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24 Abstract

25 Diabetes constitutes an increasing threat to human health, particularly in newly

26 industrialized and densely populated countries. Type 1 and type 2 diabetes arise

27 from different etiologies but lead to similar metabolic derangements constituted

28 by an absolute or relative lack of insulin that results in elevated plasma glucose.

29 In the last three decades, a set of new medicines built upon a deeper understand-

30 ing of physiology and diabetic pathology have emerged to enhance the clinical

31 management of the disease and related disorders. Recent insights into insulin-

32 dependent and insulin-independent molecular events have accelerated the gen-

33 eration of a series of novel medicinal agents, which hold the promise for further

34 advances in the management of diabetes. In this chapter, we provide a historical

35 context for what has been accomplished to provide perspective for future

36 research and novel emerging treatment options.
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1 Introduction

40 Globally, diabetes affects more than 387 million people and is an escalating threat

41 to personal health and national economies (Guariguata et al. 2014; IDF 2014). In

42 2014 alone, ca. 5 million patients died as a consequence of diabetes (IDF 2014). As

43 a result, the development of safe and effective treatment options has become an

44 international enterprise. Type 1 diabetes (T1D, representing ca. 10% of diabetes

45 cases) and type 2 diabetes (T2D, representing ca. 90% of diabetes cases) constitute

46 the majority of the disease and are generally viewed as two different, yet biologi-

47 cally related disorders. T1D is an autoimmune disease with a prominent genetic

48 component, and T2D is an age- and lifestyle-related disease associated with obesity

49 and inactivity (Kahn et al. 2006; van Belle et al. 2011). Despite having different

50 etiologies, T1D and T2D lead to similar metabolic dysfunctions and long-term

51 complications. One hallmark of diabetes is an absolute or relative lack of insulin,

52 which leads to an increase in plasma glucose levels. If left uncontrolled, diabetes

53 induces multiple acute and chronic complications such as ketoacidosis, kidney

54 failure, heart disease, retinopathy, and various vascular complications (Kahn

55 et al. 2006; van Belle et al. 2011).

56 T2D currently accounts for ~90% of diabetic cases (Scully 2012) and most T2D

57 patients will eventually require insulin replacement therapy at a later stage of the

58 disease. A deeper molecular understanding of T2D pathophysiology has facilitated

59 a number of medicinal strategies that hold promise to prevent, intervene in, or halt

60 the progression of the disease. Substantial evidence implicates insulin-independent

61 mechanisms with an array of circulating factors, as well as the brain’s powerful
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62glucoregulatory control in glucose disposal as part of the disease (Schwartz

63et al. 2013). These insights, combined with a deeper understanding of insulin-

64dependent and insulin-independent molecular events, have accelerated the genera-

65tion of novel pharmacotherapies for the treatment of T2D. The aim of this chapter is

66to present a mechanism-based analysis of the therapeutic benefits and pitfalls

67associated with different classes of medicines for both types of diabetes and an

68orientation to novel emerging treatment options.

2 Regulation of Glucose Metabolism

2.1 Peripheral Control of Glucose Metabolism

69For almost a century, research on glucose homeostatic processes has predominantly

70focused on the role of peripheral control mechanisms, most notably the role of

71pancreatic islets as the key organ for regulating glycemic control (Weir and

72Bonner-Weir 2004). The prevailing dogma is that a meal-induced rise in blood

73glucose stimulates beta cells in the endocrine pancreas to secrete insulin. Insulin

74lowers this postprandial glucose surge by acting on the energy-storing organs, such

75as skeletal muscle and adipose tissue, to facilitate uptake of glucose and to suppress

76glucose output via inhibition of hepatic gluconeogenesis (Fig. 1a). Conversely, in

77fasted and hypoglycemic states, the pancreatic alpha cells secrete glucagon, which

78stimulates hepatic glucose production and opposes the actions of insulin. Under

79non-diseased physiological conditions, these processes efficiently maintain blood

80glucose levels within a relatively narrow and stable range (Unger and Cherrington

812012).

82Half a century ago, it was discovered that oral ingestion of glucose elicits an

83enhanced insulin response relative to that of an intravenous glucose infusion (Elrick

84et al. 1964; McIntyre et al. 1964) This observation, subsequently termed “the

85incretin effect,” introduced the gut as a metabolically relevant endocrine organ

86and led to the identification and glucoregulatory impact of many gut-derived

87peptides (Baggio and Drucker 2007). Thus, in the 1970s and 1980s, the most

88prominent incretin hormones glucose-dependent insulinotropic polypeptide (GIP)

89and glucagon-like peptide-1 (GLP-1) were identified and their ability to augment

90glucose metabolism delineated (Dupre et al. 1973; Schmidt et al. 1985). Both GIP

91and GLP-1 are secreted from the gut in response to ingested nutrients and exhibit

92insulinotropic actions at pancreatic beta cells, contributing to postprandial glucose

93homeostasis (Fehmann et al. 1995).

94In addition to insulin, glucagon, and the incretin hormones, other humoral

95factors including epinephrine (adrenaline), glucocorticoids, and growth hormone

96can impact glucose homeostasis (Gerich 1993). More recently, the field has

97enlarged with the realization of the glucoregulatory role of an array of more

98recently discovered factors including fibroblast growth factors (FGFs)

99(Kharitonenkov et al. 2005), cytokines (Fernandez-Real et al. 1998), and peptides
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a)

b)

c)

Fig. 1 Schematic overview of normal and pathological glucose homeostasis. Plasma glucose

levels are regulated by coordinated interactions between brain- and islet-related mechanisms,

involving both insulin-dependent and insulin-independent pathways. (a) Under normal conditions,
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100secreted from muscle (Steensberg et al. 2000), fat (Hotta et al. 2001), and bone

101(Booth et al. 2013).

2.2 Central Control of Glucose Metabolism

102A growing body of evidence has established that the brain directly affects glucose

103homeostasis through both insulin-dependent and insulin-independent mechanisms

104(Fig. 1a) (Kleinridders et al. 2014; Schwartz et al. 2013). The mechanisms under-

105lying the ability of centrally acting hormones to lower blood glucose in diabetic

106animal models are still under investigation but hypothesized to implicate lowering

107of hepatic glucose production while increasing glucose uptake in skeletal muscle

108and brown adipose tissue (Rojas and Schwartz 2014; Schwartz et al. 2013). Thus,

109glucose homeostasis is likely controlled by complex and coordinated interactions

110between brain-, gut-, and islet-related biological systems. Importantly, as indicated

111above, our understanding of how factors secreted from other peripheral tissues feed

112into the major glucoregulatory systems is now starting to be revealed.

3 Pathogenesis and Pathophysiology of Diabetes

3.1 Type 1 Diabetes

113T1D is an autoimmune disorder in which the insulin-producing beta cells of the

114pancreas are selectively destroyed by autoreactive T cells (van Belle et al. 2011).

115The autoreactive T cells have been shown to recognize islet autoantigens including

116insulin, glutamic acid decarboxylase (GAD), and zinc transporter 8 (ZnT8) (Blue-

117stone et al. 2010). Eventually, the depleted pancreatic beta-cell function cannot

118sustain sufficient insulin to maintain euglycemia, and the patients ultimately require

119insulin replacement therapy. The etiology and pathophysiology of the autoimmu-

120nity preceding the diagnosis of T1D are influenced by a combination of genetic and

121environmental factors (van Belle et al. 2011). Despite a growing understanding of

122T1D pathogenesis, the driving immune triggers orchestrating the attack of the beta

123cells remain enigmatic. Autoantibodies can be detected before the clinical onset of

124T1D. However, the gap between early biochemical alterations and the clinical

125manifestation complicates the elucidation of causative environmental triggers

126(van Belle et al. 2011). Until now, environmental triggers proposed to be involved

�

Fig. 1 (continued) rising plasma glucose levels elicit pancreatic insulin secretion. Insulin then

stimulates glucose uptake in adipose tissue and skeletal muscle and suppresses hepatic glucose

production. (b) Under insulin-resistant conditions, the islets increase insulin secretion in a com-

pensatory manner to maintain glucose homeostasis. (c) Loss of beta-cell mass and functionality

prevents the necessary insulin secretion needed to overcome the insulin resistance resulting in

hyperglycemia and type 2 diabetes
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127 in the disease pathogenesis include viruses, bacteria, and nutrients (Knip

128 et al. 2005). Unraveling how these stimuli might interact with specific molecular

129 targets to initiate the autoimmune cascade is crucial for intervening as early as

130 possible in order to preserve functional beta-cell mass.

3.2 Type 2 Diabetes

131 Historically, T2D was considered an age-related disease linked to a sedentary

132 lifestyle and hypercaloric diet. It is now acknowledged that genetic factors also

133 play a prominent role for the onset and progression of the disease (Kahn

134 et al. 2012). T2D is a progressive disorder with a pathogenesis that involves a

135 reciprocal interplay of persistent increases in insulin demand and its subsequent

136 production. Insulin resistance is the most well-defined pathological gateway to T2D

137 (Martin et al. 1992) and frequently coincides with excess adipose tissue mass and

138 ectopic lipid deposition in tissues involved in glucose disposal (Kahn et al. 2006).

139 Insulin resistance results from a reduced response of cells in adipose tissue and

140 skeletal muscle to stimulate insulin-mediated glucose uptake as well as a blunted

141 response of cells in the liver to shut down hepatic glucose production. Under normal

142 circumstances, pancreatic beta cells balance the loss of insulin sensitivity by

143 increasing insulin production and release (Fig. 1b). This compensation by pancre-

144 atic beta cells often prevents hyperglycemia despite the prevailing insulin-resistant

145 state. However, it is only upon failure of beta cells to fully compensate for the

146 increased insulin demand that hyperglycemia and T2D ensue (Fig. 1c) (Kahn 2003).

147 This loss of beta-cell plasticity is not solely a consequence of cellular loss but also

148 reflects reduced functionality and an impaired response to insulin secretagogues

149 (Kahn 2003). In parallel, without insulin to act as a brake on glucagon secretion

150 from pancreatic alpha cells, elevated glucagon levels and hepatic insulin resistance

151 lead to uncontrolled hepatic glucose production (Fig. 1c). These reciprocal events

152 intensify the metabolic rearrangements and an ever-escalating glucotoxicity that

153 eventually exhausts beta-cell function to amplify the disease cascade (D’Alessio

154 2011). Additionally, the altered islet biology may impact the glucoregulatory

155 capacity of the brain, which may be further deranged in obese subjects in which

156 central leptin resistance coincides with hampered insulin control (Morton and

157 Schwartz 2011). Ultimately, late-stage, insulin-deficient T2D patients require insu-

158 lin supplementation to maintain euglycemia.

4 Current Treatments for Diabetes

159 The primary goal of antidiabetic treatment is to restore or improve glucose control.

160 Hemoglobin A1c (HbA1c) is a biochemical marker that reflects chronic

161 improvements in plasma glucose levels and is frequently employed for the clinical

162 evaluation of therapeutic efficacy (Bonora and Tuomilehto 2011). As outlined

163 above, T2D manifests in numerous states of impaired insulin function, and it is
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164the failure of the beta cells to secrete sufficient insulin to compensate for the defect

165that results in hyperglycemia. Accordingly, drugs that can enhance insulin sensitiv-

166ity as well as compounds that can amplify insulin secretion may serve to improve

167glycemic control (Cefalu 2007). Current antidiabetic pharmacotherapy primarily

168consists of insulin, biguanides, sulfonylureas, thiazolidinediones, alpha-glucosidase

169inhibitors, incretin enhancers, GLP-1 analogs, amylin analogs, sodium-glucose

170co-transporter 2 inhibitors (SGLT2 inhibitors), and bile acid sequestrants. This

171multitude of antidiabetic therapeutics allows for a degree of personalized treatment

172that can be tailored to the glycemic status of the each patient. However, each class

173of drugs is associated with specific efficacy shortcomings and safety concerns that

174need to be accounted for when selecting a pharmacotherapy. Furthermore, diabetics

175(in particular T2D) frequently suffer from comorbidities such as cardiovascular

176disease and obesity, which may complicate treatment and limit therapeutic options.

177Insulin replacement therapy is indispensable for T1D patients. Also, patients

178suffering from T2Dmay eventually require exogenous insulin to maintain glycemic

179control (Fonseca and Haggar 2014). Much progress has been made since the initial

180discovery of insulin. Insulin analogs with diverse pharmacokinetic properties are

181now available and employed to tailor individualized regiments in personalizing

182glycemic control (Fonseca and Haggar 2014). Insulin-induced hypoglycemia is

183typically not a risk factor for diabetics suffering from insulin resistance, and for

184T1D patients, the development of insulin analogs with more “peakless” profiles has

185helped to lower the risk of treatment-induced hypoglycemia (Fonseca and Haggar

1862014). Insulin is frequently employed to support the therapeutic efficacy of other

187antidiabetic compounds including metformin, TZDs, and incretin-based therapies

188(Barnett 2013; Wulffele et al. 2002). The pharmacological efficacy of these

189compounds may be significantly hampered if sufficient insulin is not available to

190support their independent molecular action.

191Having the highest benefit-risk profile compared to other available medications,

192metformin is the most frequently used biguanide and the first-in-line oral therapy

193for treating T2D (Bennett et al. 2011). Metformin reduces fasting glucose levels by

194inhibiting hepatic glucose output and stimulating uptake and utilization of glucose

195in skeletal muscle (Bailey and Turner 1996; Viollet et al. 2012). The underlying

196cellular mechanisms of action are being investigated but remain somewhat elusive

197to date (Viollet et al. 2012). Metformin is often used in combination with drugs that

198can complement its pharmacological profile, such as insulin secretagogues or

199insulin sensitizers (Bennett et al. 2011). Interestingly, diabetics treated with met-

200formin have a relatively lower risk of developing cancers as compared to patients

201treated with insulin or sulfonylureas (Bowker et al. 2006). This protective effect is

202sustained in combination therapies involving metformin (Currie et al. 2009). The

203most common adverse effects associated with metformin treatment are dose-related

204gastrointestinal disturbances.

205Thiazolidinediones (TZDs) bind to and activate the peroxisome proliferator-

206activated receptor gamma (PPARγ) to enhance insulin sensitivity and reduce

207hyperglycemia (Hauner 2002; Saltiel and Olefsky 1996). TZDs exert a number of

208pleiotropic effects, such as reducing circulating levels of pro-inflammatory cytokines
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209 and increasing adiponectin levels, which may add to the insulin-sensitizing effects

210 associated with their usage (Defronzo et al. 2013; Hauner 2002; Tonelli et al. 2004).

211 However, PPARγ is abundantly expressed in fat cells (also in the muscle and liver),

212 and activation by TZDs initiates a lipogenic transcriptional signaling and the most

213 common adverse effect associated with TZDs – weight gain (Fonseca 2003; Smith

214 et al. 2005). Further, an increased risk of congestive heart failure has been associated

215 with the use of TZDs (Hernandez et al. 2011). The FDA has approved adjunctive

216 therapy with TZDs in combination with metformin, insulin, sulfonylureas, and

217 glinides (Derosa and Sibilla 2007; Fuchtenbusch et al. 2000).

218 Sulfonylureas and glinides improve glycemia by enhancing insulin secretion

219 (Blickle 2006; Proks et al. 2002). Both compounds bind to an ATP-dependent K+

220 channel, albeit at different sites, expressed on the pancreatic beta-cell membrane.

221 This leads to a membrane depolarization and calcium-mediated insulin secretion

222 (Melander 2004; Proks et al. 2002). The major adverse risk associated with their

223 usage is hypoglycemia (Melander 2004). Moreover, as with TDZs, sulfonylureas

224 and glinides stimulate adiposity and lead to weight gain (Liu et al. 2012).

225 Inhibitors of dipeptidyl peptidase-IV (DPP-IV), the enzyme responsible for

226 degrading GLP-1, are referred to as incretin enhancers, whereas incretin mimetics

227 refers to the group of synthetic analogs of GLP-1. GLP-1 signals through its

228 receptor on pancreatic beta cells to promote glucose-stimulated insulin secretion.

229 Unlike sulfonylureas, which cause nonspecific insulin secretion, there is little

230 hypoglycemic risk with treatment of incretin-based therapies. They only promote

231 glucose-stimulated insulin secretion, thus offering an internal buffering capacity

232 due to their mechanism of action. While GLP-1 analogs promote clinically relevant,

233 albeit modest, weight loss, DPP-4 inhibitors present a weight-neutral profile (Foley

234 and Jordan 2010; Nathan et al. 2009). GLP-1R agonists may improve cardiovascu-

235 lar risk factors; however, dose-dependent adverse gastrointestinal events and nau-

236 sea are linked to their usage (Aroda and Ratner 2011; Kanoski et al. 2012).

237 Alpha-glucosidase is an enzyme involved in the intestinal degradation of com-

238 plex carbohydrates. Specific enzyme inhibitors protect against postprandial hyper-

239 glycemia by delaying carbohydrate absorption in the proximal gut (Lebovitz 1997).

240 However, the interference with nutrient absorption induces gastrointestinal side

241 effects, which have limited their usage. Further, the impact on HbA1c levels is

242 modest, and the alpha-glucosidase inhibitors are less effective in lowering glycemia

243 than metformin and sulfonylureas (Bolen et al. 2007; van de Laar et al. 2005).

244 The peptide amylin is synthesized in the pancreatic beta cells and co-secreted

245 with insulin in response to a meal (Butler et al. 1990; Moore and Cooper 1991). The

246 administration of amylin analogs is purported to inhibit glucagon secretion from the

247 islet alpha cells leading to a decrease in postprandial glucose excursions (Kruger

248 and Gloster 2004). The reduction in glucagon secretion assists in attenuating

249 hepatic glucose production. Further, amylin analogs slow gastric emptying, elicit

250 hypophagia, and are associated with weight loss (Roth 2013). The effect of amylin-

251 based therapy as measured by HbA1c lowering is modest (Ratner et al. 2004).

252 Consequently, amylin has been approved as adjunctive therapy with insulin for patients

253 who have not achieved glycemic control with insulin monotherapy (Ryan et al. 2005;
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254Weyer et al. 2001). Amylin decreases body weight in both diabetics and

255nondiabetics and is currently being investigated for its antiobesity potential

256(Inzucchi and McGuire 2008; Sadry and Drucker 2013).

257Recently, pharmacological inhibitors of sodium-glucose co-transporter

2582 (SGLT2) were approved for the treatment of T2D (Elkinson and Scott 2013).

259Blocking SGLT2 lowers the reabsorption of renal glucose excretion and thus

260reduces circulating glucose levels (Ferrannini and Solini 2012). Chronic adminis-

261tration lowers HbA1c levels by 0.5–1.5% without the risk of causing hypoglycemia

262(Nauck 2014). The somewhat distinctive mechanism of action of SGLT2 inhibitors

263implies a therapeutic opportunity for adjunctive administration with an insulin

264secretagogue or sensitizing agent. Common adverse events include genital and

265urinary tract infections; however, more serious safety concerns pertaining to

266increased cancer risk have recently been raised (Nauck 2014).

267Bile acid sequestrants (BASs) were originally developed for treating

268dyslipidemia (Handelsman 2011). Importantly, BASs were shown to reduce hyper-

269glycemia in patients with coexisting diabetes and dyslipidemia (Garg and Grundy

2701994). The glucose-lowering mechanism of BASs remains elusive but seems to

271involve increasing the circulating bile acid pool, subsequent activation of bile acid

272receptors such as the farnesoid X receptor (FXR) or Takeda G protein-coupled

273receptor 5 (TGR5), and the resulting endogenous release of GLP-1 and/or FGF19

274(Hylemon et al. 2009). The efficacy of BASs to concurrently improve HbA1c and

275LDL cholesterol makes them an attractive add-on to the existing glucose-lowering

276agents. Thus far, reported adverse events associated with their usage primarily

277relate to mild gastrointestinal discomfort (Handelsman 2011).

278As a function of time, the majority of T2D patients receive more than one type of

279medication (Bailey 2013; Bennett et al. 2011), and designing an individual medici-

280nal strategy entails a multitude of factors for consideration. These include beta-cell

281functionality and insulin sensitivity but also the ease of use, financial costs,

282tolerability, disease comorbidities, and the history of diabetes (Bennett

283et al. 2011; Nathan et al. 2009). Whereas parallel administration of two or more

284drugs may exhibit additive or synergistic glucose-lowering effects, it may also

285amplify adverse events, complicating overall medical care. A frequently employed

286antidiabetic combination therapy is insulin and metformin, which efficaciously

287lowers hyperglycemia without introducing a concomitant weight gain (Makimattila

288et al. 1999; Nathan et al. 2009). Conversely, it has been shown that combining

289insulin therapy with sulfonylureas instead of metformin is associated with increased

290mortality (Mogensen et al. 2015), underscoring the complexity of prescribing safe

291and efficacious antidiabetic pharmacotherapies.

5 Novel Avenues for Treating Diabetes

292Research programs aiming to illuminate the molecular underpinnings of diabetic

293pathologies have increased exponentially in recent years. This effort is being

294directed increasingly toward the development of novel drugs for the treatment of
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295 diabetes and the comorbidities. In addition to the broadened scope of basic discov-

296 ery research and exploratory pharmacology, investment continues to refine, supple-

297 ment, and optimize the therapeutic utility of current treatment options. Although

298 there is a broad set of quality options for patients and the prescribing physician,

299 glycemic control in both T1D and T2D remains suboptimal. Additionally, many

300 current medicines possess dose-limiting adverse effects and are of narrow thera-

301 peutic index. In the following sections, some of the more prominent and promising

302 preclinical strategies for treating diabetes are reviewed.

5.1 Next-Generation Insulin Analogs

303 Insulin is a miraculous substance but a dangerous drug. It is the first-in-line

304 treatment for T1D and advanced stages of T2D. Throughout the last decade, we

305 have witnessed a steady progression in the production and quality of insulin to a

306 point where biosynthesis can produce virtually unlimited amounts of insulin in the

307 highest chromatographic purity. Biosynthesis has also been employed to refine the

308 pharmacokinetics of the hormone where site-specific mutations have been

309 introduced to either accelerate or to postpone insulin action (Hirsch 2005). Conse-

310 quently, the primary objective of cutting-edge research has advanced from phar-

311 macokinetics to pharmacodynamics. The discovery of an insulin that is glucose

312 sensitive is a primary target, much in the manner that an incretin only operates in

313 hyperglycemia. Such an insulin analog or novel formulation would provide for

314 more aggressive treatment of hyperglycemia with less risk of life-threatening

315 hypoglycemia. Simultaneously, the perfection of pump-infused insulin is being

316 attempted through the development of novel glucagon formulations and structural

317 analogs, coupled with continual glucose monitoring (Chabenne et al. 2014; Wu

318 et al. 2011). It is not inconceivable that in the not-so-distant future, a much

319 improved approach to insulin-dependent control of glycemia could emerge. Sepa-

320 rately, attempts to minimize body weight in concert with insulin therapy have

321 reached an advanced development state. Obesity is a common feature of advanced,

322 insulin-dependent T2D, and it serves to accelerate pancreatic failure while promot-

323 ing weight gain. Combination basal insulin therapy with GLP-1 agonism has

324 proven clinically that improved glycemic control, with less hypoglycemia and

325 weight gain, can be achieved (Balena et al. 2013; Garg 2010; Vora 2013). It

326 represents a paradigm shift where it is likely that increased effort will be devoted

327 to further minimize the use of insulin through the identification of additional

328 mechanisms to restore insulin sensitivity and endogenous beta-cell function.

5.2 Pancreatic Transplantation

329 Although pancreatic transplantation is not a new procedure (Kelly et al. 1967),

330 recent progress in the development and success rate of both pancreatic and islet

331 transplantation procedures have made these invasive therapies increasingly appealing.
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332The surgeries can be curative and are often employed in T1D patients who are

333undergoing a renal transplantation or in patients with poorly controlled glycemia or

334with recurrent hypoglycemia (Gruessner and Sutherland 2005; Gruessner and

335Gruessner 2013). Improvements in transplantation surgery and immunosuppressive

336therapy are reflected in a >95% 1-year survival rate and graft survival of close to

33785% (Gruessner and Gruessner 2012). Importantly, a successful transplant is more

338efficient in lowering HbA1c levels and maintaining glycemic control than insulin

339therapy (Dieterle et al. 2007). An alternative to pancreatic transplantation is the less

340invasive islet transplants. Despite the obvious appeal of a less invasive procedure, a

341pancreatic transplant typically has better long-term glycemic outcomes than islet

342transplants (Gruessner and Gruessner 2013). Sourcing sufficient human islets

343remains a constant challenge and stem cell technology possesses huge potential

344to address this need (Bouwens et al. 2013). There still remain sizable issues to

345scaling the technology for commercial application while addressing a host of safety

346concerns pertaining to the potential for uncontrolled proliferation and insulin

347release that might evolve to be non-glucose regulated.

5.3 Leptin

348Leptin is an adipocyte-derived hormone that serves to inform the brain of peripheral

349fuel availability (Zhang et al. 1994). Circulating leptin induces catabolic actions

350and weight loss by activating specific leptin receptors in the hypothalamus and the

351hindbrain (Myers et al. 2008). In addition, hypothalamic leptin receptor activation

352prominently regulates glucose metabolism and can correct diabetes in animal

353models of both T1D and T2D (Morton and Schwartz 2011). Infusion of leptin

354into the lateral cerebral ventricle in rats with uncontrolled insulin-deficient diabetes

355reduces hyperglycemia and improves glucose tolerance, purportedly by inhibiting

356hepatic glucose production and stimulating glucose uptake (German et al. 2011).

357Furthermore, leptin therapy corrects hyperglycemia in humans with coexisting

358lipodystrophy and T1D (Park et al. 2008). Leptin is currently being studied in

359clinical trials for its ability to improve glycemic control and reduce the

360requirements for insulin replacement therapy in T1D (NCT01268644).

361Despite the capacity of leptin to enhance insulin sensitivity and reduce hyper-

362glycemia in animal models of T2D, clinical trials investigating the efficacy of leptin

363to correct clinical parameters in obese T2D subjects have been discouraging

364(Mittendorfer et al. 2011; Moon et al. 2011). Whether the failure of leptin to

365ameliorate glycemic control in T2D coincides with leptin resistance and excess

366body weight needs further investigation. Notably, an increasing number of preclin-

367ical studies have demonstrated that several agents (FGF21, amylin, exendin-4, and

368a GLP-1/glucagon co-agonist) can restore leptin sensitivity in diet-induced leptin-

369resistant models to harvest additional weight-lowering and glycemic benefits of

370leptin therapy (Clemmensen et al. 2014; Muller et al. 2012; Roth et al. 2008). These

371studies have spurred new enthusiasm for leptin as an agent in novel combinatorial

372pharmacotherapies for the treatment of metabolic disorders. However, exogenous
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373 leptin administration has been associated with adverse effects including increased

374 blood pressure and immunogenicity (Kim et al. 2014). These limitations must be

375 resolved before leptin can progress further in the clinic as a drug candidate.

5.4 FGF21

376 FGF21 is a hormone with profound effects on glucose and lipid metabolism and is

377 currently being investigated as a potential therapy for the treatment of T2D

378 (Kharitonenkov and Adams 2014). It is expressed in multiple tissues including

379 liver, pancreas, adipose, and muscle tissue. Glucagon appears to regulate hepatic

380 FGF21 production (Habegger et al. 2013) as well as PPARalpha agonists (Galman

381 et al. 2008). Fasting (Galman et al. 2008) and dietary macronutrient composition

382 (Laeger et al. 2014) influence circulating levels in a circadian manner (Andersen

383 et al. 2011). Experimental studies have demonstrated that the administration of

384 recombinant FGF21 improves insulin sensitivity in multiple species ranging from

385 rodents to monkeys to man (Kharitonenkov and Adams 2014). The insulin-

386 sensitizing efficacy of FGF21 is associated with an inhibition of hepatic glucose

387 output, increased circulating adiponectin, and a reduction in body fat

388 (Kharitonenkov and Adams 2014). The molecular mechanisms responsible for the

389 metabolic effects of FGF21 are still being investigated, and studies using FGF

390 receptor-mutated mice imply that the majority of the effects are linked to FGF

391 receptor 1 activation in adipose tissue (Adams et al. 2012a). Recently, a novel

392 FGF21 analog was tested in obese subjects with T2D (Gaich et al. 2013), and it was

393 observed to improve an array of metabolic parameters. Discouragingly, no signifi-

394 cant improvements in hyperglycemia were observed through the course of 28 days

395 of daily treatment. This may reflect differences in pharmacological properties

396 between native FGF21 and the analog clinically tested or consequential to the

397 short treatment duration and the small sample size tested in the study. Future

398 clinical trials are needed to confirm these observations and, if validated, to deter-

399 mine the molecular basis.

400 Despite the wealth of preclinical literature supporting a novel role for FGF21 in

401 treatment of metabolic disease, rodent studies have reported that FGF21 negatively

402 regulates bone metabolism and that such therapy may impose skeletal fragility (Wei

403 et al. 2012). Conversely, a positive relationship between circulating FGF21 levels

404 and bone mineral density has been reported for healthy human subjects (Lee

405 et al. 2013). It is a conundrum that requires additional study, and it is warranted

406 that a balanced analysis of the benefits to metabolism is carefully assessed in the

407 context of bone mineral metabolism.

5.5 Bariatric Surgery

408 Bariatric surgery provides unquestionably superior body weight and glycemic

409 outcomes when compared to drug therapy in obese patients with poorly controlled
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410T2D (Schauer et al. 2014). Reports indicate that 60–80% of the patients receiving a

411Roux-en-Y gastric bypass show a profound reversal of their diabetes (Adams

412et al. 2012b; Buchwald et al. 2009). The molecular basis of the glycemic improve-

413ment constitutes a subject of intense interest as an appreciable degree of it occurs

414before there is a meaningful difference in body weight. Clinical studies have

415highlighted changes in multiple gut-secreted peptides such as GLP-1 and ghrelin

416as a mechanistic explanation for the glycemic benefit of such surgeries (Cummings

417et al. 2005; Falken et al. 2011; Karamanakos et al. 2008). Studies using genetic

418animal models have indicated that neither factor alone is crucial for the metabolic

419benefits (Chambers et al. 2013; Wilson-Perez et al. 2013). Recent, preclinical

420reports imply that coordinated alteration in multiple systems including bile homeo-

421stasis, microbiota, and gut-brain communication functions in concert with humoral

422alterations to mediate the metabolic effects of surgery (Berthoud et al. 2011; Furet

423et al. 2010; Lutz and Bueter 2014; Ryan et al. 2014). Identification of these

424mechanisms could lead to the development of a pharmacological strategy that

425may reproduce the glycemic control of surgery and render such invasive surgical

426procedures obsolete.

5.6 Multi-hormone Combination Therapies

427It has become increasingly evident that adjusted enteroendocrine responses con-

428tribute to the massive and rapid metabolic improvements achieved by bariatric

429surgeries. Additionally, recent clinical and preclinical advances highlight that

430parallel targeting of more than one biological mechanism yields superior metabolic

431efficacy and fewer adverse events compared to traditional monotherapies (Sadry

432and Drucker 2013). Simultaneous targeting of multiple metabolic pathways can be

433achieved by coadministration of two distinct hormones (Cegla et al. 2014; Fonseca

434et al. 2010; Morrow et al. 2011; Muller et al. 2012; Neschen et al. 2015) or through

435the application of unimolecular polyagonists. These multifunctional hormones

436combine to embellish certain hormone action profiles but, more importantly,

437serve to recruit distinct pharmacology that leads to enhanced efficacy and safety

438(Day et al. 2009; Finan et al. 2012, 2013, 2015; Pocai et al. 2009; Schwenk

439et al. 2014).

440In 2009, the discovery of co-agonist peptides possessing action at the glucagon

441and the GLP-1 receptors was reported to spectacularly lower body weight and

442improve glucose metabolism in animal models of obesity and glucose intolerance

443(Day et al. 2009; Pocai et al. 2009). A follow-up study revealed that GLP-1/

444glucagon co-agonism reverses leptin resistance in DIO animals (Clemmensen

445et al. 2014). This observation is provocative and sets the stage for future clinical

446studies with a central question being at what percent body weight reduction does

447leptin action return in human subjects. Of note, a recent human study exploring the

448efficacy of parallel glucagon and GLP-1 receptor agonism showed promising

449metabolic improvements (Cegla et al. 2014).
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450 While the development of GIP agonists for diabetes has been clouded by the

451 prospect of promoting weight gain, a novel dual incretin co-agonist (GLP-1/GIP)

452 was recently reported to improve glycemic control and enhance insulin secretion in

453 rodents and nonhuman primates (Finan et al. 2013). Furthermore, the enhanced

454 insulinotropic effect of the co-agonist was found in clinical study to substantially

455 reduce HbA1c levels in a dose-dependent improvement (1.1% from baseline) at the

456 highest dose within just 6 weeks. Importantly, the treatment with the co-agonist was

457 not associated with altered gut motility or vomiting, implying that the co-agonist

458 can be dosed to improve efficacy while maintaining a robust safety profile. Follow-

459 up clinical studies are ongoing to probe the efficacy and safety of these

460 unimolecular co-agonists.

461 The concept of employing multi-agonists or the coadministration of several

462 compounds with complementary mechanisms of action can be expanded to include

463 a multitude of novel treatment protocols. The approach may thus significantly

464 advance the possibility for individualized treatments to finally close the perfor-

465 mance gap between drug therapy and surgical procedures.

5.7 Antiobesity Pharmacotherapies

466 It is well established that excess body fat mediates multiple metabolic disturbances

467 that contribute to insulin resistance and pancreatic secretory defects (Kahn and Flier

468 2000; Kahn et al. 2006), rendering obesity a prominent role in escalating the

469 diabetes epidemic. Accordingly, several antiobesity pharmacotherapies may have

470 potential in the prevention and management of T2D. Equally, antidiabetic

471 medications display modest antiobesity activity as well (e.g., GLP-1R agonists,

472 amylin analogs, and SGLT2 inhibitors) (Scheen and Van Gaal 2014). Of note, the

473 FDA recently approved the antidiabetic incretin mimetic liraglutide for the treat-

474 ment of obesity. In contrast to the doses used for treating T2D (1.2 mg or 1.8 mg),

475 the dose for treating obesity is 3.0 mg.

476 The antiobesity agent orlistat inhibits gastrointestinal lipases and serves to lower

477 the availability of fatty acids for absorption (Hadvary et al. 1988). Orlistat has been

478 shown to improve glycemic control in obese T2D subjects (Hollander et al. 1998)

479 and to exhibit additive glycemic properties when coadministered with metformin

480 (Miles et al. 2002). Similarly, combination therapy of the sympathomimetic amine

481 phentermine and the anticonvulsant agent topiramate results in ~10% weight loss in

482 obese subjects (when provided in conjunction with lifestyle modification) (Rueda-

483 Clausen et al. 2013). Notably, the combination of phentermine and topiramate (�
484 parallel metformin treatment) administered to T2D patients enhances weight loss

485 and improves glycemic control relative to placebo (SEQUEL trial) (Garvey

486 et al. 2012). Lorcaserin is a selective serotonin 2C agonist that lowers body weight

487 in overweight and obese adults (Smith et al. 2010). Coadministration of lorcaserin

488 with metformin and/or a sulfonylurea can improve HbA1c and fasting glucose

489 levels in obese subjects with T2D (O’Neil et al. 2012). Recently, co-treatment

490 with the antidepressant bupropion and the opioid receptor antagonist naltrexone
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491was approved by the FDA for the treatment of obesity, and this combination therapy

492may also exhibit meaningful glycemic improvements in obese subjects with T2D

493(Hollander et al. 2013). Thus, marketed antiobesity therapies may serve as valuable

494adjuncts in polypharmaceutical treatment options for overweight diabetics.

495Evidence supporting the prospect that melanocortin 4 receptor (MC4R) agonism

496may constitute an effective therapy or co-therapy for diabetes and obesity is

497accumulating. MC4R is acknowledged to play a seminal role in energy metabolism

498and MC4R agonism decreases feeding and increases energy expenditure (Tao

4992010). Notably, MC4R stimulation also enhances insulin sensitivity and improves

500glucose tolerance in rodents and nonhuman primates (Kievit et al. 2013; Obici

501et al. 2001). Currently, MC4R agonists are being evaluated in clinical trials for the

502treatment of obesity (NCT01749137). Future studies investigating the antidiabetic

503virtues of MC4R agonism, either as monotherapy or in combination with other

504agents, seem warranted.

6 Perspectives and Future Directions

505Diabetes is a disease that was identified thousands of years ago. How ironic it is that

506we are currently experiencing a global epidemic of disease. The increased preva-

507lence is associated with enhanced urbanization and increased body weight. Fortu-

508nately, through the second half of the last century, a number of effective

509antidiabetes drugs emerged, and recombinant DNA technology emerged to provide

510human insulin in virtually unlimited quantity. In concert with advances in glucose

511monitoring and the full appreciation of hyperglycemic danger, these drugs have

512been used to provide much improved glycemic control and patient outcomes.

513Nonetheless, there is much that still needs to be addressed. Insulin remains a drug

514of exceedingly narrow therapeutic index and the prospect of life-threatening hypo-

515glycemia remains the largest impediment to normalizing plasma glucose. The

516epidemic of obesity represents a huge challenge, as currently registered antiobesity

517drugs are only fractionally effective in normalizing body weight. Bariatric surgeries

518have emerged to address the most advanced forms of obesity, and they are very

519effective in providing sizable decreases in weight and eliminating diabetes in a

520sizable percent of patients. However, what is needed is a less invasive approach to

521manage obesity and preferably one that can be used in adolescents and young adults

522where T2D has now made its appearance.

523There is reason for optimization. Our knowledge of the molecular basis of T2D

524and obesity has never been greater. The emergence of multiple new antidiabetic

525medicines demonstrates what can be accomplished when translational research is

526focused on a specific disease. The first-generation antiobesity drugs have

527established a foundation from which more effective therapies, and combinations

528with these first-generation drugs, can be developed to provide more meaningful

529reductions in body weight with the ultimate goal eliminating the current perfor-

530mance difference relative to gut surgery. Separately, insulin therapy is destined to

531improve with the renewed emphasis to discover a more glucose-sensitive approach
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532 to therapy. The simultaneous advances in biotechnology, material sciences, syn-

533 thetic chemistry, and information technology are integrating to provide novel

534 approaches to insulin-dependent diabetes that were impossible as recent as a decade

535 ago. While it is impossible to predict the future with certainty, especially against

536 such lofty goals as outlined in this chapter, the discovery of next-generation

537 medicines with greater transformative impact are certainly plausible. While it is

538 not uncommon for technology to fail in delivering near-term solutions to large

539 medical challenges, when it is viewed over a longer period, it is likely to exceed

540 expectations. If we can maintain the level of interest in addressing diabetes and

541 obesity across academic, biotechnology, and large pharmaceutical companies, then

542 we remain optimistic for the future.

543 References

544 Adams AC, Yang C, Coskun T, Cheng CC, Gimeno RE, Luo Y, Kharitonenkov A (2012a) The

545 breadth of FGF21’s metabolic actions are governed by FGFR1 in adipose tissue. Mol Metab

546 2:31–37

547 Adams TD, Davidson LE, Litwin SE, Kolotkin RL, LaMonte MJ, Pendleton RC, Strong MB,

548 Vinik R, Wanner NA, Hopkins PN, Gress RE, Walker JM, Cloward TV, Nuttall RT,

549 Hammoud A, Greenwood JL, Crosby RD, McKinlay R, Simper SC, Smith SC, Hunt SC

550 (2012b) Health benefits of gastric bypass surgery after 6 years. JAMA 308:1122–1131

551 Andersen B, Beck-Nielsen H, Hojlund K (2011) Plasma FGF21 displays a circadian rhythm during

552 a 72-h fast in healthy female volunteers. Clin Endocrinol 75:514–519

553 Aroda VR, Ratner R (2011) The safety and tolerability of GLP-1 receptor agonists in the treatment

554 of type 2 diabetes: a review. Diabetes Metab Res Rev 27:528–542

555 Baggio LL, Drucker DJ (2007) Biology of incretins: GLP-1 and GIP. Gastroenterology

556 132:2131–2157

557 Bailey T (2013) Options for combination therapy in type 2 diabetes: comparison of the

558 ADA/EASD position statement and AACE/ACE algorithm. Am J Med 126:S10–S20

559 Bailey CJ, Turner RC (1996) Metformin. N Engl J Med 334:574–579

560 Balena R, Hensley IE, Miller S, Barnett AH (2013) Combination therapy with GLP-1 receptor

561 agonists and basal insulin: a systematic review of the literature. Diabetes Obes Metab

562 15:485–502

563 Barnett AH (2013) Complementing insulin therapy to achieve glycemic control. Adv Ther

564 30:557–576

565 Bennett WL, Maruthur NM, Singh S, Segal JB, Wilson LM, Chatterjee R, Marinopoulos SS,

566 Puhan MA, Ranasinghe P, Block L, Nicholson WK, Hutfless S, Bass EB, Bolen S (2011)

567 Comparative effectiveness and safety of medications for type 2 diabetes: an update including

568 new drugs and 2-drug combinations. Ann Intern Med 154:602–613

569 Berthoud HR, Shin AC, Zheng H (2011) Obesity surgery and gut-brain communication. Physiol

570 Behav 105:106–119

571 Blickle JF (2006) Meglitinide analogues: a review of clinical data focused on recent trials.

572 Diabetes Metab 32:113–120

573 Bluestone JA, Herold K, Eisenbarth G (2010) Genetics, pathogenesis and clinical interventions in

574 type 1 diabetes. Nature 464:1293–1300

575 Bolen S, Feldman L, Vassy J, Wilson L, Yeh HC, Marinopoulos S, Wiley C, Selvin E, Wilson R,

576 Bass EB, Brancati FL (2007) Systematic review: comparative effectiveness and safety of oral

577 medications for type 2 diabetes mellitus. Ann Intern Med 147:386–399

578 Bonora E, Tuomilehto J (2011) The pros and cons of diagnosing diabetes with A1C. Diabetes Care

579 34(Suppl 2):S184–S190

C. Clemmensen et al.



580Booth SL, Centi A, Smith SR, Gundberg C (2013) The role of osteocalcin in human glucose

581metabolism: marker or mediator? Nat Rev Endocrinol 9:43–55

582Bouwens L, Houbracken I, Mfopou JK (2013) The use of stem cells for pancreatic regeneration in

583diabetes mellitus. Nat Rev Endocrinol 9:598–606

584Bowker SL, Majumdar SR, Veugelers P, Johnson JA (2006) Increased cancer-related mortality for

585patients with type 2 diabetes who use sulfonylureas or insulin. Diabetes Care 29:254–258

586Buchwald H, Estok R, Fahrbach K, Banel D, Jensen MD, Pories WJ, Bantle JP, Sledge I (2009)

587Weight and type 2 diabetes after bariatric surgery: systematic review and meta-analysis. Am J

588Med 122(248–256):e5

589Butler PC, Chou J, Carter WB, Wang YN, Bu BH, Chang D, Chang JK, Rizza RA (1990) Effects

590of meal ingestion on plasma amylin concentration in NIDDM and nondiabetic humans.

591Diabetes 39:752–756

592Cefalu WT (2007) Pharmacotherapy for the treatment of patients with type 2 diabetes mellitus:

593rationale and specific agents. Clin Pharmacol Ther 81:636–649

594Cegla J, Troke RC, Jones B, Tharakan G, Kenkre J, McCullough KA, Lim CT, Parvizi N,

595Hussein M, Chambers ES, Minnion J, Cuenco J, Ghatei MA, Meeran K, Tan TM, Bloom SR

596(2014) Coinfusion of low-dose GLP-1 and glucagon in man results in a reduction in food

597intake. Diabetes 63:3711–3720

598Chabenne J, Chabenne MD, Zhao Y, Levy J, Smiley D, Gelfanov V, Dimarchi R (2014) A

599glucagon analog chemically stabilized for immediate treatment of life-threatening hypoglyce-

600mia. Mol Metab 3:293–300

601Chambers AP, Kirchner H, Wilson-Perez HE, Willency JA, Hale JE, Gaylinn BD, Thorner MO,

602Pfluger PT, Gutierrez JA, Tschop MH, Sandoval DA, Seeley RJ (2013) The effects of vertical

603sleeve gastrectomy in rodents are ghrelin independent. Gastroenterology 144(50–52):e5

604Clemmensen C, Chabenne J, Finan B, Sullivan L, Fischer K, Kuchler D, Sehrer L, Ograjsek T,

605Hofmann SM, Schriever SC, Pfluger PT, Pinkstaff J, Tschop MH, Dimarchi R, Muller TD

606(2014) GLP-1/glucagon coagonism restores leptin responsiveness in obese mice chronically

607maintained on an obesogenic diet. Diabetes 63:1422–1427

608Cummings DE, Overduin J, Shannon MH, Foster-Schubert KE, Conference ABSC (2005) Hor-

609monal mechanisms of weight loss and diabetes resolution after bariatric surgery. Surg Obes

610Relat Dis 1:358–368

611Currie CJ, Poole CD, Gale EA (2009) The influence of glucose-lowering therapies on cancer risk

612in type 2 diabetes. Diabetologia 52:1766–1777

613D’Alessio D (2011) The role of dysregulated glucagon secretion in type 2 diabetes. Diabetes Obes

614Metab 13(Suppl. 1):126–132

615Day JW, Ottaway N, Patterson JT, Gelfanov V, Smiley D, Gidda J, Findeisen H, Bruemmer D,

616Drucker DJ, Chaudhary N, Holland J, Hembree J, Abplanalp W, Grant E, Ruehl J, Wilson H,

617Kirchner H, Lockie SH, Hofmann S, Woods SC, Nogueiras R, Pfluger PT, Perez-Tilve D,

618DiMarchi R, Tschop MH (2009) A new glucagon and GLP-1 co-agonist eliminates obesity in

619rodents. Nat Chem Biol 5:749–757

620Defronzo RA, Mehta RJ, Schnure JJ (2013) Pleiotropic effects of thiazolidinediones: implications

621for the treatment of patients with type 2 diabetes mellitus. Hosp Pract 41:132–147

622Derosa G, Sibilla S (2007) Optimizing combination treatment in the management of type 2 diabe-

623tes. Vasc Health Risk Manag 3:665–671

624Dieterle CD, Arbogast H, Illner WD, Schmauss S, Landgraf R (2007) Metabolic follow-up after

625long-term pancreas graft survival. Eur J Endocrinol 156:603–610

626Dupre J, Ross SA, Watson D, Brown JC (1973) Stimulation of insulin secretion by gastric

627inhibitory polypeptide in man. J Clin Endocrinol Metab 37:826–828

628Elkinson S, Scott LJ (2013) Canagliflozin: first global approval. Drugs 73:979–988

629Elrick H, Stimmler L, Hlad CJ Jr, Arai Y (1964) Plasma insulin response to oral and intravenous

630glucose administration. J Clin Endocrinol Metabol 24:1076–1082

Current and Emerging Treatment Options in Diabetes Care



631 Falken Y, Hellstrom PM, Holst JJ, Naslund E (2011) Changes in glucose homeostasis after Roux-

632 en-Y gastric bypass surgery for obesity at day three, two months, and one year after surgery:

633 role of gut peptides. J Clin Endocrinol Metab 96:2227–2235

634 Fehmann HC, Goke R, Goke B (1995) Cell and molecular biology of the incretin hormones

635 glucagon-like peptide-I and glucose-dependent insulin releasing polypeptide. Endocr Rev

636 16:390–410

637 Fernandez-Real JM, Broch M, Ricart W, Casamitjana R, Gutierrez C, Vendrell J, Richart C (1998)

638 Plasma levels of the soluble fraction of tumor necrosis factor receptor 2 and insulin resistance.

639 Diabetes 47:1757–1762

640 Ferrannini E, Solini A (2012) SGLT2 inhibition in diabetes mellitus: rationale and clinical

641 prospects. Nat Rev Endocrinol 8:495–502

642 Finan B, Yang B, Ottaway N, Stemmer K, Muller TD, Yi CX, Habegger K, Schriever SC, Garcia-

643 Caceres C, Kabra DG, Hembree J, Holland J, Raver C, Seeley RJ, Hans W, Irmler M,

644 Beckers J, de Angelis MH, Tiano JP, Mauvais-Jarvis F, Perez-Tilve D, Pfluger P, Zhang L,

645 Gelfanov V, DiMarchi RD, Tschop MH (2012) Targeted estrogen delivery reverses the

646 metabolic syndrome. Nat Med 18:1847–1856

647 Finan B, Ma T, Ottaway N, Muller TD, Habegger KM, Heppner KM, Kirchner H, Holland J,

648 Hembree J, Raver C, Lockie SH, Smiley DL, Gelfanov V, Yang B, Hofmann S, Bruemmer D,

649 Drucker DJ, Pfluger PT, Perez-Tilve D, Gidda J, Vignati L, Zhang L, Hauptman JB, Lau M,

650 Brecheisen M, Uhles S, Riboulet W, Hainaut E, Sebokova E, Conde-Knape K, Konkar A,

651 DiMarchi RD, Tschop MH (2013) Unimolecular dual incretins maximize metabolic benefits in

652 rodents, monkeys, and humans. Sci Transl Med 5:209ra151

653 Finan B, Yang B, Ottaway N, Smiley DL, Ma T, Clemmensen C, Chabenne J, Zhang L, Habegger

654 KM, Fischer K, Campbell JE, Sandoval D, Seeley RJ, Bleicher K, Uhles S, Riboulet W, Funk J,

655 Hertel C, Belli S, Sebokova E, Conde-Knape K, Konkar A, Drucker DJ, Gelfanov V, Pfluger

656 PT, Muller TD, Perez-Tilve D, DiMarchi RD, Tschop MH (2015) A rationally designed

657 monomeric peptide triagonist corrects obesity and diabetes in rodents. Nat Med 21:27–36

658 Foley JE, Jordan J (2010) Weight neutrality with the DPP-4 inhibitor, vildagliptin: mechanistic

659 basis and clinical experience. Vasc Health Risk Manag 6:541–548

660 Fonseca V (2003) Effect of thiazolidinediones on body weight in patients with diabetes mellitus.

661 Am J Med 115(Suppl 8A):42S–48S

662 Fonseca VA, Haggar MA (2014) Achieving glycaemic targets with basal insulin in T2DM by

663 individualizing treatment. Nat Rev Endocrinol 10:276–281

664 Fonseca VA, Handelsman Y, Staels B (2010) Colesevelam lowers glucose and lipid levels in type

665 2 diabetes: the clinical evidence. Diabetes Obes Metab 12:384–392

666 Fuchtenbusch M, Standl E, Schatz H (2000) Clinical efficacy of new thiazolidinediones and

667 glinides in the treatment of type 2 diabetes mellitus. Experimental and clinical endocrinology

668 & diabetes. J German Soc Endocrinol German Diabetes Assoc 108:151–163

669 Furet JP, Kong LC, Tap J, Poitou C, Basdevant A, Bouillot JL, Mariat D, Corthier G, Dore J,

670 Henegar C, Rizkalla S, Clement K (2010) Differential adaptation of human gut microbiota to

671 bariatric surgery-induced weight loss: links with metabolic and low-grade inflammation

672 markers. Diabetes 59:3049–3057

673 Gaich G, Chien JY, Fu H, Glass LC, Deeg MA, Holland WL, Kharitonenkov A, Bumol T, Schilske

674 HK, Moller DE (2013) The effects of LY2405319, an FGF21 analog, in obese human subjects

675 with type 2 diabetes. Cell Metab 18:333–340

676 Galman C, Lundasen T, Kharitonenkov A, Bina HA, Eriksson M, Hafstrom I, Dahlin M, Amark P,

677 Angelin B, Rudling M (2008) The circulating metabolic regulator FGF21 is induced by

678 prolonged fasting and PPARalpha activation in man. Cell Metab 8:169–174

679 Garg SK (2010) The role of basal insulin and glucagon-like peptide-1 agonists in the therapeutic

680 management of type 2 diabetes–a comprehensive review. Diabetes Technol Ther 12:11–24

681 Garg A, Grundy SM (1994) Cholestyramine therapy for dyslipidemia in non-insulin-dependent

682 diabetes mellitus. A short-term, double-blind, crossover trial. Ann Intern Med 121:416–422

C. Clemmensen et al.



683Garvey WT, Ryan DH, Look M, Gadde KM, Allison DB, Peterson CA, Schwiers M, Day WW,

684Bowden CH (2012) Two-year sustained weight loss and metabolic benefits with controlled-

685release phentermine/topiramate in obese and overweight adults (SEQUEL): a randomized,

686placebo-controlled, phase 3 extension study. Am J Clin Nutr 95:297–308

687Gerich JE (1993) Control of glycaemia. Bailliere Clin Endocrinol Metab 7:551–586

688German JP, Thaler JP, Wisse BE, Oh IS, Sarruf DA, Matsen ME, Fischer JD, Taborsky GJ Jr,

689Schwartz MW, Morton GJ (2011) Leptin activates a novel CNS mechanism for insulin-

690independent normalization of severe diabetic hyperglycemia. Endocrinology 152:394–404 AU1

691Gruessner AC, Gruessner RW (2012) Pancreas transplant outcomes for United States and non

692United States cases as reported to the United Network for Organ Sharing and the International

693Pancreas Transplant Registry as of December 2011. Clin Transpl 23–40

694Gruessner RW, Gruessner AC (2013) The current state of pancreas transplantation. Nat Rev

695Endocrinol 9:555–562

696Gruessner AC, Sutherland DE (2005) Pancreas transplant outcomes for United States (US) and

697non-US cases as reported to the United Network for Organ Sharing (UNOS) and the Interna-

698tional Pancreas Transplant Registry (IPTR) as of June 2004. Clin Transpl 19:433–455

699Guariguata L, Whiting DR, Hambleton I, Beagley J, Linnenkamp U, Shaw JE (2014) Global

700estimates of diabetes prevalence for 2013 and projections for 2035. Diabetes Res Clin Pract

701103:137–149

702Habegger KM, Stemmer K, Cheng C, Muller TD, Heppner KM, Ottaway N, Holland J, Hembree

703JL, Smiley D, Gelfanov V, Krishna R, Arafat AM, Konkar A, Belli S, Kapps M, Woods SC,

704Hofmann SM, D’Alessio D, Pfluger PT, Perez-Tilve D, Seeley RJ, Konishi M, Itoh N,

705Kharitonenkov A, Spranger J, DiMarchi RD, Tschop MH (2013) Fibroblast growth factor

70621 mediates specific glucagon actions. Diabetes 62:1453–1463

707Hadvary P, Lengsfeld H, Wolfer H (1988) Inhibition of pancreatic lipase in vitro by the covalent

708inhibitor tetrahydrolipstatin. Biochem J 256:357–361

709Handelsman Y (2011) Role of bile acid sequestrants in the treatment of type 2 diabetes. Diabetes

710Care 34(Suppl 2):S244–S250

711Hauner H (2002) The mode of action of thiazolidinediones. Diabetes Metab Res Rev 18(Suppl 2):

712S10–S15

713Hernandez AV, Usmani A, Rajamanickam A, Moheet A (2011) Thiazolidinediones and risk of

714heart failure in patients with or at high risk of type 2 diabetes mellitus: a meta-analysis and

715meta-regression analysis of placebo-controlled randomized clinical trials. Am J Cardiovasc

716Drugs 11:115–128

717Hirsch IB (2005) Insulin analogues. N Engl J Med 352:174–183

718Hollander PA, Elbein SC, Hirsch IB, Kelley D, McGill J, Taylor T, Weiss SR, Crockett SE, Kaplan

719RA, Comstock J, Lucas CP, Lodewick PA, Canovatchel W, Chung J, Hauptman J (1998) Role

720of orlistat in the treatment of obese patients with type 2 diabetes. A 1-year randomized double-

721blind study. Diabetes Care 21:1288–1294

722Hollander P, Gupta AK, Plodkowski R, Greenway F, Bays H, Burns C, Klassen P, Fujioka K,

723Group CO-DS (2013) Effects of naltrexone sustained-release/bupropion sustained-release

724combination therapy on body weight and glycemic parameters in overweight and obese

725patients with type 2 diabetes. Diabetes care 36:4022–4029

726Hotta K, Funahashi T, Bodkin NL, Ortmeyer HK, Arita Y, Hansen BC, Matsuzawa Y (2001)

727Circulating concentrations of the adipocyte protein adiponectin are decreased in parallel with

728reduced insulin sensitivity during the progression to type 2 diabetes in rhesus monkeys.

729Diabetes 50:1126–1133

730Hylemon PB, Zhou H, Pandak WM, Ren S, Gil G, Dent P (2009) Bile acids as regulatory

731molecules. J Lipid Res 50:1509–1520

732IDF (2014) IDF Diabetes Atlas update poster, 6th edn. International Diabetes Federation, Brussels

733Inzucchi SE, McGuire DK (2008) New drugs for the treatment of diabetes: part II: incretin-based

734therapy and beyond. Circulation 117:574–584

Current and Emerging Treatment Options in Diabetes Care



735 Kahn SE (2003) The relative contributions of insulin resistance and beta-cell dysfunction to the

736 pathophysiology of Type 2 diabetes. Diabetologia 46:3–19

737 Kahn BB, Flier JS (2000) Obesity and insulin resistance. J Clin Invest 106:473–481

738 Kahn SE, Hull RL, Utzschneider KM (2006) Mechanisms linking obesity to insulin resistance and

739 type 2 diabetes. Nature 444:840–846

740 Kahn SE, Suvag S, Wright LA, Utzschneider KM (2012) Interactions between genetic back-

741 ground, insulin resistance and beta-cell function. Diabetes Obes Metab 14(Suppl. 3):46–56

742 Kanoski SE, Rupprecht LE, Fortin SM, De Jonghe BC, Hayes MR (2012) The role of nausea in

743 food intake and body weight suppression by peripheral GLP-1 receptor agonists, exendin-4 and

744 liraglutide. Neuropharmacology 62:1916–1927

745 Karamanakos SN, Vagenas K, Kalfarentzos F, Alexandrides TK (2008) Weight loss, appetite

746 suppression, and changes in fasting and postprandial ghrelin and peptide-YY levels after Roux-

747 en-Y gastric bypass and sleeve gastrectomy: a prospective, double blind study. Ann Surg

748 247:401–407

749 Kelly WD, Lillehei RC, Merkel FK, Idezuki Y, Goetz FC (1967) Allotransplantation of the

750 pancreas and duodenum along with the kidney in diabetic nephropathy. Surgery 61:827–837

751 Kharitonenkov A, Adams AC (2014) Inventing new medicines: the FGF21 story. Mol Metab

752 3:221–229

753 Kharitonenkov A, Shiyanova TL, Koester A, Ford AM, Micanovic R, Galbreath EJ, Sandusky GE,

754 Hammond LJ, Moyers JS, Owens RA, Gromada J, Brozinick JT, Hawkins ED,Wroblewski VJ,

755 Li DS, Mehrbod F, Jaskunas SR, Shanafelt AB (2005) FGF-21 as a novel metabolic regulator. J

756 Clin Invest 115:1627–1635

757 Kievit P, Halem H, Marks DL, Dong JZ, Glavas MM, Sinnayah P, Pranger L, Cowley MA, Grove

758 KL, Culler MD (2013) Chronic treatment with a melanocortin-4 receptor agonist causes weight

759 loss, reduces insulin resistance, and improves cardiovascular function in diet-induced obese

760 rhesus macaques. Diabetes 62:490–497

761 Kim GW, Lin JE, Blomain ES, Waldman SA (2014) Antiobesity pharmacotherapy: new drugs and

762 emerging targets. Clin Pharmacol Ther 95:53–66

763 Kleinridders A, Ferris HA, Cai W, Kahn CR (2014) Insulin action in brain regulates systemic

764 metabolism and brain function. Diabetes 63:2232–2243

765 Knip M, Veijola R, Virtanen SM, Hyoty H, Vaarala O, Akerblom HK (2005) Environmental

766 triggers and determinants of type 1 diabetes. Diabetes 54(Suppl 2):S125–S136

767 Kruger DF, Gloster MA (2004) Pramlintide for the treatment of insulin-requiring diabetes

768 mellitus: rationale and review of clinical data. Drugs 64:1419–1432

769 Laeger T, Henagan TM, Albarado DC, Redman LM, Bray GA, Noland RC, Munzberg H, Hutson

770 SM, Gettys TW, Schwartz MW, Morrison CD (2014) FGF21 is an endocrine signal of protein

771 restriction. J Clin Invest 124:3913–3922

772 Lebovitz HE (1997) alpha-Glucosidase inhibitors. Endocrinol Metab Clin N Am 26:539–551

773 Lee P, Linderman J, Smith S, Brychta RJ, Perron R, Idelson C, Werner CD, Chen KY, Celi FS

774 (2013) Fibroblast growth factor 21 (FGF21) and bone: is there a relationship in humans?

775 Osteoporos Int 24:3053–3057

776 Liu SC, Tu YK, Chien MN, Chien KL (2012) Effect of antidiabetic agents added to metformin on

777 glycaemic control, hypoglycaemia and weight change in patients with type 2 diabetes: a

778 network meta-analysis. Diabetes Obes Metab 14:810–820

779 Lutz TA, Bueter M (2014) The physiology underlying Roux-en-Y gastric bypass: a status report.

780 Am J Physiol Regul Integr Comp Physiol 307:R1275–R1291

781 Makimattila S, Nikkila K, Yki-Jarvinen H (1999) Causes of weight gain during insulin therapy

782 with and without metformin in patients with Type II diabetes mellitus. Diabetologia

783 42:406–412

784 Martin BC, Warram JH, Krolewski AS, Bergman RN, Soeldner JS, Kahn CR (1992) Role of

785 glucose and insulin resistance in development of type 2 diabetes mellitus: results of a 25-year

786 follow-up study. Lancet 340:925–929

C. Clemmensen et al.



787McIntyre N, Holdsworth CD, Turner DS (1964) New Interpretation of Oral Glucose Tolerance.

788Lancet 2:20–21

789Melander A (2004) Kinetics-effect relations of insulin-releasing drugs in patients with type

7902 diabetes: brief overview. Diabetes 53(Suppl 3):S151–S155

791Miles JM, Leiter L, Hollander P, Wadden T, Anderson JW, Doyle M, Foreyt J, Aronne L, Klein S

792(2002) Effect of orlistat in overweight and obese patients with type 2 diabetes treated with

793metformin. Diabetes Care 25:1123–1128

794Mittendorfer B, Horowitz JF, DePaoli AM, McCamish MA, Patterson BW, Klein S (2011)

795Recombinant human leptin treatment does not improve insulin action in obese subjects with

796type 2 diabetes. Diabetes 60:1474–1477

797Mogensen UM, Andersson C, Fosbol EL, Schramm TK, Vaag A, Scheller NM, Torp-Pedersen C,

798Gislason G, Kober L (2015) Sulfonylurea in combination with insulin is associated with

799increased mortality compared with a combination of insulin and metformin in a retrospective

800Danish nationwide study. Diabetologia 58:50–58

801Moon HS, Matarese G, Brennan AM, Chamberland JP, Liu X, Fiorenza CG, Mylvaganam GH,

802Abanni L, Carbone F, Williams CJ, De Paoli AM, Schneider BE, Mantzoros CS (2011)

803Efficacy of metreleptin in obese patients with type 2 diabetes: cellular and molecular pathways

804underlying leptin tolerance. Diabetes 60:1647–1656

805Moore CX, Cooper GJ (1991) Co-secretion of amylin and insulin from cultured islet beta-cells:

806modulation by nutrient secretagogues, islet hormones and hypoglycemic agents. Biochem

807Biophys Res Commun 179:1–9

808Morrow L, Hompesch M, Guthrie H, Chang D, Chatterjee DJ (2011) Co-administration of

809liraglutide with insulin detemir demonstrates additive pharmacodynamic effects with no

810pharmacokinetic interaction. Diabetes Obes Metab 13:75–80

811Morton GJ, Schwartz MW (2011) Leptin and the central nervous system control of glucose

812metabolism. Physiol Rev 91:389–411

813Muller TD, Sullivan LM, Habegger K, Yi CX, Kabra D, Grant E, Ottaway N, Krishna R,

814Holland J, Hembree J, Perez-Tilve D, Pfluger PT, DeGuzman MJ, Siladi ME, Kraynov VS,

815Axelrod DW, DiMarchi R, Pinkstaff JK, Tschop MH (2012) Restoration of leptin

816responsiveness in diet-induced obese mice using an optimized leptin analog in combination

817with exendin-4 or FGF21. J Pept Sci 18:383–393

818Myers MG, Cowley MA, Munzberg H (2008) Mechanisms of leptin action and leptin resistance.

819Annu Rev Physiol 70:537–556

820Nathan DM, Buse JB, Davidson MB, Ferrannini E, Holman RR, Sherwin R, Zinman B, American

821Diabetes A, European Association for Study of D (2009) Medical management of hyperglyce-

822mia in type 2 diabetes: a consensus algorithm for the initiation and adjustment of therapy: a

823consensus statement of the American Diabetes Association and the European Association for

824the Study of Diabetes. Diabet Care 32:193–203

825Nauck MA (2014) Update on developments with SGLT2 inhibitors in the management of type

8262 diabetes. Drug Des Devel Ther 8:1335–1380

827Neschen S, Scheerer M, Seelig A, Huypens P, Schultheiss J, Wu M, Wurst W, Rathkolb B,

828Suhre K, Wolf E, Beckers J, Hrabe de Angelis M (2015) Metformin supports the antidiabetic

829effect of a sodium glucose cotransporter 2 inhibitor by suppressing endogenous glucose

830production in diabetic mice. Diabetes 64:284–290

831Obici S, Feng Z, Tan J, Liu L, Karkanias G, Rossetti L (2001) Central melanocortin receptors

832regulate insulin action. J Clin Invest 108:1079–1085

833O’Neil PM, Smith SR, Weissman NJ, Fidler MC, Sanchez M, Zhang J, Raether B, Anderson CM,

834Shanahan WR (2012) Randomized placebo-controlled clinical trial of lorcaserin for weight

835loss in type 2 diabetes mellitus: the BLOOM-DM study. Obesity 20:1426–1436

836Park JY, Chong AY, Cochran EK, Kleiner DE, Haller MJ, Schatz DA, Gorden P (2008) Type

8371 diabetes associated with acquired generalized lipodystrophy and insulin resistance: the effect

838of long-term leptin therapy. J Clin Endocrinol Metab 93:26–31

Current and Emerging Treatment Options in Diabetes Care



839 Pocai A, Carrington PE, Adams JR, Wright M, Eiermann G, Zhu L, Du X, Petrov A, Lassman ME,

840 Jiang G, Liu F, Miller C, Tota LM, Zhou G, Zhang X, Sountis MM, Santoprete A, Capito E,

841 Chicchi GG, Thornberry N, Bianchi E, Pessi A, Marsh DJ, SinhaRoy R (2009) Glucagon-like

842 peptide 1/glucagon receptor dual agonism reverses obesity in mice. Diabetes 58:2258–2266

843 Proks P, Reimann F, Green N, Gribble F, Ashcroft F (2002) Sulfonylurea stimulation of insulin

844 secretion. Diabetes 51(Suppl 3):S368–S376

845 Ratner RE, Dickey R, Fineman M, Maggs DG, Shen L, Strobel SA, Weyer C, Kolterman OG

846 (2004) Amylin replacement with pramlintide as an adjunct to insulin therapy improves long-

847 term glycaemic and weight control in Type 1 diabetes mellitus: a 1-year, randomized con-

848 trolled trial. Diabetic Med 21:1204–1212

849 Rojas JM, Schwartz MW (2014) Control of hepatic glucose metabolism by islet and brain.

850 Diabetes Obes Metab 16(Suppl. 1):33-40

851 Roth JD (2013) Amylin and the regulation of appetite and adiposity: recent advances in receptor

852 signaling, neurobiology and pharmacology. Curr Opin Endocrinol Diabetes Obes 20:8–13

853 Roth JD, Roland BL, Cole RL, Trevaskis JL, Weyer C, Koda JE, Anderson CM, Parkes DG, Baron

854 AD (2008) Leptin responsiveness restored by amylin agonism in diet-induced obesity: evi-

855 dence from nonclinical and clinical studies. Proc Natl Acad Sci U S A 105:7257–7262

856 Rueda-Clausen CF, Padwal RS, Sharma AM (2013) New pharmacological approaches for obesity

857 management. Nat Rev Endocrinol 9:467–478

858 Ryan GJ, Jobe LJ, Martin R (2005) Pramlintide in the treatment of type 1 and type 2 diabetes

859 mellitus. Clin Ther 27:1500–1512

860 Ryan KK, Tremaroli V, Clemmensen C, Kovatcheva-Datchary P, Myronovych A, Karns R,

861 Wilson-Perez HE, Sandoval DA, Kohli R, Backhed F, Seeley RJ (2014) FXR is a molecular

862 target for the effects of vertical sleeve gastrectomy. Nature 509:183–188

863 Sadry SA, Drucker DJ (2013) Emerging combinatorial hormone therapies for the treatment of

864 obesity and T2DM. Nat Rev Endocrinol 9:425–433

865 Saltiel AR, Olefsky JM (1996) Thiazolidinediones in the treatment of insulin resistance and type II

866 diabetes. Diabetes 45:1661–1669

867 Schauer PR, Bhatt DL, Kirwan JP, Wolski K, Brethauer SA, Navaneethan SD, Aminian A, Pothier

868 CE, Kim ES, Nissen SE, Kashyap SR, Investigators S (2014) Bariatric surgery versus intensive

869 medical therapy for diabetes–3-year outcomes. N Engl J Med 370:2002–2013

870 Scheen AJ, Van Gaal LF (2014) Combating the dual burden: therapeutic targeting of common

871 pathways in obesity and type 2 diabetes. Lancet Diabetes Endocrinol 2:911–922

872 Schmidt WE, Siegel EG, Creutzfeldt W (1985) Glucagon-like peptide-1 but not glucagon-like

873 peptide-2 stimulates insulin release from isolated rat pancreatic islets. Diabetologia

874 28:704–707

875 Schwartz MW, Seeley RJ, Tschop MH, Woods SC, Morton GJ, Myers MG, D’Alessio D (2013)

876 Cooperation between brain and islet in glucose homeostasis and diabetes. Nature 503:59–66

877 Schwenk RW, Baumeier C, Finan B, Kluth O, Brauer C, Joost HG, DiMarchi RD, Tschop MH,

878 Schurmann A (2014) GLP-1-oestrogen attenuates hyperphagia and protects from beta cell

879 failure in diabetes-prone New Zealand obese (NZO) mice. Diabetologia 58:604–614

880 Scully T (2012) Diabetes in numbers. Nature 485:S2–S3

881 Smith SR, De Jonge L, Volaufova J, Li Y, Xie H, Bray GA (2005) Effect of pioglitazone on body

882 composition and energy expenditure: a randomized controlled trial. Metab Clin Exp 54:24–32

883 Smith SR, Weissman NJ, Anderson CM, Sanchez M, Chuang E, Stubbe S, Bays H, Shanahan WR,

884 Behavioral M, Lorcaserin for O, Obesity Management Study G (2010) Multicenter, placebo-

885 controlled trial of lorcaserin for weight management. New Engl J Med 363:245–256

886 Steensberg A, van Hall G, Osada T, Sacchetti M, Saltin B, Klarlund Pedersen B (2000) Production

887 of interleukin-6 in contracting human skeletal muscles can account for the exercise-induced

888 increase in plasma interleukin-6. J Physiol 529(Pt 1):237–242

889 Tao YX (2010) The melanocortin-4 receptor: physiology, pharmacology, and pathophysiology.

890 Endocr Rev 31:506–543

C. Clemmensen et al.



891Tonelli J, Li W, Kishore P, Pajvani UB, Kwon E, Weaver C, Scherer PE, Hawkins M (2004)

892Mechanisms of early insulin-sensitizing effects of thiazolidinediones in type 2 diabetes.

893Diabetes 53:1621–1629

894Unger RH, Cherrington AD (2012) Glucagonocentric restructuring of diabetes: a pathophysiologic

895and therapeutic makeover. J Clin Invest 122:4–12

896van Belle TL, Coppieters KT, von Herrath MG (2011) Type 1 diabetes: etiology, immunology, and

897therapeutic strategies. Physiol Rev 91:79–118

898van de Laar FA, Lucassen PL, Akkermans RP, van de Lisdonk EH, Rutten GE, van Weel C (2005)

899Alpha-glucosidase inhibitors for patients with type 2 diabetes: results from a Cochrane

900systematic review and meta-analysis. Diabetes Care 28:154–163

901Viollet B, Guigas B, Sanz Garcia N, Leclerc J, Foretz M, Andreelli F (2012) Cellular and

902molecular mechanisms of metformin: an overview. Clin Sci 122:253–270

903Vora J (2013) Combining incretin-based therapies with insulin: realizing the potential in type

9042 diabetes. Diabetes Care 36(Suppl 2):S226–S232

905Wei W, Dutchak PA, Wang X, Ding X, Wang X, Bookout AL, Goetz R, Mohammadi M, Gerard

906RD, Dechow PC, Mangelsdorf DJ, Kliewer SA, Wan Y (2012) Fibroblast growth factor

90721 promotes bone loss by potentiating the effects of peroxisome proliferator-activated receptor

908gamma. Proc Natl Acad Sci U S A 109:3143–3148

909Weir GC, Bonner-Weir S (2004) Five stages of evolving beta-cell dysfunction during progression

910to diabetes. Diabetes 53(Suppl 3):S16–S21

911Weyer C, Maggs DG, Young AA, Kolterman OG (2001) Amylin replacement with pramlintide as

912an adjunct to insulin therapy in type 1 and type 2 diabetes mellitus: a physiological approach

913toward improved metabolic control. Curr Pharm Des 7:1353–1373

914Wilson-Perez HE, Chambers AP, Ryan KK, Li B, Sandoval DA, Stoffers D, Drucker DJ, Perez-

915Tilve D, Seeley RJ (2013) Vertical sleeve gastrectomy is effective in two genetic mouse

916models of glucagon-like Peptide 1 receptor deficiency. Diabetes 62:2380–2385

917Wu Q, Wang L, Yu H, Wang J, Chen Z (2011) Organization of glucose-responsive systems and

918their properties. Chem Rev 111:7855–7875

919Wulffele MG, Kooy A, Lehert P, Bets D, Ogterop JC, Borger van der Burg B, Donker AJ,

920Stehouwer CD (2002) Combination of insulin and metformin in the treatment of type 2 diabe-

921tes. Diabetes Care 25:2133–2140

922Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, Friedman JM (1994) Positional cloning of

923the mouse obese gene and its human homologue. Nature 372:425–432

Current and Emerging Treatment Options in Diabetes Care


	Current and Emerging Treatment Options in Diabetes Care
	1 Introduction
	2 Regulation of Glucose Metabolism
	2.1 Peripheral Control of Glucose Metabolism
	2.2 Central Control of Glucose Metabolism

	3 Pathogenesis and Pathophysiology of Diabetes
	3.1 Type 1 Diabetes
	3.2 Type 2 Diabetes

	4 Current Treatments for Diabetes
	5 Novel Avenues for Treating Diabetes
	5.1 Next-Generation Insulin Analogs
	5.2 Pancreatic Transplantation
	5.3 Leptin
	5.4 FGF21
	5.5 Bariatric Surgery
	5.6 Multi-hormone Combination Therapies
	5.7 Antiobesity Pharmacotherapies

	6 Perspectives and Future Directions
	References




