J 2010; 184: 236–240. 

264  Nyholm B, Orskov L, Hove KY, Gravholt CH, Møller N, Alberti KG et al. The amylin analog 

pramlintide improves glycemic control and reduces postprandial glucagon concentrations in 

patients with type 1 diabetes mellitus. Metabolism 1999; 48: 935–41. 

265  Chapman I, Parker B, Doran S, Feinle-Bisset C, Wishart J, Lush CW et al. Low-dose 

Pramlintide Reduced Food Intake and Meal Duration in Healthy, Normal-Weight Subjects*. 

Obesity 2007; 15: 1179–1186. 

266  Rushing PA, Hagan MM, Seeley RJ, Lutz TA, D’Alessio DA, Air EL et al. Inhibition of central 

amylin signaling increases food intake and body adiposity in rats. Endocrinology 2001; 142: 

5035. 



              References 

 

127 

267  Fernandes-Santos C, Zhang Z, Morgan D a., Guo DF, Russo AF, Rahmouni K. Amylin acts in 

the central nervous system to increase sympathetic nerve activity. Endocrinology 2013; 154: 

2481–2488. 

268  Andreassen K V, Feigh MMMMM, Hjuler ST, Gydesen S, Henriksen JE, Beck-Nielsen H et 

al. A novel oral dual amylin and calcitonin receptor agonist (KBP-042) exerts antiobesity and 

antidiabetic effects in rats. Am J Physiol Endocrinol Metab 2014; 307: E24-33. 

269  Gydesen S, Andreassen KV, Hjuler ST, Christensen JM, Karsdal MA, Henriksen K. KBP-088, 

a novel DACRA with prolonged receptor activation, is superior to davalintide in terms of 

efficacy on body weight. Am J Physiol Endocrinol Metab 2016; : ajpendo.00514.2015. 

270  Gydesen S, Andreassen KV, Hjuler ST, Hellgren LI, Karsdal MA, Henriksen K. Optimization 

of Tolerability and Efficacy of Dual Amylin and Calcitonin Receptor Agonist, KBP-089, 

through Dose Escalation and Combination with a GLP-1 Analogue. Am J Physiol - Endocrinol 

Metab 2017; : ajpendo.00419.2016. 

271  Hay DL, Walker CS. CGRP and its receptors. Headache J Head Face Pain 2017. 

doi:10.1111/head.13064. 

272  Durham PL. Calcitonin Gene-Related Peptide (CGRP) and Migraine. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3134175/pdf/nihms307460.pdf (accessed 9 

Mar2017). 

273  Hjuler ST, Andreassen K V., Gydesen S, Karsdal M a., Henriksen K. KBP-042 improves 

bodyweight and glucose homeostasis with indices of increased insulin sensitivity irrespective 

of route of administration. Eur J Pharmacol 2015; 762: 229–238. 

274  Gydesen S, Hjuler ST, Freving Z, Andreassen KV, Sonne N, Hellgren LI et al. A novel Dual 

Amylin and Calcitonin Receptor Agonist (DACRA), KBP-089, induces weight loss through a 

reduction in fat, but not lean mass, while improving food preference. Br J Pharmacol 2017. 

doi:10.1111/bph.13723. 

275  Mack CM, Soares CJ, Wilson JK, Athanacio JR, Turek VF, Trevaskis JL et al. Davalintide 

(AC2307), a novel amylin-mimetic peptide: enhanced pharmacological properties over native 

amylin to reduce food intake and body weight. Int J Obes (Lond) 2010; 34: 385–395. 

276  Feigh M, Andreassen K V., Neutzsky-Wulff A V., Petersen ST, Hansen C, Bay-Jensen AC et 

al. Oral salmon calcitonin attenuates hyperglycaemia and preserves pancreatic beta-cell area 

and function in Zucker diabetic fatty rats. Br J Pharmacol 2012; 167: 151–163. 

277  Feigh M, Andreassen V, Hjuler T, Nielsen H, Christiansen C, Henriksen K et al. Oral salmon 

calcitonin protects against impaired fasting glycemia, glucose intolerance, and obesity 

induced by high-fat diet and ovariectomy in rats. Menopause (10723714) 2013; 20: 785–795. 

278  Lutz TA. Control of energy homeostasis by amylin. Cell Mol Life Sci 2012; 69: 1947–65. 

279  Hjuler ST, Gydesen S, Andreassen KV, Lund S, Pedersen K, Hellgren LI et al. The Dual 

Amylin- and Calcitonin-Receptor Agonist KBP-042 Increases Insulin Sensitivity and Induces 

Weight Loss in Rats with Obesity. 2016; 0: 1–11. 

280  Trevaskis JL, Coffey T, Cole R, Lei C, Wittmer C, Walsh B et al. Amylin-mediated restoration 

of leptin responsiveness in diet-induced obesity: magnitude and mechanisms. Endocrinology 

2008; 149: 5679–87. 

281  Lutz TA, Tschudy S, Rushing PA, Scharrer E. Amylin receptors mediate the anorectic action 



              References 

 

128 

of salmon calcitonin (sCT). Peptides 2000; 21: 233–8. 

282  Young A. Inhibition of Food Intake. In: Advances in pharmacology (San Diego, Calif.). 2005, 

pp 79–98. 

283  PASSARIELLO N, GIUGLIANO D, SGAMBATO, S, TORELLA R, D’ONOFRIO F. Calcitonin, 

A Diabetogenic Hormone?*. J Clin Endocrinol Metab 1981; 53: 318–323. 

284  Young AA, Wang M-W, Cooper GJS. Amylin injection causes elevated plasma lactate and 

glucose in the rat. FEBS Lett 1991; 291: 101–104. 

285  Young A. Effects on Plasma Glucose and Lactate. In: Advances in pharmacology (San Diego, 

Calif.). 2005, pp 193–208. 

286  Feigh M, Nielsen RH, Hansen C, Henriksen K, Christiansen C, Karsdal MA. Oral salmon 

calcitonin improves fasting and postprandial glycemic control in lean healthy rats. Horm 

Metab Res 2012; 44: 130–134. 

287  Feigh M, Hjuler ST, Andreassen K V., Gydesen S, Ottosen I, Henriksen JE et al. Oral salmon 

calcitonin enhances insulin action and glucose metabolism in diet-induced obese 

streptozotocin-diabetic rats. Eur J Pharmacol 2014; 737: 91–96. 

288  Farrell GC, Larter CZ. Nonalcoholic fatty liver disease: From steatosis to cirrhosis. 

Hepatology 2006; 43: S99–S112. 

289  Day CP, James OFW, Day C, Yeaman S, Braillon A, Capron J et al. Steatohepatitis: A tale of 

two ‘hits’? Gastroenterology 1998; 114: 842–845. 

290  Hajiaghamohammadi AA, Ziaee A, Oveisi S, Masroor H. Effects of Metformin, Pioglitazone, 

and Silymarin Treatment on Non- Alcoholic Fatty Liver Disease: A Randomized Controlled 

Pilot Study. Hepat Mon 2012; 12: e6099. 

291  Caldwell SH, Hespenheide EE, Redick JA, Iezzoni JC, Battle EH, Sheppard BL. A pilot study 

of a thiazolidinedione, troglitazone, in nonalcoholic steatohepatitis. Am J Gastroenterol 2001; 

96: 519–525. 

292  Astrup A, Rössner S, Van Gaal L, Rissanen A, Niskanen L, Al Hakim M et al. Effects of 

liraglutide in the treatment of obesity: a randomised, double-blind, placebo-controlled study. 

Lancet (London, England) 2009; 374: 1606–16. 

293  Herrmann K, Brunell SC, Li Y, Zhou M, Maggs DG. Impact of Disease Duration on the Effects 

of Pramlintide in Type 1 Diabetes: A Post Hoc Analysis of Three Clinical Trials. Adv Ther 

2016; 33: 848–61. 

294  Heebøll S, Thomsen KL, Clouston A, Sundelin EI, Radko Y, Christensen LP et al. Effect of 

resveratrol on experimental non-alcoholic steatohepatitis. Pharmacol Res 2015; 95–96: 34–

41. 

295  Thomsen1 KL, Grønbaek1 H, Glavind1 E, Hebbard2 L, Jessen3 N, Clouston A et al. 

Experimental non-alcoholic steatohepatitis compromises ureagenesis, an essential hepatic 

metabolic function Experimental non-alcoholic steatohepatitis compromises …. Am J Physiol 

Gastrointest Liver Physiol 2014. doi:10.1152/ajpgi.00036.2014. 

296  Savard C, Tartaglione E V., Kuver R, Haigh WG, Farrell GC, Subramanian S et al. Synergistic 

interaction of dietary cholesterol and dietary fat in inducing experimental steatohepatitis. 

Hepatology 2013; 57: 81–92. 



              References 

 

129 

297  Milić S, Lulić D, Štimac D, Mili?? S, Luli?? D, ??timac D et al. Non-alcoholic fatty liver disease 

and obesity: Biochemical, metabolic and clinical presentations. World J Gastroenterol 2014; 

20: 9330–9337. 

298  Cusi K. Role of insulin resistance and lipotoxicity in non-alcoholic steatohepatitis. Clin Liver 

Dis 2009; 13: 545–63. 

299  Traina AN, Kane MP. Primer on pramlintide, an amylin analog. Diabetes Educ 2011; 37: 426–

31. 

300  Mack CM, Smith P a., Athanacio JR, Xu K, Wilson JK, Reynolds JM et al. Glucoregulatory 

effects and prolonged duration of action of davalintide: A novel amylinomimetic peptide. 

Diabetes, Obes Metab 2011; 13: 1105–1113. 

301  Hilton JM, Dowton M, Houssami S, Sexton PM. Identification of key components in the 

irreversibility of salmon calcitonin binding to calcitonin receptors. J Endocrinol 2000; 166: 

213–226. 

302  Kusakabe T, Ebihara K, Sakai T, Miyamoto L, Aotani D, Yamamoto Y et al. Amylin improves 

the effect of leptin on insulin sensitivity in leptin-resistant diet-induced obese mice. Am J 

Physiol Endocrinol Metab 2012; 302: E924-31. 

303  Salans LB, Knittle JL, Hirsch J. The role of adipose cell size and adipose tissue insulin 

sensitivity in the carbohydrate intolerance of human obesity. J Clin Invest 1968; 47: 153–65. 

304  Miegueu P, St-Pierre DH, Munkonda MN, Lapointe M, Cianflone K. Amylin stimulates fatty 

acid esterification in 3T3-L1 adipocytes. Mol Cell Endocrinol 2013; 366: 99–107. 

305  Roth JD, Hughes H, Coffey T, Maier H, Trevaskis JL, Anderson CM. Effects of prior or 

concurrent food restriction on amylin-induced changes in body weight and body composition 

in high-fat-fed female rats. Am J Physiol Endocrinol Metab 2007; 293: E1112-7. 

306  Brunetti L, Recinella L, Orlando G, Michelotto B, Di Nisio C, Vacca M. Effects of ghrelin and 

amylin on dopamine, norepinephrine and serotonin release in the hypothalamus. Eur J 

Pharmacol 2002; 454: 189–92. 

307  Roth JD, D’Souza L, Griffin PS, Athanacio J, Trevaskis JL, Nazarbaghi R et al. Interactions 

of amylinergic and melanocortinergic systems in the control of food intake and body weight in 

rodents. Diabetes Obes Metab 2012; 14: 608–15. 

308  Pandit R, Omrani A, Luijendijk MCM, de Vrind VAJ, Van Rozen AJ, Ophuis RJAO et al. 

Melanocortin 3 Receptor Signaling in Midbrain Dopamine Neurons Increases the Motivation 

for Food Reward. Neuropsychopharmacology 2016. doi:10.1038/npp.2016.19. 

309  Smith SR, Blundell JE, Burns C, Ellero C, Schroeder BE, Kesty NC et al. Pramlintide 

treatment reduces 24-h caloric intake and meal sizes and improves control of eating in obese 

subjects: a 6-wk translational research study. Am J Physiol Endocrinol Metab 2007; 293: 

E620-7. 

310  Mathes CM, Spector AC. Food selection and taste changes in humans after Roux-en-Y gastric 

bypass surgery: a direct-measures approach. Physiol Behav 2012; 107: 476–83. 

311  Miras AD, le Roux CW. Can medical therapy mimic the clinical efficacy or physiological effects 

of bariatric surgery? Int J Obes 2014; 38: 325–33. 

312  Lamontagne J, Pepin E, Peyot M-L, Joly E, Ruderman NB, Poitout V et al. Pioglitazone 



              References 

 

130 

acutely reduces insulin secretion and causes metabolic deceleration of the pancreatic beta-cell 

at submaximal glucose concentrations. Endocrinology 2009; 150: 3465–74. 

313  Lamontagne J, Jalbert-Arsenault E, Pepin E, Peyot M-L, Ruderman NB, Nolan CJ et al. 

Pioglitazone Acutely Reduces Energy Metabolism and Insulin Secretion in Rats. Diabetes 

2013; 62: 2122–2129. 

314  Young AA, Gedulin B, Vine W, Percy A, Rink TJ. Gastric emptying is accelerated in diabetic 

BB rats and is slowed by subcutaneous injections of amylin. Diabetologia 1995; 38: 642–8. 

315  Horton TJ, Hill JO. Prolonged fasting significantly changes nutrient oxidation and glucose 

tolerance after a normal mixed meal. J Appl Physiol 2001; 90: 155–63. 

316  Lafontan M, Langin D. Lipolysis and lipid mobilization in human adipose tissue. Prog Lipid 

Res 2009; 48: 275–97. 

317  Karpe F, Dickmann JR, Frayn KN. Fatty acids, obesity, and insulin resistance: time for a 

reevaluation. Diabetes 2011; 60: 2441–9. 

318  Tilg H, Moschen AR. Adipocytokines: mediators linking adipose tissue, inflammation and 

immunity. Nat Rev Immunol 2006; 6: 772–83. 

319  Nigro E, Scudiero O, Monaco ML, Palmieri A, Mazzarella G, Costagliola C et al. New Insight 

into Adiponectin Role in Obesity and Obesity-Related Diseases. Biomed Res Int 2014; 2014: 

1–14. 

320  De Rosa A, Monaco ML, Capasso M, Forestieri P, Pilone V, Nardelli C et al. Adiponectin 

oligomers as potential indicators of adipose tissue improvement in obese subjects. Eur J 

Endocrinol 2013; 169: 37–43. 

321  Drolet R, Bélanger C, Fortier M, Huot C, Mailloux J, Légaré D et al. Fat Depot-specific Impact 

of Visceral Obesity on Adipocyte Adiponectin Release in Women. Obesity 2009; 17: 424–430. 

322  Roth JD, Roland BL, Cole RL, Trevaskis JL, Weyer C, Koda JE et al. Leptin responsiveness 

restored by amylin agonism in diet-induced obesity: evidence from nonclinical and clinical 

studies. Proc Natl Acad Sci U S A 2008; 105: 7257–62. 

323  Miyawaki K, Yamada Y, Ban N, Ihara Y, Tsukiyama K, Zhou H et al. Inhibition of gastric 

inhibitory polypeptide signaling prevents obesity. Nat Med 2002; 8: 738–742. 

324  Shimazu-Kuwahara S, Harada N, Yamane S, Joo E, Sankoda A, Kieffer TJ et al. Attenuated 

secretion of glucose-dependent insulinotropic polypeptide (GIP) does not alleviate 

hyperphagic obesity and insulin resistance in ob/ob mice. Mol Metab 2017; 6: 288–294. 

325  Aronne L, Fujioka K, Aroda V, Chen K, Halseth A, Kesty NC et al. Progressive reduction in 

body weight after treatment with the amylin analog pramlintide in obese subjects: A phase 2, 

randomized, placebo-controlled, dose-escalation study. J Clin Endocrinol Metab 2007; 92: 

2977–2983. 

326  Jansson J-O, Palsdottir V. Brain IL-6--Where Amylin and GLP-1 Antiobesity Signaling 

Congregate. Diabetes 2015; 64: 1498–9. 

327  Lean M, Carraro R, Finer N, Hartvig H, Lindegaard M, Rossner S et al. Tolerability of nausea 

and vomiting and associations with weight loss in a randomized trial of liraglutide in obese, 

non-diabetic adults. Int J Obes 2014; 38: 689–697. 



              References 

 

131 

328  Bello NT, Kemm MH, Ofeldt EM, Moran TH. Dose combinations of exendin-4 and salmon 

calcitonin produce additive and synergistic reductions in food intake in non-human primates. 

Am J Physiol - Regul Integr Comp Physiol 2010. 

329  Sun C, Trevaskis JL, Jodka CM, Neravetla S, Griffin P, Xu K et al. Bifunctional PEGylated 

exenatide-amylinomimetic hybrids to treat metabolic disorders: an example of long-acting 

dual hormonal therapeutics. J Med Chem 2013; 56: 9328–41. 

330  Trevaskis JL, Mack CM, Sun C, Soares CJ, D’Souza LJ, Levy OE et al. Improved glucose 

control and reduced body weight in rodents with dual mechanism of action Peptide hybrids. 

PLoS One 2013; 8: e78154. 

331  Pratley RE. The Early Treatment of Type 2 Diabetes. Am J Med 2013; 126: S2–S9. 

332  Trevaskis JL, Turek VF, Wittmer C, Griffin PS, Wilson JK, Reynolds JM et al. Enhanced 

Amylin-Mediated Body Weight Loss in Estradiol-Deficient Diet-Induced Obese Rats. 

Endocrinology 2010; 151: 5657–5668. 

333  DeFronzo RA, Tobin JD, Andres R. Glucose clamp technique: a method for quantifying insulin 

secretion and resistance. Am J Physiol 1979; 237: E214-23. 

334  Zierath JR, Ryder JW, Doebber T, Woods J, Wu M, Ventre J et al. Role of Skeletal Muscle in 

Thiazolidinedione Insulin Sensitizer (PPARγ Agonist) Action. Endocrinology 1998; 139: 5034–

5041. 

335  Pittner RA, Wolfe-Lopez D, Young AA, Beaumont K. Different pharmacological 

characteristics in L6 and C2C12 muscle cells and intact rat skeletal muscle for amylin, CGRP 

and calcitonin. Br J Pharmacol 1996; 117: 847–52. 

336  Pittner RA. Lack of effect of calcitonin gene-related peptide and amylin on major markers of 

glucose metabolism in hepatocytes. Eur J Pharmacol 1997; 325: 189–97. 

337  Cao C, Chen Y, Wang W, Liu Y, Liu G. Ghrelin inhibits insulin resistance induced by 

glucotoxicity and lipotoxicity in cardiomyocyte. Peptides 2011; 32: 209–15. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cover design by Marianne Viktor 



D T U

NORDIC BIOSCIENCE

Technical University of Denmark


