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Abstract 
 
 

Diabetes mellitus is a group of metabolic diseases characterized by hyperglycemia in 

which homeostasis of carbohydrate and lipid metabolism is improperly regulated by insulin. 

Hippocrates (460-377 B.C), said “Let food be thy medicine and medicine be thy food”. The goal 

of this study was to characterize potential antidiabetic mechanisms of serviceberry extracts, and 

two polyphenolic bioactive components, curcumin and stilbenes.  

Serviceberry [Amelanchier alnifolia (Nutt.) Nutt. ex. M. Roem (Rosaceae)] has been 

traditionally used by the American Indians of Montana, in the management of diabetes. In this 

study, serviceberry plant samples consisting of leaves, twigs, and leaves with berries were 

extracted and fractionated. We demonstrate that serviceberry extracts activate AMPK (AMP-

activated protein kinase), increase glucose uptake, and suppress dexamethasone-induced 

gluconeogenic gene expression. Additionally, water fractions from serviceberry leaves and twigs 

demonstrated significant inhibition of mammalian alpha-glucosidase activity, similar to that of 

acarbose, in vitro and in a diet-induced obesity mouse model of insulin resistance and diabetes. 

These findings validate traditional knowledge of the antidiabetic effects of serviceberry and 

indicate that serviceberry extracts delay intestinal absorption of carbohydrate and suppress 

hepatic glucose production.  

Curcumin and stilbenes are polyphenolic bioactive components that have been 

demonstrated to possess significant antioxidant and anti-inflammatory effects. Several studies 

demonstrate that curcuminoids and stilbenes, including resveratrol, can contribute to improved 
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health, insulin sensitivity, and lower blood glucose levels in animal models of diabetes. In this 

study we demonstrated that curcuminoids increased the transcriptional activation of the nuclear 

receptor PPARγ. Consistent with PPARγ activation, curcumin-treatment increased gene 

expression and secretion of adiponectin. Interestingly, curcumin treatment did not induce 

differentiation of human subcutaneous preadipocytes and inhibited rosiglitazone-induced 

adipocyte differentiation in human subcutaneous preadipocytes. Natural stilbenes and synthetic 

analogs were investigated for alpha-glucosidase inhibitory effects in vitro and in vivo. Our 

studies demonstrate that resveratrol, a polyphenolic stilbene, and its naturally occurring analog, 

piceatannol, are potent inhibitors of mammalian alpha-glucosidase activity. These findings 

extend the range of the multifaceted beneficial properties of stilbene compounds, in blood 

glucose control and management of type 2 diabetes. 
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Chapter 1: Introduction 

 

Diabetes mellitus is a group of metabolic diseases characterized by hyperglycemia resulting 

from defects in insulin secretion, insulin action, or both (ADA, 2011). It affects over 25.8 million 

people in the United States and over 220 million people worldwide (CDC, 2011; WHO, 2011). 

The prevalence of insulin resistance, a condition characterized by impaired insulin action despite 

normal or elevated levels of circulating insulin, is even more widespread. Insulin resistance is a 

major causative factor in the early development of type 2 diabetes. It is also an independent risk 

factor for cardiovascular disease and the metabolic syndrome (DeFronzo, 1997; Reaven, 1988). 

Obesity, a major risk factor in the development of type 2 diabetes, further exacerbates this 

condition (Hill et al., 2003). Impaired insulin secretion from pancreatic β-cell, decreased glucose 

uptake in muscle and adipose tissue, increased hepatic glucose production (HGP) and decreased 

hepatic glucose uptake, prolonged elevation of free fatty acid and abnormal fat cell-secreted 

adipocytokines, decreased incretin effect, increased glucagon secretion from pancreatic α-cell, 

increased glucose reabsorption from kidney, and uncontrolled appetite by neurotransmitter 

dysfunction contribute to the metabolic dysfunction of type 2 diabetes (Defronzo, 2009).  

Currently, in addition to recombinant insulin, there are eight classes of oral pharmacological 

agents: sulfonylureas, meglitinides, metformin, thiazolidinediones, α-glucosidase 

inhibitors, dipeptidyl peptidase IV (DPP-IV) inhibitors, bile acid sequestrants, and dopamine 

agonists and two classes of injectable medications: amylin analog and glucagon-like peptide 
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(GLP) agonist, available to treat type 2 diabetes as monotherapy and in combination (Bolen et 

al., 2007; DeFronzo, 1999; Inzucchi, 2002; Krentz and Bailey, 2005; Matthaei et al., 2000; 

Mudaliar and Henry, 2001; Scheen, 1998). These pharmacological treatments for diabetes 

usually aim at stimulating insulin secretion, decreasing glucagon secretion, delaying the 

absorption of carbohydrates, suppressing hepatic glucose production, improving glucose 

transport/uptake or increasing insulin sensitivity. Although, these contribute to the alleviation of 

diabetes, several complications and side effects persist.  

Plant-based medicinal products or phytochemicals have been used by man since ancient 

times (Subbulakshmi and Naik, 2001). Functional foods, dietary supplements and nutraceuticals 

constitute a rapidly growing focus for research, product development, consumer interest, as well 

as regulatory efforts, in recent years. Bioactive components of functional foods, dietary 

supplements and nutraceuticals can reduce mounting health care costs for ailments such as 

diabetes, obesity, heart disease, cancer, etc. Functional food can be defined as a conventional 

food that is consumed as part of a usual diet, and which is demonstrated to have physiological 

benefit and/or reduce the risk of chronic disease, beyond basic nutritional function. The Dietary 

Supplement Health and Education Act (DSHEA) defines “dietary supplement” as a vitamin, a 

mineral, an herb or other plant-derived chemical, an amino acid, a dietary substance for use by 

man to supplement the diet by increasing the total dietary intake (including enzymes or tissues 

from organs or glands), or a concentrate, metabolite, constituent, or extract of these. 

Nutraceuticals can be defined as a product isolated or purified from food that is generally sold in 

supplement forms not usually associated with food and is demonstrated to have a physiological 

benefit or provide protection against chronic disease. Botanical substances have been used in the 

management of diabetes, with a considerable degree of success. Examples of herbs that may 
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regulate glucose homeostasis include Aloe barbadensis, Eugenia jambolana, Gymnema sylvestre, 

Ocimum tenuiflorum, Trigonella foenum-graecum, Allum sativum, Galega officinalis and 

Curcuma longa L. (Kim et al., 2009). Some of these are indigenous to the North American 

continent.  

Serviceberry [Amelanchier alnifolia (Nutt.) Nutt. ex. M. Roem (Rosaceae)], also called 

Saskatoon Berry or Okinoki by the Native Indians, found in the North Glacier forests of the 

Rocky Mountains in Montana, has been and continues to be used by Native American Indians in 

the management of diabetes. The major functional components of Saskatoon berries are phenolic 

compounds, particularly the anthocyanins. In ripe saskatoon berries there are anthocyanins of 

cyanidin 3-galactoside, 3-glucoside, Cyanidin 3-xyloside, pelargonin 3-glucoside and malvidin 

derivatives (Mazza, 2008). Berries of A. alnifolia contain phenolic acids including 3-

feruloylquinic, chlorogenic, and 5-feruloylquinic acids. Flavonoid compounds from the fruit 

include rutin, hyperoside, avicularin, and quercetin (Burns Kraft et al., 2008). Curcumin 

(diferuloylmethane), a polyphenolic compound and the bioactive component of turmeric, has 

been shown to possess potent antioxidant and anti-inflammatory properties. Despite its poor 

absorption, several studies demonstrate that curcuminoids (curcumin and its natural structural 

analogs) can lower blood glucose levels in animal models of diabetes. Stilbenes (1,2-

diphenylethylene), naturally occurring compounds, are found in a wide range of plant sources 

and dietary supplements (Roupe et al., 2006). Resveratrol and piceatannol are two major kinds of 

stilbenes which are naturally occurring compounds and are found in a wide range of plant 

sources, especially grape, wine and kinds of berries. Many studies had shown their anti-cancer, 

anti-oxidant, anti-inflammatory actives. Recently, many studies focus on the anti-diabetic effect 

of resveratrol. Though several studies indicate blood glucose lowering properties for 
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serviceberries, curcumin, and stilbenes, the mechanisms that mediate such anti-diabetic effects 

are hitherto unknown. Therefore, the goal of this study was to investigate the potential anti-

diabetic mechanisms of serviceberry extracts, curcumin, and stilbenes using in vitro, intact cells, 

and in vivo techniques. 
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Chapter 2: Review of Literature 

 

2.1 Obesity  

Obesity is a chronic disease that is causally related to serious medical complications, 

including hypertension, atherosclerosis, dyslipidemia, insulin resistance, and diabetes, which 

impairs the quality of life and lead to increased morbidity and premature death (Goralski and 

Sinal, 2007; Greenberg and McDaniel, 2002; NIH, 1998). Men and women with a BMI (Body 

Mass Index, weight in kilograms, divided by height in meters squared) of 25.0 to 29.9 kg/m2 are 

considered overweight, and those with a BMI 30 kg/m2 or greater are consider obese (NIH, 

1998; WHO, 2000). However, the prevalence of obesity-related diseases, such as diabetes, 

begins to increase at BMI values below 25 kg/m2 (Chan et al., 1994; Colditz et al., 1995). 

Ethnicity also influences BMI-associated health risk. The risk of diabetes is higher in Southeast 

Asian populations than in Whites when subjects are matched for BMI (McKeigue et al., 1991). 

The interaction of genetic background and environmental factors affects body size, with 

an estimated 40% of the variance in body mass contributed by genetic background (Bouchard 

and Perusse, 1993). Behaviors that protect against obesity include controlling portion size, 

consumption of a diet low in fat and energy density, and increasing physical activity. The current 

prevalence of obesity has possibly resulted from alterations in environmental factors that 

increase energy intake and reduce physical activity (Fig. 1) because of sedentary lifestyle and 

work activities (Hill and Peters, 1998).  
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Figure 1. Hypothetical risk of obesity in individuals consuming a diet high in energy density and low physical 

activity (Hill and Peters, 1998).  

 

2.1.1 Prevalence and trends in obesity  

The prevalence of obesity in the United States is high and exceeds 30% in most age and sex 

groups based on the 1999-2008 National Health and Nutrition Examination Survey (NHANES) 

data (Flegal et al., 2010). Among men, age-adjusted obesity prevalence was 32.2% overall and 

prevalence of obesity within racial and ethnic groups was 31.9% among non-Hispanic White 

men, 37.3% among non-Hispanic Black men and 34.3% among all Hispanics men. For women, 

the age-adjusted prevalence was 35.5% and 33.0% among non-Hispanic White women, 49.6% 

among non-Hispanic Black women and 43.0% among all Hispanics women. Combining 

overweight and obesity, the age-adjusted prevalence was 68.0% overall, 72.3% among men, and 

64.1% among women. Though the prevalence of obesity showed a striking increase in the 1980s 

and 1990s, the data from Flegal et al. (2010) suggest that obesity prevalence was relatively stable 

using 2007-2008 data (Flegal et al., 2010). One serious medical condition that affects children 
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and adolescents is childhood obesity that occurs when a child is well above the normal weight 

for his or her age and height. Childhood obesity puts children on the path to health problems that 

were once confined to adults, such as diabetes, high blood pressure and high cholesterol.  

 

2.2 Diabetes  
 

Diabetes mellitus is defined as a group of metabolic diseases characterized by 

hyperglycemia resulting from defects in insulin secretion, insulin action, or both (ADA, 2011). It 

is a state in which homeostasis of carbohydrate and lipid metabolism is improperly regulated by 

insulin (Rao and Tiwari, 2002). Diabetes affects over 25.8 million people in the United States 

and over 220 million people worldwide. Over time diabetes leads to serious damage to many of 

the body's systems and cause serious complications, such as blindness, kidney damage, 

cardiovascular disease, stroke, atherosclerosis, lower-limb amputations and many others (CDC, 

2011; NIH, 2008). Three types of diabetes mellitus exist. Type 1 diabetes, previously known as 

insulin-dependent diabetes mellitus (IDDM), juvenile or childhood-onset diabetes, is 

characterized by deficient or no insulin production and requires daily administration of insulin. It 

happens with birth or develops when the pancreatic β-cells are destroyed. Type 2 diabetes, which 

was formerly known as non-insulin-dependent diabetes mellitus (NIDDM) or adult-onset 

diabetes, results from the ineffective use of insulin by the body. Ninety percent of people with 

diabetes around the world are diagnosed as type 2 diabetes. Insulin resistance, defined as the 

inability of peripheral tissues to respond to circulating insulin, and the attenuated ability of β-

cells to respond to the body’s demand for insulin, preludes type 2 diabetes. The third type is 

called gestational diabetes which occurs during pregnancy, when hormones from the placenta 

block the action of insulin in the mother, leading to insulin resistance. Women with gestational 
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diabetes are at a greater risk for developing type 2 diabetes later in life (ADA, 2011). Impaired 

glucose tolerance (IGT) and impaired fasting glycemia (IFG) are intermediate conditions 

between normality and diabetes. People with IGT or IFG are at high risk of progressing to type 2 

diabetes, although this is not inevitable. 

 

2.2.1 Prevalence and trends in diabetes  

According to 2007 National Diabetes Fact Sheet, prediabetes is a condition in which 

individuals have blood glucose levels higher than normal, but not high enough to be classified as 

diabetes. People with prediabetes have an increased risk of developing type 2 diabetes, heart 

disease, and stroke. People with prediabetes have impaired fasting glucose (IFG) or impaired 

glucose tolerance (IGT) and some people have both IFG and IGT. IFG is a condition in which 

the fasting blood sugar level is 100 to 125 milligrams per deciliter (mg/dL) after an overnight 

fast. IGT is a condition in which the blood sugar level is 140 to 199 mg/dL after a 2-hour oral 

glucose tolerance test. These two levels are higher than normal, but not high enough to be 

classified as diabetes. In 1988–1994, among U.S. adults aged 40–74 years, 33.8% had IFG, 

15.4% had IGT, and 40.1% had prediabetes (IGT or IFG or both). In 2003–2006, 25.9% of U.S. 

adults aged 20 years or older had IFG (35.4% of adults aged 60 years or older). Applying this 

percentage to the entire U.S. population in 2007 suggests that an estimated 57 million American 

adults aged 20 years or older had IFG or prediabetes. 

 

2.3 Insulin resistance 

Insulin resistance is defined as the failure of the body to respond normally to insulin. Insulin 

resistance in liver leads to glucose overproduction in the basal state with fasting 



 9

hyperinsulinemia and impaired suppression of hepatic glucose production (HGP) (DeFronzo et 

al., 1989; Ferrannini et al., 1988; Groop et al., 1989). Insulin resistance in muscle is manifested 

by impaired glucose uptake after a meal leading to postprandial hyperglycemia (Ferrannini et al., 

1988). Both type 2 diabetes and obesity are associated with insulin resistance, but hyperglycemia 

is not developed in most obese, insulin resistant individuals (Reaven, 1988). Under normal 

conditions, to maintain normal glucose tolerance, the pancreatic islet β-cells increase insulin 

release sufficiently to overcome the reduced efficiency of insulin action (Kahn et al., 1993; 

Perley and Kipnis, 1966; Polonsky et al., 1988). In obesity and insulin resistance associated with 

type 2 diabetes, the β-cell is unable to compensate fully for decreased insulin sensitivity. 

Dysfunction of β-cell exists in high risk of diabetes- developing individuals even when their 

glucose levels are still normal (Kahn, 2001).  

The relationship between insulin levels and insulin sensitivity is reciprocal and nonlinear in 

nature. Two parameters, β-cell function and β-cell mass, make β-cell to adapt to changes in 

insulin sensitivity. Beta-cell volume is increased by about 50% in healthy human obese 

individuals as a result of hypertrophy of existing cells rather than proliferation (Butler et al., 

2003; Kloppel et al., 1985). Beta-cell function decreases progressively as the fasting glucose 

level increases, even when the glucose level is still within the normal range (Utzschneider et al., 

2006). In insulin resistant individuals of Pima Indians, in whom the prevalence of diabetes is 

higher than almost any other ethnic group in the world, the transition from normal to impaired 

glucose tolerance and then on to diabetes is characterized by a progressive loss of β-cell function 

(Weyer et al., 1999). 
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2.4 Mechanisms linking obesity to type 2 diabetes 

2.4.1 Thrifty genotype 

“Thrifty” genotype favors the economical use and storage of energy during periods of 

prolonged famine which plagued early human hunter-gatherers. During starvation, it was 

suggested that evolutionary pressure to preserve glucose for use by the brain led to a genetic 

propensity toward insulin resistance (Neel, 1962). In the modern-world setting of sedentary 

lifestyles and unrestricted access to high-caloric foods, the thrifty gene hypothesis may be causal 

to the twin epidemics of obesity and diabetes (Zimmet and Thomas, 2003). The “thrifty 

phenotype” hypothesis is an alternative to thrifty genes (Neel, 1962). It is posited that fetal 

malnutrition alters metabolic pathway and cause tissue adaptations favoring the thrifty use of 

nutrients in utero and in postnatal life, thereby leading to obesity and diabetes in the setting of 

subsequent adequate nutrition.  

 

2.4.2 Abdominal obesity 

Many prospective studies have shown that increased abdominal (visceral) fat accumulation is 

an independent risk factor for coronary artery disease, hypertension, stroke, and type 2 diabetes 

(Ducimetiere et al., 1986; Ferrannini et al., 1997; Fujimoto et al., 1999; Larsson et al., 1984). 

The mechanisms involved in these common clinical associations are not completely known, but 

include impaired free fatty acid metabolism, increased visceral production of glycerol, and 

abnormal production of adipose tissue-derived hormones and cytokines, such as tumor necrosis 

factor-α (TNF-α), interleukin (IL)-1, IL-6, leptin, adiponectin, and resistin. An impaired free 

fatty acid (FFA) or non-esterified fatty acid (NEFA) metabolism could affect insulin secretion 

and cause insulin resistance (Bergman et al., 2006; Lemieux, 2004; Mittelman et al., 2002). IL-6 
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and TNF-α, proinflammatory cytokines secreted by adipocyte, and C-reactive protein (CRP), are 

increased in patients with visceral obesity (Lemieux et al., 2001; Tsimikas et al., 2006; Weisberg 

et al., 2003). Adiponectin which can improve insulin signaling and potentially protect against 

atherosclerosis is reduced in obese individuals, especially in individuals with excess visceral 

adiposity (Berg and Scherer, 2005; Cote et al., 2005; Matsuzawa, 2006). Besides alteration in 

NEFA metabolism and endocrine function, excess caloric consumption and a sedentary lifestyle 

is other reason which contributes to the insulin-resistant state among individuals with visceral 

obesity.  

 

2.4.3 Non-esterified fatty acids (NEFA) 

In obesity, increased levels of adipocyte-derived free fatty acids contribute to insulin 

resistance in liver and muscle (Bergman and Ader, 2000; Boden and Shulman, 2002). Increased 

NEFA delivery or decreased intracellular metabolism of fatty acids activate a serine/threonine 

kinase cascade leading to serine/threonine phosphorylation of insulin receptor substrate-1 (IRS-

1) and insulin receptor substrate-2 (IRS-2), and a reduced ability of these molecules to activate 

PI(3)K by increasing the intracellular content of fatty acid metabolites such as diacylglycerol 

(DAG), fatty acyl-coenzyme A (fatty acyl-CoA), and ceramides (Shulman, 2000). Elevated 

NEFA levels contribute to developing the insulin resistance and prevent the compensatory β-cell 

response in humans (Carpentier et al., 1999). Decreased insulin release could decrease 

suppression of hepatic glucose production and the efficiency of glucose uptake in insulin-

sensitive tissues. Decreased insulin output could also increase lipolysis and elevate NEFA levels 

by impairing adipocyte metabolism. Both elevated NEFAs and glucose can occur simultaneously 

and are more deleterious to islet health and insulin action than either alone (Leung et al., 2004; 
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Prentki et al., 2002). Reduction in insulin release by β-cell dysfunction can decrease insulin 

action in brain region and cause weight gain and an aggravation of insulin resistance (Schwartz 

et al., 2000). 

 

2.4.4 Adipocytokines and glucose homeostasis 

More than an energy storage depot, adipocytes not only regulate fat mass and nutrient 

homeostasis but also is involved in the immune response, blood pressure control, hemostasis, 

bone mass, and thyroid and reproductive function, through the synthesis and release of peptide 

hormones (Trayhurn, 2005). Adipose tissue also communicates with the brain and peripheral 

tissues by secreting hormones regulating appetite and metabolism (Kershaw and Flier, 2004). 

Several adipocyte-derived factors contribute to insulin resistance, acting both the locally 

(autocrine/paracrine) and systemically (endocrine). 

 

2.4.4.1 Tumor necrosis factor-α and other cytokines 

Tumor necrosis factor-α (TNF-α) has pro-hyperglycemic effects on glucose homeostasis. 

Consistent with elevated TNF-α levels in obesity and in other insulin-resistant states (such as 

sepsis), addition of TNF-α to cells and administration to mice has been shown to reduce insulin 

action, and blockade of TNF-α action by biochemical or genetic means restores insulin 

sensitivity in vivo and in vitro (Hotamisligil, 1999). IL-6, produced by adipocytes, have both 

insulin-resistance-promoting and insulin-sensitizing effects, as conflicting evidence suggests 

(Carey et al., 2006; Rotter et al., 2003). Pro-inflammatory cytokines induce c-Jun N-terminal 

kinase 1 (JNK1)-mediated serine phosphorylation of insulin receptor substrate-1 (IRS-1) 

(Hirosumi et al., 2002), IκB kinase (IKK)-mediated nuclear factor-κB (NF-κB) activation 
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(Shoelson et al., 2003), suppressor of cytokine signaling 3 (SOCS3) (Howard and Flier, 2006) 

and production of ROS (Houstis et al., 2006), all of which can promote insulin resistance.  

 

2.4.4.2 Leptin 

Leptin, secreted primarily by adipocytes, improves insulin sensitivity in skeletal muscle and 

liver through lipid partitioning and decreases intra-myocellular lipid levels. These effects are 

mediated via a combination of direct activation of AMP-activated protein kinase (AMPK) and 

indirect actions mediated through central neural pathways (Kamohara et al., 1997; Minokoshi et 

al., 2002). An ‘adipo-insular axis’ has also been suggested with insulin promoting leptin 

secretion and leptin inhibiting insulin release (Kieffer and Habener, 2000). 

 

2.4.4.3 Adiponectin 

Adiponectin, a 30-kDa protein, with an amino-terminal collagen-like domain and a carboxy-

terminal globular domain, can exist as a trimer, hexamer or a higher-order multimer with 12–18 

subunits (Pajvani et al., 2003; Waki et al., 2003). Two receptor types have been indentified for 

adiponectin, one of which comprises two similar transmembrane proteins with homology to G-

protein-coupled receptors, known as adipoR1 and adipoR2 (Yamauchi et al., 2003). The other, 

T-cadherin, without a transmembrane domain that has been proposed to act as a co-receptor for 

the high-molecular-weight forms of adiponectin on endothelial and smooth muscle cells (Hug et 

al., 2004). Adiponectin levels are inversely correlated with body mass (Hotta et al., 2001; 

Yatagai et al., 2003). Adiponectin stimulates AMPK activity in the liver and skeletal muscle, 

with profound effects on fatty acid oxidation and insulin sensitivity (Lago et al., 2007). 

Adiponectin enhances glucose-stimulated insulin secretion in islets from mice with diet-induced 
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obesity but has no effect on insulin secretion in islets from healthy mice or humans (Winzell et 

al., 2004). 

 

2.4.4.4 Resistin 

As one of a family of cysteine rich resistin-like molecules (RELMs) (Steppan et al., 2001b), 

resistin (also known as FIZZ3) was discovered as a secreted product of mouse adipocytes that 

was repressed by thiazolidinedione class of antidiabetic drugs (Steppan et al., 2001a). Resistin 

increases hepatic glucose output and reduces glucose uptake by muscle and fat (Banerjee et al., 

2004; Steppan and Lazar, 2004). Although there are several multimeric forms of resistin 

circulating in plasma in mice, the lower molecular weight forms appear to be more active (Patel 

et al., 2004). Resistin, expressed exclusively in adipocytes in mice (Steppan et al., 2001a) but 

predominantly in macrophages in humans (Patel et al., 2003), was increased in insulin resistant 

states in mice and humans (Osawa et al., 2004; Rajala et al., 2004). Source of human resistin is 

debated and the data suggest that human resistin is the product of macrophages or other stromal 

cells with the fat pad (Kaser et al., 2003; Patel et al., 2003).  

 

2.4.4.5 Retinol-binding protein 4 

Retinol-binding protein 4 (RBP4), identified as a secreted member of the lipocalin 

superfamily, was coordinately regulated by changes in adipocyte glucose transporter 4 (GLUT4) 

levels in mice. Overexpression of RBP4 impairs hepatic and muscle insulin action in mice (Yang 

et al., 2005). High serum RBP4 levels are associated with insulin resistance in obese humans and 

in those with type 2 diabetes as well as in lean, nondiabetic people with a family history of 

diabetes (Graham et al., 2006). 
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2.4.5 Inflammation 

Meta-flammation (metabolically triggered inflammation) principally triggered by nutrients 

and metabolic surplus, engages a set of molecules and signaling pathways involved in classical 

inflammation. Increasing adiposity and many of the more typical proinflammatory stimuli, 

including cytokines and TLRs, simultaneously activates both JNK (c-Jun N-terminal kinases) 

and IKKβ (IκB kinase-β). JNK promote insulin resistance through the phosphorylation of serine 

residues in IRS-1 (Aguirre et al., 2000; Aguirre et al., 2002; Cai et al., 2005; Hirosumi et al., 

2002; Ozcan et al., 2004; Werner et al., 2004; Yuan et al., 2001). IKKβ phosphorylates the IκB 

protein inhibitors of NF-κB, targeting IκBα for proteasomal degradation, and liberates NF-κB for 

translocation into the nucleus, where it promotes the expression of numerous target genes whose 

products induce insulin resistance (Shoelson et al., 2006).  

Cellular stress, including reactive oxygen species (ROS) and endoplasmic reticulum (ER) 

stress, also activate JNK and NF-κB. Systemic markers of oxidative stress increases with 

adiposity. Lipid accumulation in the adipocyte activates NADPH oxidase which increases the 

ROS production. This can further increase the production of TNF-α, IL-6, and monocyte 

chemoattractant protein-1 (MCP-1), and decrease the production of adiponectin (Furukawa et al., 

2004). Increased adiposity in obesity challenges ER function and capacity owing to architectural 

constraints that limit ER expansion as well as altered energy and nutrient availability and cause 

ER stress (inflammation and metabolic disorders). In both dietary and genetic obesity, ER stress 

is shown to be increased in adipose and liver tissue (Ozcan et al., 2004). ER stress activates JNK 

leading to serine phosporylation of insulin receptor substrate-1 (IRS-1) and also activates NF-κB 

(Ozcan et al., 2004). Cell stress and saturated fats may promote synthesis of ceramides, which 
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accumulate in tissue such as muscle and activate JNK and NF-κB, correlating with the degree of 

insulin resistance (Straczkowski et al., 2004). 

 

2.5 Peripheral insulin resistance, progressive -cell failure, and development of diabetes 

2.5.1 Liver: Liver provides most of the glucose for utilization by the brain under basal or fasting 

conditions (Defronzo, 2009). A characteristic feature of type 2 diabetes is increased HGP. Insulin 

resistance in liver increases hepatic gluconeogenesis to increase HGP in type 2 diabetes (Consoli 

et al., 1990; DeFronzo and Ferrannini, 1987; Magnusson et al., 1992). Increased circulating 

glucagon levels and enhanced hepatic sensitivity to glucagon; increased expression and activity 

of phosphoenolpyruvate carboxykinase and pyruvate carboxylase (key enzyme of 

gluconeogenesis) because of elevated free fatty acids (lipotoxicity) (Gastaldelli et al., 2000); and 

increased expression and activity of glucose-6-phosphatase (key enzyme for glucose release 

from liver) by glucotoxicity (Clore et al., 2000) all contribute to accelerated HGP.  

 

2.5.2 Skeletal muscle: Muscle insulin resistance accounts for 85-90% of impairment in total 

body glucose disposal in type 2 diabetic subjects (DeFronzo et al., 1985; Pendergrass et al., 

2007). This impaired glucose transport and phosphorylation (Bonadonna et al., 1996; Cline et al., 

1999; Mandarino et al., 1995; Pendergrass et al., 2007; Rothman et al., 1992), has been shown to 

reduce glycogen synthesis (Mandarino et al., 1987; Shulman et al., 1990; Shulman et al., 1985), 

and decrease glucose oxidation (Felber et al., 1987; Golay et al., 1988; Groop et al., 1989; Groop 

et al., 1991) in type 2 diabetic subjects.  
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2.5.3 Adipose tissue: In fat cells, resistance to insulin’s antilipolytic effect causes day-long 

elevation in plasma FFA concentration (Bays et al., 2004; Bays et al., 2008; Bonadonna and De 

Fronzo, 1991; DeFronzo, 2004; Fraze et al., 1985; Groop et al., 1989; Groop et al., 1991). The 

elevation of plasma FFA levels (lipotoxicity) stimulate gluconeogenesis (Bevilacqua et al., 1987; 

Ferrannini et al., 1983; Williamson et al., 1966), induce hepatic/muscle insulin resistance (Felber 

and Vannotti, 1964; Golay et al., 1988; Roden et al., 1996; Thiebaud et al., 1982) and impair 

insulin secretion (Carpentier et al., 2000; Kashyap et al., 2003). Excessive amounts of insulin 

resistance-induced adipocytokines were secreted by dysfunctional fat cells (Bays et al., 2004; 

Bays et al., 2008). Enlarged fat cells are insulin resistant and lose the capacity to store fat which 

cause lipid “overflow” into muscle, liver, and β-cells to aggravate muscle/hepatic insulin 

resistance (Bays et al., 2004; Bays et al., 2008).  

 

2.5.4 Gut: As a major endocrine organ, the gut also contributes to the pathogenesis of type 2 

diabetes. The incretin effect in gastrointestinal tissues mainly depends on GLP-1 and GIP. 

Incretin can inhibit glucagon secretion (GLP-1) (Drucker, 2006; Drucker and Nauck, 2006; 

Meier and Nauck, 2006) and suppress HGP (Defronzo, 2009; Edgerton et al., 2009; Ionut et al., 

2008). In type 2 diabetes, a deficiency of GLP-1 (Drucker, 2006; Drucker and Nauck, 2006; 

Meier and Nauck, 2006) and resistance to GIP were observed (Holst, 2006; Meier et al., 2001; 

Nauck et al., 1986; Nauck et al., 1993a).  

 

2.5.5 Kidney: Kidney has also been implicated in the pathogenesis of type 2 diabetes because the 

ability of the diabetic kidney to reabsorb glucose appears to be augmented by an absolute 
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increase in the renal reabsorptive capacity for glucose (Dominguez et al., 1994; Kamran et al., 

1997; Mogensen, 1971; Noonan et al., 2001).  

 

2.5.6 Brain: brain tissue is also implicated in the pathogenesis of type 2 diabetes. In a study using 

functional magnetic resonance imaging (MRI) examining the cerebral response to an ingested 

glucose load, it was found that in two areas in hypothalamus (key centers for appetite 

regulation), the magnitude of the inhibitory response following glucose ingestion was found to 

be reduced in obese, insulin-resistant, normal glucose tolerance subjects even though the plasma 

insulin response was increased in the obese group (Matsuda et al., 1999). Cerebral insulin 

resistance leading to increased HGP and reduced muscle glucose uptake was observed in rodent 

studies (Obici et al., 2002; Obici et al., 2001). 

 

2.5.7 Progressive β-cell failure: Insulin resistance is important in the progressive β-cells failure 

of type 2 diabetes because of the increased demand on β-cells to hypersecrete insulin. Elevated 

plasma free fatty acid (FFA) levels (lipotoxicity) impair insulin mRNA expression, decline of 

glucose-stimulated insulin release and reduction of islet insulin secretion (Higa et al., 1999). 

Chronically elevated plasma glucose levels (glucotoxicity) also impair β-cells function (Rossetti 

et al., 1990). Abnormalities in incretins (GLP-1 and glucose-dependent insulinotrophic 

polypeptide or gastric inhibitory polypeptide, GIP) play an important role in β-cells failure of 

type 2 diabetes, too. There is a deficiency of GLP-1 (Drucker, 2006; Drucker and Nauck, 2006; 

Meier and Nauck, 2006) and resistance to GIP in type 2 diabetes (Holst, 2006; Meier et al., 2001; 

Nauck et al., 1986; Nauck et al., 1993a). 
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Thus, as described above, insulin resistance in peripheral tissues, and the impaired ability of 

β-cells to compensate, leads to progressive -cell failure, and the development of type 2 diabetes. 

 
2.6 Antidiabetic drugs and their site of action 
 
2.6.1 Alpha-glucosidase inhibitor 
 

To achieve blood glucose level (especially postprandial hyperglycemia, PPHG) as close to 

normal as possible is the most challenging goal in the treatment of patients with type 2 diabetes. 

To control PPHG, much attention has recently been given to delay the absorption of glucose and 

transport across the intestinal brush border membrane after a meal (Rao and Tiwari, 2002). 

Alpha-glucosidase (EC 3.2.1.0) is the key enzyme of the metabolism of carbohydrate. Inhibition 

of intestinal α-glucosidases decreases postprandial glucose levels by delaying the process of 

carbohydrate hydrolysis and absorption. Thus, α-glucosidase is a key therapeutic target in the 

management of type 2 diabetes mellitus (Shinde et al., 2008). Without causing hyperinsulinemia, 

body weight gain and hypoglycemic threat, α-glucosidases inhibitors are currently the most 

commonly used oral agent for ameliorating PPHG. Acarbose, miglitol and voglibose are three α-

glucosidases inhibitors currently available to treat type 2 diabetes.   

 
2.6.2 Dipeptidyl peptidase (DPP)-IV inhibitors 
 

Incretin hormone has potent glucose-dependent insulinotropic properties, β cells’ tropic 

effects, and intestinal motility inhibitory effects, all of which contribute to the reduction of 

plasma glucose (Deacon, 2004). Glucagon-like peptide 1 (GLP-1) and glucose dependent 

insulinotropic peptide (GIP) account for the majority of incretin action (Drucker, 2003). As a gut 

hormone, GLP-1 plays a key role in glucose homeostasis via its incretin effect. Produced from 

the enteroendocrine L-cell of small intestine, GLP-1 is secreted in response to meal and 
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nutrients. Actions of GLP-1 include: (a) stimulate insulin release from the pancreatic islets and 

suppress post-prandial glucagon release in a glucose dependent manner, (b) delay gastric 

emptying, increase satiety and decrease appetite (Drucker, 2002; Kieffer and Habener, 1999; 

Nauck et al., 1993b; Nauck et al., 1997), and (c) stimulate beta-cell proliferation and 

differentiation to increase pancreatic beta cell mass and function (Abraham et al., 2002; Zhou et 

al., 1999). However, GLP-1 has a very short half-life and is rapidly degraded inside our body by 

the enzyme dipeptidyl peptidase (DPP)-IV. DPP-IV inhibitor that can block the DPP-IV enzyme 

can increase the endogeneous GLP-1 level and thus enhances the incretin action. Incretin 

mimetics such as exanatide mimics the action of GLP-1. While GLP-1 lasts only 2 minutes, 

exanatide lasts nearly 10 hours. Exanatide has been shown to improve diabetes control and to 

produce weight loss in most patients. DPP-IV inhibitors (for example, sitagliptin and 

vildagliptin) may be used alone or in combination with other antidiabetic drugs. These drugs are 

fairly well tolerated by most patients, have minimal side effects and are usually not associated 

with weight changes during therapy. 

 

2.6.3  5'-AMP-activated protein kinase (AMPK) activators 
 

Described as a “metabolic master switch” that regulates the cellular adaptation to nutritional 

and environmental variations, AMPK has a crucial function to mediate cellular and whole-body 

energy homeostasis. Response to pathological conditions such as severe metabolic shock 

(hypoxia or ischaemia) or other stresses (heat, starvation or prolonged exercise) activate AMPK 

to inhibit energy-consuming biosynthetic or anabolic pathways (such as fatty acid synthesis in 

liver and adipocytes, cholesterol synthesis in liver, protein synthesis in liver and muscle and 

insulin secretion from β-cell) and to promote ATP-producing catabolic pathways (such as fatty 
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acid uptake and oxidation in multiple tissue, glycolysis in heart and mitochondrial biogenesis in 

muscle) (Rutter et al., 2003; Viollet et al., 2009).  

Mammalian AMPK is a trimeric enzyme composing of three different subunits, catalytic α 

(α1 or α2) and non-catalytic β (β1 or β2) and γ (γ1, γ2 or γ3), each encoded by a different gene. 

Expression and distribution of the three subunits are different. The α1 subunit is rich in the 

kidney, the lung and the adipose tissue, while α2 subunit is rich in heart and skeletal muscles. 

The regulatory β1 subunit is strongly expressed in the liver, whereas β1 subunit is predominantly 

found in skeletal muscle. The regulatory γ1 and γ2 subunits can be found in most tissue but γ3 is 

preferentially expressed in skeletal muscle (Viollet et al., 2009). There are three domains in the 

primary structure of α subunit: an N-terminal catalytic domain that contain a serine/threonine 

protein kinase (typical of the protein kinase superfamily) and a key site for activating AMPK by 

upstream kinases allowing phosphorylation at threonine residue Thr172 within the activation 

loop (T-loop), a central domain that seems to have an inhibitory function and a C-terminal 

regulatory binding domain which allow β and γ to bind (Hawley et al., 1996; Rutter et al., 2003; 

Stein et al., 2000). Interaction between α and γ subunit seems to be stabilized by the β subunit 

through its binding domain in the C-terminal part (Crute et al., 1998; Pang et al., 2007).  

AMPK activity is regulated by both direct allosteric activation (by AMP) and reversible 

phosphorylation of AMPKα subunit on Thr172 by upstream kinases (AMPKK). AMPK activity 

is increased (> 1000 fold) by the combination of the allosteric and phosphorylation effects which 

allow small changes in cellular energy status to respond in a highly sensitive manner. After high 

cellular energy demand, intracellular ATP decreases while AMP increases which cause an 

increase of AMP/ATP ratio. Allosteric activation, phosphorylation of Thr172 by AMPKK and 

inhibition of dephosphorylation of Thr172 by protein phosphatases are promoted by the binding 
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of AMP to the AMPK γ subunit. One known AMPKK is Ca2+/calmodulin-dependent kinase 

kinase β (CaMKKβ) which response to changes of cytoplasmic Ca2+ levels and indicate an 

alternative AMPK activation pathway in the absence of AMP increment (Hawley et al., 2005; 

Hurley et al., 2005; Woods et al., 2005).  

Activation of AMPK has been shown to phosphorylate and inactivate ACC (Acetyl-CoA 

carboxylase), resulting in the inhibition of conversion of acetyl CoA to malonyl CoA for fatty 

acid synthesis, and de-inhibition of carnitine palmitoryltransferase I (CPT1), increasing fatty acid 

(long-chain acyl CoAs) β-oxidation by mitochondria (especially in muscle) (Park et al., 2002; 

Winder, 1998). The glucose homoeostasis role of AMPK is shown by the use of the cell-

permeant adenosine analogue, AICAR (5-Aminoimidazole-4-carboxamide-1-β-D-

ribonucleoside). It is rapidly taken up into cells and metabolized to form the AMP analog, ZMP. 

AICAR does not change the intracellular levels of AMP or ATP (Hardie et al., 1998). AICAR 

recruits GLUT4 to the plasma membrane in both heart and skeletal muscle cells, indicating a role 

for AMPK in promoting GLUT4 transduction through an insulin-independent pathway 

(Bergeron et al., 1999; Kurth-Kraczek et al., 1999). Glucose uptake can be increased efficiently 

in an insulin-independent manner (as in diabetes subjects) by stimulating AMPK in skeletal 

muscle (Hardie, 2004). Akt substrate of 160kDa (AS160/TBC1D4, Akt downstream) and it 

homolog, TBC1D1, both as Rab-GTPase activating protein, are recently identified downstream 

effectors of AMPK to regulate the translocation of GLUT4 from intracellular vesicles to the 

plasma membrane by interacting with small G-proteins, such as Rab, in a GDP-bound state 

(Sakamoto and Holman, 2008). Exercise or muscle contraction is a prototypical AMPK activator 

(Hayashi et al., 1998). Reversely, activation of AMPK also show exercise mimetic effects. 

Administration of AICAR increases running endurance in untrained mice (Narkar et al., 2008).  
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Hepatic glucose production (HGP), a major cause of fasting hyperglycemia in diabetic 

subjects, is found to be inhibited by activation of AMPK. AICAR-treated normal and insulin-

resistance obese rats show inhibition of HGP (Bergeron et al., 2001). Metformin, a widely used 

antidiabetic drug, activates AMPK through activation of its upstream kinase LKB1, effectively 

lowering blood glucose (Shaw et al., 2005). Metformin shows HGP inhibitory effect in cultured 

rat hepatocytes (Zhou et al., 2001). Activation of AMPK by AICAR shows gluconeogenesis 

inhibitory effect by down regulating PEPCK (phophoenolpyruvate carboxykinase) and G6Pase 

(glucose-6-phosphatase) gene expression in hepatoma cells (H4IIE) which further inhibit HGP 

(Lochhead et al., 2000). Including ACC, AMPK inhibits 3-hydroxy-3-methylglutaryl-coenzyme 

A reductase (HMG-CoA reductase, key enzyme for hepatic cholesterol synsthesis) in liver, and 

suppresses expression of lipogenesis-related genes such as fatty acid synthase (FAS) and L-type 

pyruvate kinase (Foretz et al., 2005; Foretz et al., 1998; Leclerc et al., 1998; Leclerc et al., 2001; 

Woods et al., 2000). Increased plasma triglyceride levels and enhanced hepatic lipogenesis 

showing in AMPKα2KO mice (deleted AMPKα2 gene specifically in the liver) emphasizes the 

critical role of AMPK in the control of hepatic lipid deposition through decreased lipogenesis 

and increased lipid oxidation to improve lipid profile in type 2 diabetes (Andreelli et al., 2006). 

AMPK activation has been shown to improve nonalcoholic fatty liver disease (NAFLD, a 

disorder of triacyglycerol accumulation in the liver) by decreasing fatty acid biosynthesis and 

increasing mitochondrial fatty acids oxidation. This is confirmed by an AICAR-treated decline in 

liver triglycerides in lean and obese rodents (Bergeron et al., 2001).  

Insulin resistance, insulin secretion and different degrees of β-cell failure are associated with 

the pathogenesis of type 2 diabetes. Prolonged β-cell function failure leads to glucose intolerance 

and chronic high glucose dramatically influences β-cell metabolism and ultimately leads to 
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impaired insulin secretory response to glucose and β-cell apoptosis. Surprisingly, activation of 

AMPK suppresses glucose-stimulated insulin secretion in β-cell. AICAR or metformin treatment 

markedly reduces glucose-stimulated insulin secretion in β-cell lines and in rodent and human 

islets (Eto et al., 2002; Leclerc et al., 2004). This is thought to provide β-cell rest by reducing 

insulin release to protect against the negative effects of overstimulation (Tsuboi et al., 2003).  

Several cytokines, such as leptin and adiponectin, have been shown to stimulate glucose 

transport in muscle in an AMPK dependent manner. Together, these offer a mechanistic basis to 

AICAR’s effects in the prevention of the development of hyperglycemia in Zucker diabetic fatty 

(ZDF) rats, improvement of peripheral insulin sensitivity in skeletal muscle, and delay in β-cell 

dysfunction associated with type 2 diabetes (Pold et al., 2005). 

Phytochemicals or polyphenols such as resveratrol (mainly from red wine and grape) and 

epigallocatechin-3-gallate (EGCG, mainly from green tea) were identified as potent activators of 

AMPK in vitro and in vivo (Baur et al., 2006; Collins et al., 2007; Zang et al., 2006). Activation 

of AMPK by resveratrol decreased lipid accumulation in the liver of diabetic mice (Baur et al., 

2006).  

 
2.6.4 Peroxisome Proliferator-Activated Receptor-gamma (PPAR-γ) 
 

Peroxisome proliferator-activated receptors are members of the nuclear hormone receptor 

superfamily and ligand-active transcription factors that regulate several metabolic pathways 

(Braissant et al., 1996). In the presence of a ligand, PPARs form heterodimers with members of 

the retinoid X receptor (RXR, subfamily of nuclear hormone receptors) to cause a 

conformational change and recruit a co-activator to form a complex which binds to peroxisome 

proliferator response elements (PPRE) in target genes and stimulates their expression (Gampe et 

al., 2000; Nolte et al., 1998). In addition, PPARs can also function independently in the absence 
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of a hetero-partner or can regulate gene expression independently of PPRE, either by suppressing 

other transcription factor (TF) like GHP-1 (growth hormone protein-1, a transcription factor 

involved in pituitary specific gene expression), or by interfering with other signal transducer and 

activator like AP-1 (activator protein-1), signal transducer and activator of transcription (STAT)-

1 and NF-κB (Feige et al., 2006; Feinstein et al., 2005; Ricote et al., 1998; Tan et al., 2005; 

Tolon et al., 1998). 

Three isotypes of human PPAR (α, β/δ referred as δ, and γ) have been identified so far, each 

showing distinct tissue distributions, physiological roles and ligand specificity. Found in liver, 

kidney, heart, and muscle, tissues that exhibit high levels of fatty acid (FA) catabolism, PPARα 

is important for the uptake and oxidation of FA and lipoprotein metabolism and is the target for 

the lipid lowering fibrates which cause decrease triglycerides (TG) levels in plasma and an 

enhancement of high density lipoprotein cholesterol (HDL-C). Localized in fat, large intestine 

and macrophages, PPARγ plays an important role in adipocyte differentiation, lipid storage or 

redistribution and is the receptor for a well-known class of antidiabetic insulin sensitizer drugs, 

thiazolidinediones (TZD), such as ciglitazone, pioglitazone, rosiglitazone, and troglitazone 

(Berger and Moller, 2002; Desvergne et al., 2004; Feige et al., 2006; Gross and Staels, 2007a; 

Kersten et al., 2000; Michalik et al., 2004; Michalik and Wahli, 2006; Willson et al., 2000). 

Expressed in most cell types, PPARδ agonists play important roles in the regulation of lipid and 

lipoprotein metabolism, treatment in dyslipidemia and cancer, and cell differentiation within the 

central nervous system. 

Controlled by ligand binding, PPARγ has a lot of ligand-dependent transcriptional activity 

because it has a large ligand binding pocket which binds both natural and synthetic molecules 

(Gelman et al., 2007; Ulivieri and Baldari, 2007). Many natural ligands like fatty acids or fatty 
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acid derivatives are obtained through the diet or from intracellular signaling pathways (Garcia-

Bates et al., 2008). The two natural ligands prostaglandin D2 (PGD2), and 15-deoxy-Δ12,14- 

prostaglandin J2 (15d-PGJ2) are derived from arachidonic acid by the catalytic activities of the 

cyclooxygenase-2 (Cox-2) and prostaglandin D synthase (Feldon et al., 2006; Forman et al., 

1995; Kliewer et al., 1995; Wigren et al., 2003). 15d-PGJ2 activates PPARγ at low micromolar 

concentrations and is thought to be the most potent endogenous ligand for PPARγ (Forman et al., 

1995; Wang et al., 2006; Willson et al., 2000). TZD is a synthetic PPARγ ligand with known 

side effects. These include hepatotoxicity (troglitazone), weight gain, edema, increased 

lipoprotein(a) concentrations, and probably enhanced risk of heart failure and cardiac 

hypertrophy (Gelman et al., 2007; Staels and Fruchart, 2005). Generally, the structure of natural 

and synthetic ligands comprise a polar head (carboxylate function or TZD group, for instance) 

and a hydrophobic tail (Zoete et al., 2007). Two isomers of PPARγ (γ1 and γ2) are formed by 

alternative splicing and promoter usage which make PPARγ2 differ from PPARγ1 by only 30 

additional amino acids in the N-terminal (Fajas et al., 1997). 

Activation of PPAR by TZDs in type 2 diabetes patients decrease glycated hemoglobin 

(HbA1c), fasting and postpradial glucose levels, and lower circulating insulin levels by largely 

improving insulin sensitivity (Gross and Staels, 2007b). TZD treatment remodels adipocyte as a 

result of selective pre-adipocyte differentiation in subcutaneous depots and apoptosis of older 

and larger insulin-resistant visceral adipocytes. This makes the newer adipocytes smaller in size 

and more sensitive to insulin (Arner, 2003; Kahn et al., 2000). Lipolysis of circulating TGs and 

their storage in adipose tissue are enhanced by TZDs. TZD reduce FFA release by stimulating 

the use of glycerol for TG production. The hypoglycemic effect of TZDs is because of this 

reduction in FFAs which alleviates lipotoxicity in skeletal muscle, liver and pancreas, leading to 
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a reduction in hepatic glucose production and improved glucose utilization in skeletal muscles 

(Arner, 2003; Kahn et al., 2000). To allow the release of fatty acids from plasmatic transport 

proteins and to promote their cellular uptake (key roles of PPARs in lipid metabolism), both 

PPARα and PPARγ directly regulate the expression of lipoprotein lipase (LPL) to enhance fatty 

acid release from lipoproteins (Martin et al., 1997). Besides passing plasma membrane by 

passive diffusion, the FA (or lipophilic molecules) uptake in tissues with high capacities of 

consumption or storage is increased by the activity of specific transporters. The expression of the 

fatty acid translocase (FAT, also called CD36 in macrophages), a membrane receptor that binds 

oxidized low-density lipoproteins (oxLDL) and promotes fatty acid and cholesterol uptake, is 

also under the control of PPARα and PPARγ. Furthermore, PPARγ directly controls the 

transcription of the oxidized LDL receptor 1 (OLR1) in adipocytes. PPARα and PPARγ also 

activate the expression of fatty acid transport proteins (FATP) to promote fatty acid import (cross 

the plasma membrane) after which fatty acid is activated in acyl-CoA for further utilization. In 

this process, acyl-CoA synthetase (ACS) expression is regulated by PPARα and PPARγ. 

Interestingly, FATP-1 has been shown to be a very long chain acyl-CoA synthetase to facilitate 

mammalian fatty acid uptake via esterification coupled influx (Coe et al., 1999). The genes 

encoding fatty acid binding proteins, such as adipocyte-FABP (aP2) or liver-FABP, a family of 

intra-cellular lipid carriers expressed in a tissue-specific manner, are some of the best 

characterized targets of PPAR (Coe et al., 1999). 

PPARγ activation increases glucose uptake in adipocytes and muscle cells and reduce 

plasma glucose levels partly by a direct action on insulin-stimulated glucose disposal which 

increases the expression and the translocation to the cell surface of the glucose transporters 

GLUT1 and GLUT4 (Kramer et al., 2001). PPARγ activation enhances the expression of 
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intracellular proteins such as c-Cbl-associated protein (CAP) to modulate the insulin signal 

pathway (Baumann et al., 2000). PPARγ agonists inhibit the expression of cytokines such as 

resistin, tumor necrosis factor α (TNFα), and interleukin-6 which promote insulin resistance. 

PPARγ agonists increase adiponectin concentrations in plasma. Adiponectin increases FA 

oxidation in liver and skeletal muscle and improves insulin sensitivity in skeletal muscle and 

liver, and decreases glucose production in liver, resulting in decreased circulating FFAs and TG 

and glucose levels (Yamauchi et al., 2001). 

 

2.7 Functional foods, dietary supplements, and phytochemicals 

Functional foods transmit specific beneficial properties above their basic nutritional 

contribution. The US dietary Supplement Health and Education Act (DSHEA, passed in 1994) 

defines the term “dietary supplement” as a vitamin or mineral, a herb or other plant-derived 

chemical, an amino acid, a dietary supplement by increasing the total dietary intake (including 

enzymes or tissues from organs or glands), or a concentrate, metabolite, constituent, or extract of 

these. Phytochemicals are non-nutritive plant chemicals that have protective or disease 

preventive properties. They are biologically active plant-derived compounds which structurally 

and functionally mimic hormones such as insulin, estrogen, etc., (Cederroth and Nef, 2009). The 

beneficial actions of phytochemicals include antioxidant, hormonal action, enzyme activation, 

interference with DNA replication, anti-bacterial effect and physical action. Oral administration 

of American Ginseng Berry Juice, containing ginsenosides Re (0.88 mg/g), Rb2 (0.77 mg/g), Rb3 

(2.90 mg/g), Rb (0.39 mg/g), reduces blood glucose and body weight in ob/ob mice (Xie and 

Foo, 2007). Black soy peptide (BSP) treatment significantly decreases bodyweight, and liver and 

epididymal adipose tissue weight gain in dietary obese rats. Moreover, BSP groups had a lower 
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total cholesterol concentration and low-density lipoprotein/high-density lipoprotein (LDL/HDL) 

ratio in serum and a lower level of hepatic triglycerides but higher excretion of feces than casein 

group suggesting BSP may be a potent bioactive component for anti-obesity and hypolipidemic 

benefits though modulation of lipid composition (Rho, 2007). Recent studies have shown that the 

hypoglycemic effect of the exopolysaccharides (EPS, from two different mushrooms, Tremella 

fuciformis and Phellinus baumii) in ob/ob mice was mediated through PPAR-γ activition which 

suggested that the EPS derived from the mushroom might be used as potential oral hypoglycemic 

material or functional foods for the management of type 2 diabetes (Cho et al., 2007). Significant 

decrease in body weight gain, concentration of plasma triglyceride (TG), plasma cholesterol 

(TC) was found in FIBL-treated (flavone from Ipomoea Batatas, sweet potato leaf) type 2 

diabetic rats. Moreover, FIBL treatment lowered fasting plasma insulin level, blood glucose 

(FBG) level, low density lipoprotein cholesterol (LDL-C), and malondialdehyde (MDA) levels, 

and increased insulin sensitive index and superoxide dismutase (SOD) level in diabetic rats with 

the dose of 50 mg/kg body weight FIBL being found to give the optimal effect (Zhao, 2007). 

Recent studies using Roquefort cheese demonstrated high water soluble phenolic content, DPPH 

radical inhibition activity, α-glucosidase and α-amylase inhibitory activity. All three herb, fruit, 

and fungal-enriched cheese samples in the study had significant ACE-I inhibitory activity, 

indicative of potential anti-diabetic and anti-hypertensive effects of Roquefort cheese 

(Apostolidis et al., 2007). 

Plant derivatives with purported anti-diabetic properties have been used in folk medicine, 

traditional healing systems, and as complementary and alternative therapy. Several 

comprehensive reviews cite evidence of plants used in the treatment of diabetes (Marles and 

Farnsworth, 1995; Yeh et al., 2003). The discovery and synthesis of the hypoglycemic drug, 
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metformin (Glucophage), can be attributed to early findings (1918) of hypoglycemic activity of 

guanidine in French lilac (Galega officinalis) extracts (Watanabe, 1918).  Some examples of 

botanicals that are thought to lower blood glucose include gymnema, fenugreek, bitter melon, 

ginseng, and nopal (Shane-McWhorter, 2001). A wide range of plant-derived principles 

belonging to compounds, mainly alkaloids, glycosides, galactomannan gum, polysaccharides, 

hypoglycans, peptidoglycans, guanidine, steroids, phenolics, glycopeptides and terpenoids, have 

demonstrated bioactivity against hyperglycaemia (Marles and Farnsworth, 1995).  

 

2.8 Curcumin 

Curcumin (diferuloylmethane) is an 

orange-yellow substance and the principal 

bioactive component of turmeric (curcuma 

longa). Turmeric is a traditional remedy and 

an ancient spice that has been used as 

condiment, flavoring agent, and medicine. 

Turmeric (Curcuma longa) plant is a 

member of the curcuma botanical group and 

ground turmeric is obtained from the 

crushed and powered root and rhizome 

(underground stem) of Curcuma longa plant. 

Curcumin constitutes approximately about 

2-5% of turmeric powder. Curcuminoids in 

the dried rhizome of C. longa is a rich 

Figure 2: Chemical structure of curcuminoids 
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source of phenolic compounds, which include curcumin, demethoxycurcumin and 

bisdemethoxycurcumin (Kiuchi et al., 1993). Tetrahydrocurcumin (THC) is one of metabolites of 

curcumin (Fig. 2). Commercial curcumin contains approximately 77% curcumin, 17% 

demethoxycurcumin, and 3% bisdemethoxycurcumin. Due to its ability to treat a wide variety of 

disorders without any side effect, curcumin has been of considerable interest to researchers. 

Curcumin has been shown to regulate numerous transcription factors, cytokines, protein kinase, 

adhesion molecules, redox status and enzymes linked to inflammation. Curcumin is soluble in 

ethanol, dimethylsulfoxide, and acetone but insoluble in water and ether.  Its melting point is 

183˚C and molecular formula is C21H20O6.    

Several reports have shown that curcumin inhibits NF-κB as shown in Table 1. It has been 

shown that curcumin can suppress blood glucose, increase the antioxidant status of pancreatic β-

cells, and increase the activity of PPAR-γ (Nishiyama et al., 2005). Other reports showed that 

curcumin and its metabolite THC (tetrahydrocurcumin) can lower blood glucose, modulate 

hepatic enzymes and increase insulin levels in STZ-induced diabetic rats (Murugan and Pari, 

2005) by decreasing peroxidation status and modulation of oxidative stress (Murugan and Pari, 

2006). These authors also showed that the effect of curcumin was not better than that of THC 

(Murugan and Pari, 2007b). 

Table 1: Inhibition of NF-κB Signaling Pathway 

Effects of curcumin Reference 
Inhibits NF-κB (Chuang et al., 2002) 
Inhibits TNF- production and release (Han et al., 2002) 
Regulation of proinflammatory cytokine expresstion (Literat et al., 2001) 
Downregulates chemokine expression and release (Hidaka et al., 2002) 
Inhibits IL-1-stimulated NF-κB and downregulates MMP 
gene expression 

(Onodera et al., 2002) 

Inhibits COX-2 transcription and expression  (Surh et al., 2001) 
Inhibits NOS expression and nitrite production (Pan et al., 2000) 

 



 32

One complication of diabetes is hyperlipidemia. The same authors examined the ability of 

curcumin to modulate the lipid profile in STZ-nicotinamide-induced diabetes. Curcumin 

significantly increased the plasma insulin levels and decreased blood glucose, cholesterol, 

triglycerides, free fatty acids, phospholipids, HMG-CoA reductase activity, VLDL, and LDL 

cholesterol levels in serum and liver of these rats (Murugan and Pari, 2007a). 

The capability of curcumin to ameliorate diabetes and inflammation insulin resistance was 

examined in a mouse obesity model (Weisberg et al., 2008). It was found that curcumin 

treatment ameliorated diabetes in high-fat diet-induced obese and leptin-deficient ob/ob male 

C57BL/6J mice, as evidenced by glucose and insulin tolerance tests and hemoglobin A1c levels 

(Table 2). Curcumin treatment also significantly decreased macrophage infiltration of white 

adipose tissue, improved adipose tissue adiponectin production, and reduced hepatic nuclear NF-

κB activity, hepatomegaly, and marker of hepatic inflammation. 

Curcumin was reported to retard islet ROS generation and inhibit apoptosis which indicate 

that curcumin protects islets against STZ-induced oxidative stress by scavenging free radicals 

(Meghana et al., 2007). Pancreatic islet cells are protected from death in this manner, which may 

be beneficial in the treatment of diabetes mellitus. Another report indicated that curcumin 

treatment enhances islet recovery by inducing heat-shock protein 70, a response protein, and 

heme oxygenase-1 during cryopreservation (Kanitkar and Bhonde, 2008). 

One of the most devastating microvascular complications of long-standing type 1 and type 2 

diabetes is diabetic retinopathy which is caused by the oxidative stress and inflammation 

(Haidara et al., 2006; Kowluru and Chan, 2007). Curcumin was found to stop the development of 

STZ-induced diabetic cataracts in rats by inhibition of hyperglycemia-induced aggregation and 

insolubilization of lens proteins (Suryanarayana et al., 2005; Suryanarayana et al., 2007). 
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Curcumin also has the ability to inhibit VEGF expression in rats with STZ-induced diabetic 

retina. The hyperglycemia-mediated induction of VEGF can stimulate neovascualrization which 

has been implicated in the pathogenesis of diabetic retinopathy (Mrudula et al., 2007). 

Table 2: Effect of curcumin treatment in animal models of diabetes 

Animal Dose Effects of curcumin Reference 
Mice 3% diet Anti-diabetic and anti-inflammatory in 

murine models of insulin-resistance and 
obesity 

(Weisberg et al., 2008) 

Rats 0.05% diet Suppress retinal oxidative stress and 
inflammation 

(Kowluru and Kanwar, 
2007) 

Rats 0.002, 
0.01% diet 

Inhibits hyperglycemia-induced VEGF 
expression in diabetic retina 

(Mrudula et al., 2007) 

Rats  0.002, 
0.01% diet 

Prevents diabetes-induced oxidative 
stress 

(Suryanarayana et al., 
2007) 

Rats  80 mg/kg, 
p.o 

Reduces serum and liver lipids level, 
HMG CoA reductase activity, and 
increased HDL. 
Decreases blood glucose, glycosylated 
haemoglobin and erythrocyte TBARS 
and increases plasma insulin, HG, 
erythrocyte antioxidants and the 
activities of membrane bound enzymes  

(Pari and Murugan, 
2007) 

Rats 80 mg/kg, 
p.o 

Improves specific insulin binding to the 
receptors, with receptor numbers and 
affinity binding reaching near-normal 
levels 

(Murugan et al., 2008) 

Rats 60 mg/kg, 
orally 

Restores the decrease in gene 
expression of muscarinic M1, insulin 
receptor, superoxide dismutase (SOD), 
choline acetyl transferase and increase 
in gene expression of muscarinic 
M3,α7-nicotinic acetylcholine receptor, 
acetylcholine esterase and GLUT3 in 
cerebral cortex. 

(Peeyush et al., 2009; 
Peeyush Kumar et al., 
2010) 

Rats  15, 30 
mg/kg p.o 

Ameliorates diabetic nephropathy in 
rats 

(Sharma et al., 2006a; 
Sharma et al., 2006b) 

Mice  0.2, 1.0 
g/100g of 
diet 

Induces hypoglycemia in genetically 
diabetic KK-Ay mice via binding to 
PPAR-γ 

(Kuroda et al., 2005) 

Rats  0.002, 
0.01% diet 

Delays diabetic cataract (Suryanarayana et al., 
2005) 
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Diabetic nephropathy is caused by chronic hyperglycaemia in diabetes.  Curcumin was 

found to increase hepatic and renal function biomarkers and protein levels in experimental type 2 

diabetic rats (Murugan and Pari, 2007b). Curcumin reversed the diabetes-induced total protein, 

albumin, globulin, and albumin/globulin ratio.  

The above studies suggest that curcumin or dietary curcuminoids may have beneficial 

effects in diabetes, with the potential to lower or normalize blood glucose levels in animal 

models of diabetes. However, the mechanism(s) mediating curcumin effects on glucose 

metabolism are poorly understood. 

 

2.9 Serviceberry 

Serviceberry (Amelanchier alnifolia Nutt.), also called Saskatoon berry, Juneberry, is a 

deciduous shrub that is native to the western United States and Canada. It is distributed in the 

southern Yukon and Northwest Territories, the Canadian prairie province and northern prairies 

of the United States (Hu et al., 2005). It belongs to the Rosaceae family, and the Amelanchier 

genus. Other fruits belonging to Rosaceae family include apples, pears, prunes, plums, cherries, 

apricots, strawberries, raspberries and blackberries. The mature fruit is a purple berry-like pome, 

1–1.5 cm in diameter, similar to a blueberry. A serving (a cup) of mature fruit weighs 

approximately 130–135 g, and a single berry commonly contains 1–5 very small seeds (Rogiers, 

1997). A. alnifolia was extensively used by native cultures both medicinally (as a disinfectant 

and to prevent miscarriages) and as a food source, often in forms such as pemmican (a mixture of 

dried meat, dried berries, and fat) (Burns Kraft et al., 2008). The Native people of North US and 

Canada used sun- and smoke-dried Saskatoon berries to flavor foods. Also, Canada’s aboriginal 

people used the fruit in soups, stews, meat dishes, pemmican and dried cakes. The juice from 
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Saskatoon berries was used to cure stomach ailments, and eye and eardrops were made from 

mature berries. It was also used as a food source by early explorers and pioneer settlers in these 

regions for preventing malnutrition-related diseases such as scurvy. Serviceberry has been 

cultivated and grown in orchards similar to blueberries (Hu et al., 2005; Mazza, 2008).  

Chemical studies on Saskatoon berries have shown that they contain about 82–84% water 

(major constituent), 15–20% sugar, small amounts of protein and fat, a fair amount of fiber and 

relatively large amounts of potassium, iron, magnesium and phosphorous. Vitamin C, thiamin, 

riboflavin, pantothenic acid, vitamin B-6, folate, vitamin A and vitamin E are found in saskatoon 

berries. The major functional components of Saskatoon berries are phenolic compounds, 

particularly the anthocyanins. In ripe saskatoon berries there are at least four anthocyanins of 

which cyanidin 3-galactoside and 3-glucoside account for about 61% and 21% of the total 

anthocyanins, respectively (Mazza, 2008). Cyanidin 3-xyloside, pelargonin 3-glucoside, and 

malvidin derivatives are other anthocyanins present in the fruit. Berries of A. alnifolia contain 

phenolic acids including 3-feruloylquinic, chlorogenic, and 5-feruloylquinic acids. Flavonoid 

compounds from the fruit include rutin, hyperoside, avicularin, and quercetin (Burns Kraft et al., 

2008). Anthocyanin content of Saskatoon berries ranges from 25 to 179 mg/100 g of berries and 

total phenolics range from 0.17% to 0.52% because content of total anthocyanin and total 

phenolics of fruit is affected by cultivar, maturity level and year of production. Benzaldehyde is 

the predominant aroma component of saskatoon berry and malic and citric are the predominant 

acids. Saskatoon berries are excellent sources of iron supplying 22.3% of the established 

Recommended Dietary Allowance (RDA) in a 100 g serving. The occurrence of carotene was 

reported earlier in Saskatoon berries; but, no reliable quantitative data on the carotenoid 

composition of Saskatoon berries have been reported. Prunasin, a cyanogenic glycoside, found in 
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trace amounts in prunes, plums, cherries, apricots, maize, beans and lettuce has been found in 

leaves and twigs of the Saskatoon shrubs during the bloom stage; however, there are no reports 

on the qualitative and quantitative composition of cyanogenic glycosides in Saskatoon berries.  

More recently, it was found that a concentrated crude extract of A. alnifolia berries inhibited 

nitric oxide production in activated macrophages, indicating a potential protective role against 

cardiovascular disease and chronic inflammation (Wang and Mazza, 2002). It was also found the 

berries of A. alnifolia to be strong scavengers of free radicals without reducing cell viability (Hu 

et al., 2005). Fruit from the similar species, A. canadensis and A. arborea, inhibit 

cyclooxygenase-1 and -2 in vitro, indicating a role in moderating inflammation (Adhikari et al., 

2006).

Serviceberry (Amelanchier alnifolia), found in the North Glacier forests of the Rocky 

Mountains in Montana, have been used by American Indians for treating diabetes (Johnston, 

1987). This species continues to be used to-date, by the Blackfeet tribe of Native Americans, in 

the management of diabetes. However, there have been no scientific studies to validate this 

anecdotal evidence. 

 

2.10 Stilbenes 

Stilbenes (1,2-diphenylethylene) have two isomeric forms. (E)-stilbenes (trans-stilbenes), 

which are not sterically hindered, are more stable than (Z)-stilbenes (cis-stilbenes). Stilbenes, 

classified as phytoestrogen, are phenolics which include isoflavonoids and flavonoids (Roupe et 

al., 2006). Resveratrol (3,5,4′-trihydroxy stilbene, naturally occurring phytoalexin) and 

piceatannol (3,3′,4,5′- tetrahydroxy-trans-stilbene, naturally occurring polyphenol) have shown 

cardioprotective, anti-cancer, anti-inflammatory, antioxidant, and neuroprotective activity. 
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Recently, anti-diabetic activity of resveratrol and piceatannol has been also discussed by many 

studies. Resveratrol can enhance glucose uptake in skeletal muscle by activating PI3K-Akt-

signaling and increasing GLUT4 expression (Chi et al., 2007). Resveratrol stimulates glucose 

uptake in muscle cell through mechanisms that involve sirtuin (silent mating type information 

regulation 2 homolog) and AMPK to stimulate GLUT4 transporter intrinsic activity (Breen et al., 

2008). Resveratrol was found to improve insulin sensitivity in vitro in a SirT1-dependent manner 

by downregulating PTP1B (protein-tyrosine phosphatase 1B, a key insulin receptor phosphatase) 

at both the protein and the mRNA Level. Sirtuin 1 (SirT1), a nicotinamide adenine dinucleotide 

(NAD+)-dependent deacetylase, is one of seven of the mammalian homolog of yeast silent 

information regulator 2 (Sir2) (Sun et al., 2007). Activation of estrogen receptor is was a crucial 

factor for resveratrol-stimulating muscle glucose uptake via both insulin-dependent and insulin-

independent pathways (Deng et al., 2008). Piceatannol and resveratrol isolated from the EtOH 

extract of the seeds of Syagrus romanzoffiana possess potent inhibitory activity against alpha-

glucosidase type IV from Bacillus stearothermophilus with the IC50 value of 23.2 and 23.9 µM, 

respectively (Lam et al., 2008). These authors also showed that the anti-α-glucosidase activity 

was increased along with the increment of phenolic substitutions in the same skeleton Recently, 

piceatannol has been shown to inhibit adipogenesis in 3T3-L1 preadipocytes via modulation of 

mitotic clonal expansion and insulin signal transduction (Kwon et al., 2012). Piceatannol has 

strong anti-inflammatory effect by inhibiting TNF-induced NF-κB activation and NF-κB-

mediated gene expression through suppression of IκBα kinase and p65 phosphorylation 

(Ashikawa et al., 2002). Pterostilbene (trans-3,5-dimethoxy-4′-hydroxystilbene), is another 

natural stilbene found in several plant species that show anti-cancer (Chiou et al., 2010; Paul et 

al., 2010), anti-inflammatory (Pan et al., 2008; Paul et al., 2009), and antioxidant (Chakraborty et 
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al., 2010; Mikstacka et al., 2010) activity. Pterostilbene can lower plasma lipoproteins and 

cholesterol in hypercholesterolemic hamsters by being an agonist for the peroxisome 

proliferator-activated receptor alpha-isoform (Rimando et al., 2005). A recent study showed that 

pterostilbene can decrease cell population growth and cause cell cycle arrest at the G2/M phase 

in 3T3-L1 preadipocytes (Hsu et al., 2012).  

 

2.11 Study objectives: 

Recent U.S. Food and Drug Administration (FDA) and European Medicines Agency 

(EMA) withdrawals, recalls, and restricted access of several medications, including antidiabetic 

medications, have heightened safety issues related to the use of some conventional drugs. On the 

other hand, interest in and use of plant extracts, herbal preparations, and natural products, 

including bioactive compounds, as prophylactic and therapeutic agents for many diseases have 

grown considerably in the past few decades.  In 2007, almost 4 out of 10 adults had used 

complementary and alternative medicine (CAM) therapies in the past 12 months, with the most 

commonly used CAM therapy being nonvitamin, nonmineral, natural products (17.7%) (Barnes 

et al., 2008).  

A search of current literature indicates a limited understanding of potential mechanisms 

of how bioactive components present in medicinal plants, and purified natural compounds 

influence insulin action and glucose metabolism. Therefore, these studies were focused on 

characterizing the mechanisms of antidiabetic effects of serviceberry, curcumin (active 

ingredient from turmeric, Curcuma longa) and stilbenes (resveratrol and its analogs). Our studies 

offer insights in the evaluation and assessment of these plant extracts and natural compounds as 

complementary and alternative approaches, in the management of diabetes. 
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Chapter 3: Serviceberry [Amelanchier alnifolia (Nutt.) Nutt. ex. M. Roem 
(Rosaceae)] leaf extract inhibits mammalian α-glucosidase activity and 

suppresses postprandial glycemic response in a mouse model of diet-induced 
obesity and hyperglycemia 
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Abstract 

Ethnopharmacological relevance: Serviceberry or Saskatoon berry [Amelanchier alnifolia 

(Nutt.) Nutt. ex. M. Roem (Rosaceae)], native to the North Glacier forests of the Rocky 

Mountains in Montana, has been used by the Blackfeet Indian tribe in the management of 

diabetes. Anecdotally, tea made from twigs and leaves have been used for optimum health and 

diabetes management. However, such traditional knowledge of the medicinal properties of 

Amelanchier alnifolia has not been validated by adequate scientific studies. The objective of this 

study was to validate and identify potential antidiabetic mechanisms of serviceberry using in 

vitro and in vivo studies.  

Materials and Methods: Serviceberry plant samples consisting of leaves, twigs, and leaves with 

berries were extracted and fractionated. Ethyl acetate and water fractions were tested for 

inhibition of α-glucosidase activity in vitro. C57Bl6 mice fed a high-fat diet, were administered 

serviceberry leaf extract prior to sucrose-, starch-, or glucose-loading to test for α-glucosidase 

inhibition and decreased post-prandial glycemic response. 

Results: In vitro studies demonstrated that leaf extracts of serviceberry are potent inhibitors of 

mammalian intestinal α-glucosidase activity (EC 3.2.1.20). Further, in an animal model of diet-

induced obesity and hyperglycemia, serviceberry extracts demonstrated significant inhibition of 

intestinal α-glucosidase activity, and delayed the absorption of carbohydrates, resulting in 

significant lowering of post-prandial blood glucose concentrations, similar to the antidiabetic 

drug Acarbose™.  

Conclusions: These findings indicating that serviceberry leaf extract may lower post-prandial 

glycemic response validate traditional knowledge of the Blackfeet Indians of Montana, and offer 

a complementary approach in the treatment and management of diabetes.  
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Introduction 

Diabetes, a group of metabolic chronic disease affecting over 25.8  million people in the 

United States and over 346 million people worldwide, is characterized by hyperglycemia 

resulting from defects in insulin secretion, insulin action, or both (ADA, 2011; WHO, 2011). 

Prolonged diabetes leads to serious damage to many of the body's physiological processes and 

causes serious complications, such as cardiovascular disease, stroke, atherosclerosis, blindness, 

kidney damage, lower-limb amputations among many others (CDC, 2011; WHO, 2011).  Native 

American Indians have been shown to have a higher incidence of type 2 diabetes and related 

complications compared to other ethnic populations, including non-Hispanic whites, in the USA 

(CDC, 2011).  Native American tribes, have experienced rapidly increasing rates of glucose 

intolerance and type 2 diabetes with prevalence rates as high as 50% in some tribes (Knowler et 

al., 1983). A sedentary lifestyle, combined with the consumption of high-energy foods, and a 

thrifty genotype may be attributed to this dramatic and rapid increase in type 2 diabetes (Neel, 

1999). Native American Indians tend to shun conventional medicine and instead resort to 

alternative forms of therapy. In the US, American Indians continue to use plant sources for 

treating several types of ailments ranging from inflammation to diabetes and cancer (Swerdlow, 

2000). Plant derivatives with purported anti-diabetic properties have been used in folk medicine, 

traditional healing systems, and as complementary and alternative medicine (CAM). Several 

botanical, herbal, and biological products have been claimed to lower blood glucose or decrease 

complications of diabetes (Yeh et al., 2003, and Mentreddy, 2007). Aloe barbadensis, Eugenia 

jambolana, Gymnema sylvestre, Ocimum tenuiflorum, Trigonella foenum-graecum, Allum 

sativum, Galega officinalis and Curcuma longa L. are examples of herbs that have been reported 
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to modulate blood glucose levels (Aggarwal et al., 2007; Grover et al., 2002; Mentreddy, 2007). 

Some of these are indigenous to the North American continent.  

Serviceberry [Amelanchier alnifolia (Nutt.) Nutt. ex. M. Roem (Rosaceae)], also known 

as sarvis berry, Saskatoon berry, Juneberry, shadbush, or Okinoki by the Native Indians, are 

found in the North Glacier forests of the Rocky Mountains in Montana. Serviceberry is one of 

the traditional foods of the Blackfeet tribe. The berries are eaten raw, made into a stew, soup, or 

mixed into pemmican with dried meat (McClintock, 2004). Furthermore, a tea made from 

serviceberry twigs was used by the Blackfeet Indians for treating diabetes (Johnston, 1987). 

While there has been some interest in identifying bioactive compounds from leaves, stems, and 

berries of serviceberry (Burns Kraft et al., 2008; Lavola et al., 2012), there are limited reports on 

the scientific validation of traditional claims of its antidiabetic properties (Burns Kraft et al., 

2008). 

α-Glucosidase inhibitors are a class of drugs used to treat diabetes by inhibiting -

glucosidase, a membrane-bound intestinal enzyme that hydrolyzes polysaccharides to glucose 

and other monosaccharides. Liberated glucose is absorbed from the intestine and contributes to 

postprandial hyperglycemia. α-Glucosidase inhibitors prevent or delay the hydrolysis or 

absorption of carbohydrates and suppress postprandial hyperglycemia, making such inhibitors 

useful in the management of type 2 diabetes (Bell, 2004). Currently, acarbose and voglibose, are 

two such α-glucosidase inhibitors used clinically in combination with either diet or other anti-

diabetic agents to control blood glucose levels of patients (Van de Laar et al., 2005). 

In this study we have examined the effects of serviceberry leaf extracts on glucose 

metabolism. We demonstrate, using in vitro experiments, and in an animal model of obesity and 
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hyperglycemia that serviceberry leaf extracts significantly inhibit intestinal α-glucosidase 

activity, suppress carbohydrate absorption, and lower postprandial hyperglycemia. 



 
68

Materials and Methods 

Reagents. Acarbose was purchased from LKT Laboratories (St. Paul, MN); rat intestinal acetone 

powder, sucrose, maltose, starch were purchased from Sigma Chemical Co. (St. Louis, MO); 

glucose color reagent was from Raichem, (Columbia, MD); all other reagents were of analytical 

grade. 

 

Preparation and treatment of herb extract: Fresh plants of serviceberry were collected from 

Browning, MT. The dates, location and conditions when plant samples were gathered were 

recorded (Table 1). Plants were separated into different parts, as shown in Table 1, and air dried, 

powdered, before being extracted with aqueous methanol [50g powdered sample, 200mL H2O: 

MeOH (20:80)], by sonication for 30 min. Samples were filtered and extraction was repeated 

twice. Filtrates were combined, and methanol was removed using a rotary evaporator. The 

aqueous extract was partitioned with ethyl acetate (25 mL, three times). The aqueous layer was 

lyophilized and the ethyl acetate layer was concentrated under vacuum. Dried ethyl acetate (‘A’ 

samples) and water (‘B’ samples) fractions were tested for inhibition of α-glucosidase activity 

(Fig. 1A and 1B). Sub-fractionations were performed using medium pressure chromatography 

(Biotage Isolera, Biotage, LLC; Charlotte, NC) using a 40+M, C18 column, and eluted in a 

gradient manner with 5% MeOH in water to 100% MeOH. Eluates from medium pressure 

chromatographic separation were monitored online by their UV profiles. Eight subfractions were 

obtained for sample 6A (2901 through 2908) and 9 subfractions for sample 6B (3301 through 

3309) (Fig. 1C). 
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α-Glucosidase inhibitory assay in vitro: Mammalian intestinal α-glucosidases is a complex 

consisting of three individual enzymes, namely sucrase, maltase, and isomaltase (Adachi et al., 

2003). In this study, mammalian intestinal α-glucosidases from rat intestinal acetone powder 

were prepared. Rat intestinal acetone powder (200 mg) was hand-homogenized using 10 mL of 

ice-cold 50 mM phosphate buffer. After the contents were centrifuged at 8,000 rpm for 25 min, 

the supernatant was applied to a Sephadex G-100 column and eluted with ice-cold 50 mM 

phosphate buffer. The activity of rat α-glucosidase extract was verified using p-nitrophenyl-α-D-

glucopyranoside as substrate by comparing with pure yeast α-glucosidase (Sigma). An aliquot of 

enzyme extract was incubated in the presence or absence of serviceberry extracts (5 mg/ml) 

using either sucrose (56 mM) or maltose (5 mM) as substrate (Shinde et al., 2008). The amount 

of glucose liberated from the substrate was assayed by glucose oxidase method using a 

commercially available Autokit (Raichem, Columbia, MD). Acarbose, a widely used anti-

diabetic drug and synthetic inhibitor of mammalian -glucosidase, was used as positive control.  

 

α-Glucosidase inhibitory activity in animals: Animal experimental protocols were evaluated and 

approved by the Institutional Animal Care and Use Committee at Auburn University. Male 

C57Bl/6 mice, 4 weeks old, were purchased from the Charles River Laboratories, Inc. 

(Wilmington, MA). These mice were fed a high-fat diet (D-12451, 45% kcals from fat), 

Research Diets, Inc. (New Brunswick, NJ) for a period of 8 weeks. After an overnight fast (food 

deprivation for at least 12 h, but with free access to water), the mice were administrated 

serviceberry combined subfraction 3307 and 3308 orally, 60 min prior to an oral gavage of 

sucrose (4 g/kg), starch (3 g/kg), or glucose (2 g/kg). Blood samples were obtained at -60, 0, 15, 

30, 60, and 120 min to assay glucose concentrations. Blood glucose levels were measured using 
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the Accu-Chek® glucometer (Roche Diagnostics, Indianapolis, IN). Control animals received 

vehicle (water) instead of serviceberry. Acarbose (5 mg/kg body weight) was used as positive 

control, and administered 60 minutes prior to sucrose-, starch-, or glucose-loading. Data were 

expressed as mean ± standard error of the mean (SEM). Statistical significance in AUCGlucose 

between treated and control animals were determined using Student’s t-test. 

 

Table 1: Location and conditions during plant sample collection 
 
 

ID# Plant part  Location/Sample collection conditions 

1 Leaves  Birchcreek, Browning, dry rocky hillside; 1:30 PM, 62°F, 
patchy clouds 

2 Leaves with few 
berry buds 

 East Glacier, hill side; 10:30 AM, 90°F, slightly cloudy. 

3 Leaves and few buds  East Glacier Lodge (10 miles W of Browning) hillside; 
10:30 AM, 62°F, slightly cloudy. 

4 Leaves and berry 
buds 

 

 
Cut Bank Creek (20 miles NW of Browning) at bridge off 
Highway 89 and Star School Rd.; 9:30 AM, 88°F, no 
clouds. 

5 Twigs (cut)  Birchcreek area, 30 m of Browning.  Dry rocky hillside, 
no wind.  1:30 PM, 62°F; Mission area 10m S of 
Browning; 3:00 PM, 67°F; humid. 

6 Leaves  East Glacier, hillside; 10:30 AM 90°F, slightly cloudy 

Also collected from Cut Bank Creek (see ID#4) 
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Results 

Serviceberry extract and subfractions inhibited mammalian α-glucosidase activity in vitro: 

Serviceberry leaf extract (5 mg/ml) samples 6A (ethyl acetate extract) and 6B (aqueous extract) 

(Table 1) showed considerable rat intestinal α-glucosidase inhibitory activity, using sucrose as 

substrate, at doses comparable to the positive control, acarbose (Fig. 1A, B). Samples 6A and 6B 

were further sub-fractionated (Fig. 1C) and the assay was repeated using sub-fractions 2901 

through 2908, and 3301 through 3309. From these, samples 2905 (Fig. 1D), and 3307 and 3308 

(Fig. 1E) demonstrated significant mammalian α-glucosidase inhibition, using sucrose as 

substrate. Following these results, the α-glucosidase inhibitory activity using maltose as substrate 

was tested. Samples 3307 and 3308 showed substantial α-glucosidase inhibitory activity (Fig. 

1F), indicating that samples 3307 and 3308 were effective inhibitors of maltase and sucrose 

activities. Samples 3307 and 3308 were combined for further testing in an animal model of diet-

induced obesity and diabetes.  

  

Serviceberry subfractions lowered post-prandial blood glucose concentrations in high fat diet 

mice: C57Bl6 mice, fed a high-fat diet (45% kcals from fat) for 8 weeks, showed increased body 

weights (10.2 ± 1.4 g heavier than control chow-fed mice) and had significantly elevated fasting 

blood glucose levels (169.4 ± 14.8 mg/dl) compared to mice fed regular chow (132.8 ± 6.9 

mg/dl). Serviceberry subfraction (50 mg/kg and 100 mg/kg body weight) was orally 

administered 60 minutes prior to an oral challenge of sucrose (4 g/kg body weight). Serviceberry 

subfraction-administered animals showed lower blood glucose levels compared to control 

animals. Area under the curve for glucose (AUCGlucose) in animals administered serviceberry 

subfraction (50 mg/kg and 100 mg/kg) were significantly lower compared to AUCGlucose of 
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control group (p = 0.0096 and p = 0.0408, respectively), and was similar to that of the acarbose 

group (Fig. 2A). We next sought to examine the effect of serviceberry subfraction on starch 

loading in high-fat fed C57Bl/6 mice. Administration of serviceberry extract (50 mg/kg body 

weight) prior to starch loading (3 g/kg) resulted in lower blood glucose levels. AUCGlucose of 

serviceberry subfraction administered group was significantly lower (p = 0.0017) than control 

group, and was similar to that of the acarbose group (Fig.2B). To confirm that the lower 

AUCGlucose was because of serviceberry subfraction-mediated inhibition of intestinal α-

glucosidase, high-fat fed mice were administered glucose and serviceberry extracts. As expected 

(since α-glucosidase has no effect on the monosaccharide glucose), AUCGLUCOSE of serviceberry 

subfraction- and glucose-loaded mice were not significantly different from vehicle and glucose-

loaded mice (p = 0.8466) (Fig. 2C). These data indicate that serviceberry leaf subfraction delays 

or suppresses the absorption of glucose in vivo through a mechanism that inhibits sucrase, 

maltase, and isomaltase activities of the small intestinal α-glucosidases. 
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Discussion 

Serviceberry or Saskatoon berry [Amelanchier alnifolia (Nutt.) Nutt. ex. M. Roem 

(Rosaceae)], native to the North Glacier forests of the Rocky Mountains in Montana, has been 

used by the Blackfeet Indian tribe in the management of diabetes. Blackfeet Indians pick ripe 

serviceberries in the fall season and consume them raw, or dry these for use later. Anecdotally, 

tea made from twigs and leaves have been indicated for optimum health. However, such 

traditional knowledge of the medicinal properties of Amelanchier alnifolia has not been validated 

by adequate scientific studies. Therefore, using traditional knowledge as a basis, we posited that 

bioactive components present in Amelanchier alnifolia extracts can lower blood glucose levels 

and potentially mediate anti-diabetic effects. To test this hypothesis, we initially screened 

serviceberry extracts for α-glucosidase inhibition using yeast α-glucosidase (data not shown), as 

this was readily available in pure form and widely used (Gowri et al., 2007; Kim et al., 2005). 

However, several authors have reported inconsistencies in yeast versus mammalian α-

glucosidase inhibition, which may be attributed to structural differences (Babu et al., 2004; Lee 

and Lee, 2001; Shai et al., 2011). Further, mammalian intestinal α-glucosidases are more 

biologically relevant than yeast α-glucosidase. Therefore, we tested all extracts for inhibitory 

effects using purified α-glucosidases from rat intestinal acetone powder. We showed that ethyl 

acetate and aqueous extracts of serviceberry leaves (fractions 6A and 6B) had α-glucosidase 

inhibitory effects, similar to acarbose. Sub-fractionation of these extracts revealed 2 fractions 

(3307 and 3308) that showed significant inhibition of both sucrose and maltase activities. 

However, the α-glucosidase inhibitory activities for these subfractions (5 mg/ml) were not as 

potent as acarbose. This may be because the subfractions consist of a mixture of compounds and 



 
74

the activity is masked by non-active compounds. Our findings are comparable to reported rat 

intestinal α-glucosidase inhibitory activity of X. zambesiaca, P.africanum, M.mochisia, and 

C.abbreviata (IC50 > 2.5 mg/ml compared to acarbose IC50 = 0.4 mg/ml) (Shai et al., 2011). 

Recent studies showed that Norton grape skin extract (IC50: 0.384 mg/ml), green tea extract (IC50 

= 1.34 mg/ml) and oolong tea extract (IC50 = 0.735 mg/ml) are potent inhibitors of intestinal α-

glucosidases (Oki et al., 1999; Zhang et al., 2011). 

Since serviceberry leaf extracts demonstrated potent α-glucosidase inhibitory activity in 

vitro, the extent to which serviceberry extracts can inhibit α-glucosidase in vivo, limit or delay 

starch digestion and absorption, and subsequently reduce post-prandial glycemic response were 

examined. Acute administration of serviceberry extracts (50 mg/kg body weight) significantly 

lowered post-prandial blood glucose levels after sucrose loading or a starch meal. Interestingly, 

AUCGlucose for animals administered the serviceberry subfraction were similar to that of 

acarbose-administered (5 mg/kg body weight) mice. However, serviceberry subfraction had no 

effect on glucose-loaded mice, strengthening the view that serviceberry inhibit α-glucosidase 

activity. While these studies have explored the α-glucosidase inhibitory activity of serviceberry 

leaf extracts and subfractions, it is currently not known if these also inhibit pancreatic α-amylase 

activity (Fig.2D). In fact, commercial inhibitors, including acarbose have significant adverse 

gastrointestinal side effects due to their non-specific inhibition of α-amylase, causing excessive 

accumulation of carbohydrates in the large intestine (Madar, 1989). Additional studies are 

needed to identify the bioactive component(s) that mediate the α-glucosidase inhibitory effect. 

Recently, Lavola et al. (2012) have reported bioactive polyphenols in leaves, stems, and berries 

of Saskatoon cultivars. Amelanchier alnifolia leaf components include quercetin- and 
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kaempferol-derived glycosides (42% of the phenols), hydroxycinnamic acids (36%), catechins, 

and neolignans (Lavola et al., 2012).  

In conclusion, our findings indicate that serviceberry leaf extracts delay or suppress the 

absorption of glucose in vivo through a mechanism that inhibits sucrase, maltase, and isomaltase 

activities of the small intestinal α-glucosidases. Furthermore, these findings validate traditional 

knowledge and suggest that serviceberry leaf extracts may potentially offer a complementary 

approach in the treatment and management of diabetes. 
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Figure legends 

Fig 1. Serviceberry extracts inhibit mammalian α-glucosidase: Ethyl acetate (A) or aqueous (B) 

extracts of serviceberry leaf samples were tested for inhibition of mammalian α-glucosidase 

activity by incubating with purified rat intestinal α-glucosidase and 56 mM sucrose for 15 min at 

room temperature. The liberated glucose was measured by glucose kit from RAICHEM at 500 

nm. Acarbose (Acar) was used as a positive control. All samples, including acarbose, were used 

at a concentration of 5 mg/ml. Since fractions 6A and 6B demonstrated significant inhibitory 

activity, these were further fractionated (C). Ethyl acetate sub-fractions (2901 through 2908) and 

aqueous subfractions (3301 through 3309) were tested for their ability to inhibit mammalian α-

glucosidase using either 56 mM sucrose (D, E) or 5 mM maltose (F) as substrate. Subfractions 

3307 and 3308 showed pronounced inhibition of rat intestinal α-glucosidase activity. These 

subfractions (3307 and 3308) were combined and used for further animal studies. 

 

Fig 2. Serviceberry extracts lower post-prandial blood glucose concentrations: Male, C57Bl/6 

mice (4 weeks old) were fed a high-fat diet (45% kcals from fat) for a period of 8 weeks. Mice 

were administered serviceberry combined subfraction 3307 and 3308 [50 mg/kg (Ser1) or 100 

mg/kg (Ser2)] orally, 60 min prior to an oral gavage of sucrose (4 g/kg) (A), starch (3 g/kg) (B), 

or glucose (2 mg/kg) (C). Blood samples were obtained at -60, 0, 15, 30, 60, and 120 min to 

assay glucose concentrations. Control animals received vehicle (water) instead of serviceberry 

extracts. Acarbose (5 mg/kg) was used as positive control, and administered 60 minutes prior to 

sucrose loading. Specificity of α-glucosidase, α-amylase, and β-amylase (D): α-glucosidase 

catalyzes the hydrolysis of terminal 1,4-linked α-D-glucose residues successively from the non-

reducing ends of maltooligosaccharides. 
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Chapter 4: Anti-diabetic activity of serviceberry [Amelanchier alnifolia (Nutt.) 
Nutt. ex. M. Roem (Rosaceae)], traditionally used by Native American Indian 

Blackfeet Tribe , associated with activation of AMPK pathway and 
suppression of hepatic gluconeogenic gene expression 
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Abstract 

Several plant-based remedies offer cost-effective management of diabetes, but few plant 

species adapted to North America have been validated for their antidiabetic properties. One such 

species is serviceberry [Amelanchier alnifolia (Nutt.) Nutt. ex. M. Roem (Rosaceae)], found in 

the North Glacier forests of the Rocky Mountains in Montana, which has been traditionally used 

by the American Indians for the management of type 2 diabetes. However, there have been no 

scientific studies to validate this anecdotal evidence. The objective of this study was to validate 

and identify potential anti-diabetic mechanisms of serviceberry. Serviceberry plant samples 

consisting of leaves, twigs, and leaves with berries were extracted and fractionated. Aqueous 

extracts of serviceberry demonstrated an increase in glucose uptake in L6GLUT4myc skeletal 

muscle cells. Chromatographic fractions of serviceberry extracts showed that the ability to 

stimulate glucose uptake was associated with an increase in the activity of AMP-activated 

protein kinase (AMPK), and this was independent of insulin receptor activation or intracellular 

signaling through protein kinase B (PKB/Akt). In H4IIE rat hepatoma cells, serviceberry extracts 

demonstrated a similar increase in the phosphorylation of AMPK. Consistent with these findings, 

serviceberry extracts demonstrated a dose-dependent suppression of dexamethasone-induced 

gluconeogenic gene expression of PEPCK and G6Pase in H4IIE rat hepatoma cells. These 

findings, in addition to validating traditional knowledge of the antidiabetic properties of 

serviceberry, indicate that activation of AMPK and suppression of hepatic glucose production 

may be potential mechanisms that confer the antidiabetic effect of serviceberry extracts. 
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Introduction 

While the prevalence of diabetes in the United States, and globally, is 8.3%, in 2011 

(CDC, 2011; IDF, 2011), certain populations have experienced a disproportionately elevated 

prevalence of diabetes. Compared to the general US population, American Indians are 2.3 times 

more likely to be diagnosed with diabetes (Gittelsohn and Rowan, 2011). This is most likely 

caused by factors such as recent adoption of a sedentary lifestyle and a non-traditional diet 

(Berkes and Farkas, 1978; Hegele, 2001), as well as a genetic predisposition towards obesity 

(Knowler et al., 1983; Neel, 1999; Skyler, 2004). Currently, there is growing interest in herbal 

remedies due to side effects associated with therapeutic agents (oral hypoglycemic agents and 

insulin) for the treatment of diabetes mellitus (Rao et al., 2010). Numerous studies have been 

carried out to evaluate natural products, including plant materials, as alternative or 

complementary treatments for diabetes (Yin et al., 2008). Herbs that exhibit antidiabetic activity 

include Aloe barbadensis, Eugenia jambolana, Gymnema sylvestre, Ocimum tenuiflorum, 

Trigonella foenum-graecum, Allum sativum, Galega officinalis, Panax ginseng, Momordica 

charantia and Saururus chinensis Baill (Aggarwal et al., 2007; Grover et al., 2002; Hwang et al., 

2007; Mentreddy, 2007; Yin et al., 2008). 

Serviceberry (Amelanchier alnifolia Nutt., Rosaceae) (also called Saskatoon berry, 

sarvis berry, Juneberry, shadbush, or Okinoki by the Native Indians), found in the North Glacier 

forests of the Rocky Mountains in Montana, is a traditional food among Blackfeet Indians. 

Serviceberries are eaten raw, cooked, or dried (Kindscher, 1987; McClintock, 2004). 

Furthermore, a tea made from dried serviceberry twigs has been used by Blackfeet Indians for 

treating diabetes (Johnston, 1987). This traditional knowledge continues to be practiced to this 

day in a holistic approach in the management of diabetes. However, there have been very few 
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scientific studies to validate this traditional knowledge. Previously we have shown that 

serviceberry leaf extracts inhibit mammalian alpha-glucosidase activity and delay the absorption 

of carbohydrates in a mouse model of diet-induced obesity and hyperglycemia (Zhang et al., 

2012). Another recent study by Burns Kraft et al. (2008) showed that Amelanchier alnifolia 

samples improved glucose uptake and lowered the expression of the inflammatory cytokine, IL-

1β (Burns Kraft et al., 2008). In this study we examined the effects of serviceberry extracts on 

metabolic targets that modulate insulin action and glucose homeostasis. Using in vitro methods 

and cell culture, we demonstrate that serviceberry extracts increased glucose uptake in 

L6GLUT4myc skeletal muscle cells, potentially through activation of AMPK. Consistent with 

this, serviceberry extracts also activated AMPK in H4IIE rat hepatoma cells and suppressed 

phosphoenol pyruvate carboxykinase (PEPCK) and glucose-6 phosphatase (G6Pase) 

gluconeogenic gene expression.  
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Materials and Methods 

Reagents and antibodies. Recombinant human insulin was purchased from Roche Diagnostics 

(Indianapolis, IL); dexamethasone, poly (Glu80Tyr20), from Sigma-Aldrich (St. Louis, MO); [3H] 

2-deoxy-D-glucose (2-DOG) from Perkin-Elmer (Boston, MA), and phospho-AMPKalpha 

(Thr172), AMPKalpha, phospho-Akt (Ser473), and Akt antibody were purchased from Cell 

Signaling Technology (Beverly, MA).  

 

Plant material collection and preparation of extract: Fresh plants of serviceberry were collected 

from Browning, MT. The location, time, temperature and conditions when plant samples were 

harvested were recorded (Table 1). Harvested plants were separated into different parts as shown 

in Table 1, air dried, powdered, and extracted with aqueous methanol [50 g powdered plant 

material, 200mL H2O: MeOH (20:80)], by sonication for 30 min. Plant materials were filtered 

and extraction was repeated twice. Filtrates were combined, and methanol was removed using a 

Rotary evaporator. The aqueous extract was partitioned with ethyl acetate (25 mL, three 

times).The ethyl acetate layer was concentrated under vacuum and the aqueous layer was 

lyophilized. Dried ethyl acetate (‘A’ samples) and water (‘B’ samples) fractions were used for 

the initial screening of bioactivity (Figs. 1A and 1B). Samples 2B and 5B (leaves with few berry 

buds, and twigs, respectively) were lyophilized and further fractionated using medium pressure 

chromatography onto a 40+M, C18 column, and eluted in a gradient manner with 5% MeOH in 

water to 100% MeOH. Eluates from medium pressure chromatographic separation were 

monitored by their on-line UV profiles. Similar fractions were combined yielding 5 sub-fractions 

for 2B (17-1 through 17-5) and four for 5B (17-6 through 17-9) (Fig. 1C). 

 



 

 

87

Cell culture. H4IIE rat hepatoma cells were purchased from American Type Culture Collection 

(Manassas, VA, USA). These were cultured in DMEM (1g/L glucose) supplemented with 10% 

fetal bovine serum and 1% penicillin/streptomycin. L6 muscle cells stably expressing myc-

tagged GLUT4 (L6-GLUT4myc cells) were obtained from Dr. Amira Klip, and cultured as 

described previously (Ueyama et al., 1999).  

 

Glucose uptake assay. Serum-starved, confluent L6-GLUT4myc myoblasts were pre-incubated 

with various serviceberry extracts and sub-fractions for 30 minutes before insulin (100 nM) 

treatment was for 30 minutes. Glucose uptake was assayed using [3H] 2-deoxy-D-glucose (2-

DOG), as described earlier (Klip et al., 1982). 

 

Insulin receptor tyrosine kinase activity (IR-TKA). Insulin receptors (IRs) were partially 

purified from rat liver, as described previously (Mathews et al., 2000). IRs were pre-incubated 

with serviceberry sub-fractions in assay buffer (25mM HEPES, pH 7.4, 0.1% Triton X-100, 

0.05% BSA) for 30 minutes prior to insulin stimulation (100 nM) for 10 minutes. An exogenous 

substrate, poly (Glu80Tyr20) was added and phosphorylation was carried out as described 

(Mathews et al., 2000).  

 

Quantitative real-time PCR. H4IIE cells were treated 100 nM insulin, and/or 5 µM 

dexamethasone, in the presence or absence of serviceberry sub-fractions for 24 hours. RNA was 

extracted using RNeasy Mini RNA isolation kit (QIAGEN, Valencia, CA). cDNA was 

synthesized by using iScript cDNA synthesis kit (BIO-RAD, Hercules, CA) and real-time PCR 

was performed using iQ SYBR Green Supermix (BIO-RAD) according to protocols 
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recommended by the manufacturers. Primer sequences for real-Time PCR were as follows: 

Phosphoenol pyruvate carboxy kinase (PEPCK) forward 5’-GGG TGC  TAG ACT GGA TCT 

GC-3’, PEPCK reverse 5’-GAG GGA GAA CAG CTG AGT GG-3’; glucose-6 phosphatase 

(G6Pase) forward 5’-GGG TGT AGA CCT CCT GTG GA-3’, G6Pase reverse 5’-GAG CCA 

CTT GCT GAG TTT CC-3’; β-actin forward 5’- CCT CTA TGC CAA CAC AGT GC-3’, β-

actin reverse 5’-CAT CGT ACT CCT GCT TGC TG-3’. Reaction conditions were as follows: 

95oC, 3:0 min; 95 oC, 0:15 min, 60 oC, 0:30 min, 72 oC, 0:30 min, repeated 40 cycles; 55 oC, 0:10 

min, repeated 80×. Expression levels were normalized to β-actin and gene expression was 

calculated as 2-∆∆C
T and expressed as fold change, as described by earlier (Livak and Schmittgen, 

2001). All assays were carried out in triplicate.  

 

Western blot analyses of phospho-AMPK and phospho-Akt. To assay AMPK activation, 

confluent 6-well plates of H4IIE cells and differentiated L6 GLUT4myc cells were serum-

starved for 30 minutes prior to incubation with serviceberry sub-fractions, AICAR (0.5 mM), or 

metformin (2 mM) in serum-free media for 30 min. For time-course study, serum-starved L6 

cells were incubated with serviceberry sub-fractions for 0.5, 1, 3 or 8h. Vehicle used was DMSO 

(0.2%). For Akt activation assay, differentiated L6-GLUT4myc cells were serum-starved 

overnight, prior to treatment with serviceberry sub-fractions or 100 nM insulin for 10 min. Cells 

were washed three times with ice-cold PBS and lysed in 300 μl of cell lysis buffer [50 mM 

HEPES, pH7.4, 100 mM sodium pyrophosphate, 10 mM EDTA, 20 mM sodium orthovanadate, 

2 mM phenylmethylsulfonyl fluoride, 0.01 mg/ml aprotinin, 0.01 mg/ml leupeptin, 1% Triton X-

100, and protease inhibitor cocktail tablet (Roche Diagnostics, Indianapolis)]. Cell lysate 

proteins were separated by 4–20% SDS–PAGE precast gels (NuSep Inc., Austell, GA) followed 
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by Western blot analysis using antibodies against phospho-AMPKα (Thr172) or phospho-Akt 

(Ser473). The membranes were stripped and reblotted using AMPK or Akt antibodies, 

respectively, for loading equivalence. Chemiluminescence detection and image analysis were 

performed with UVP-Biochimie Bioimager and LabWorks software (UVP, Upland, CA). 

 



 

 

90

Results 

Serviceberry extracts increase glucose uptake in skeletal muscle cells. Serviceberry extracts 

were tested for their effects on glucose uptake in L6GLUT4myc skeletal muscle cells, both in the 

basal and insulin-stimulated conditions (Fig. 1A,B), by determining the incorporation of 3H-

labelled 2-deoxyglucose, a non-metabolizable glucose analog. The L6GLUT4myc cell line stably 

expresses the GLUT4 protein, and responds to insulin treatment with ~ 2-fold stimulation of 

glucose uptake (Ueyama et al., 1999; Wang et al., 1998). Incubation of serviceberry extracts 2B 

and 5B for 1 hour, following a 5-hour serum-starvation, stimulated glucose uptake at levels 

nearly similar to an insulin-stimulated (100 nM, 30 min) glucose uptake in L6GLUT4myc 

myoblasts (Fig. 2B). Further, samples 2B and 5B seemed to potentiate insulin-stimulated glucose 

uptake. A short-term incubation (20 minutes) with serviceberry extracts was not as effective in 

increasing glucose uptake (Supplemental data, Fig. S1). Next, serviceberry extracts 2B and 5B 

were sub-fractionated (Fig. 1C) and the sub-fractions were tested for their effects on glucose 

uptake. Compared to a 2-fold insulin-stimulation (100 nM, 30 min), incubation with sub-fraction 

17-2 (40 μg/mL, 1 hour) demonstrated a ~ 1.7-fold increase in glucose uptake and sub-fraction 

17-7 (40 µg/ml, 1 hour) showed a ~1.4-fold increase in glucose uptake in the absence of insulin 

(Fig. 1D). Since samples 1A through 6A, and 1B through 6B were initial fractions, these extracts 

were used to screen for several assays including glucose uptake (basal and insulin-stimulated), 

insulin receptor activation, alpha-glucosidase inhibition (data not shown), and dipeptidyl 

peptidase-4 inhibition (Supplemental data, Fig. S2). The limited availability of serviceberry 

extracts dictated experimental set-up conditions, and the absence of error bars indicate that 

individual experiments were not replicated. However, it is important to note that sequential 
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experiments confirmed findings. This is evident through an increased glucose uptake for 

serviceberry extracts 2B, 5B, and the sub-fractions 17-2, and 17-7.  

 

Mechanisms mediating glucose uptake in skeletal muscle cells. Since serviceberry extracts 

demonstrated an insulin-like or insulin-sensitizing effect on glucose uptake in skeletal muscle 

cells, we explored potential mechanisms that mediate these effects. We demonstrated that neither 

serviceberry extracts 2B and 5B, nor serviceberry sub-fractions had an effect on the activation of 

insulin receptor tyrosine kinase (Fig. 2A). Next, we examined the effect of serviceberry extracts 

on Akt activation in L6 myotubes. While insulin (100 nM) demonstrated a strong activation of 

Akt, serviceberry sub-fractions 17-2, and 17-7 did not phosphorylate Akt in L6 myotubes (Fig. 

2B). These findings suggested that the effects of serviceberry extracts on increasing glucose 

uptake were not mediated through activation of the insulin receptor or signaling through the PI-3 

kinase-Akt pathway, but through another mechanism. Since activation of AMPK has been shown 

to increase glucose uptake (Hayashi et al., 1998), independent of insulin signaling pathway, we 

examined serviceberry’s effects on AMPK activation. We examined both a short-term treatment 

(up to 1 hour) and a long-term treatment (3 – 8 hours) on AMPK activation. In the short-term 

treatment, serviceberry extracts elicited only marginal effects on AMPK phosphorylation status 

(Fig. 2C,D & Supplemental data, Fig. S3). However, long-term treatment (up to 8 hours) of 

serviceberry sub-fractions 17-2 and 17-7 (50 µg/ml) significantly increased AMPK 

phosphorylation, in L6GLUT4myc myoblasts (Fig. 2C,D). 
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Serviceberry extracts activate AMPK and suppress dexamethasone-induced gluconeogenic 

gene expression in H4IIE rat hepatoma cells. Previous studies have clearly established a role 

for AMPK activation in the suppression of two key gluconeogenic genes phosphoenolpyruvate 

carboxykinase (PEPCK) and glucose 6-phosphatase (G6Pase) (Lochhead et al., 2000). Therefore, 

we tested the hypothesis that serviceberry extracts inhibit gluconeogenic gene expression via 

activation of AMPK in H4IIE hepatoma cells. We demonstrate that serviceberry sub-fractions 

17-2 and 17-7 (50 µg/ml, 30 min) increase phosphorylation of AMPK (Fig. 3A), albeit to a lesser 

extent compared to 5-aminoimidazole-4-carboxamide riboside (AICAR, 0.5 mM) or metformin 

(2 mM). Next, we examined the effect of serviceberry sub-fractions on gluconeogenic gene 

expression. Treatment of H4IIE cells with dexamethasone increased G6Pase and PEPCK gene 

expression nearly 5-fold. As expected, insulin (100 nM) significantly suppressed G6Pase and 

PEPCK gene expression. Treatment with serviceberry sub-fractions 17-2 and 17-7 (50 µg/ml) 

decreased G6Pase and PEPCK gene expression to ~50% of basal (Fig.3A,B). Additionally, 

serviceberry sub-fractions suppressed dexamethasone-induced G6Pase and PEPCK gene 

expression, in a dose-dependent manner. This suppression of gluconeogenic gene expression was 

similar to insulin-mediated suppression of G6Pase and PEPCK. Serviceberry sub-fractions and 

insulin (100 nM), synergistically suppressed dexamethasone-induced gene expression of both 

PEPCK and G6Pase.  
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Discussion 

The Blackfeet Indians of Montana have traditionally used serviceberry (Amelanchier 

alnifolia) both for food and medicine, incorporating it in soups, stews, and pemmican, and 

making a tea from dried twigs for the management of diabetes. Earlier, we reported that 

serviceberry leaf extracts inhibited mammalian alpha glucosidase and lowered post-prandial 

glycemic response in a mouse model of diet-induced obesity and hyperglycemia (Zhang et al., 

2012). Also, another earlier study demonstrated that water extracts of A.alnifolia increased 

glycogen accumulation in L6 rat skeletal muscle cells and reduced IL-1β gene expression (Burns 

Kraft et al., 2008). These studies suggest a potential benefit with regard to diabetes by improving 

blood glucose utilization and decreasing inflammatory markers. In this study, we have presented 

evidence showing that water extracts of serviceberry and its chromatographic sub-fractions 

increased glucose uptake in L6GLUT4myc rat skeletal muscle cells. This increase in glucose 

uptake was independent of insulin receptor activation or Akt phosphorylation, and may be 

attributed to activation of AMPK. Furthermore, we have shown that A. anifolia subfractions 

activated AMPK and suppressed dexamethasone-induced gluconeogenic gene expression in 

H4IIE rat hepatoma cells.  

AMPK, a “metabolic master switch” that mediates cellular and whole-body energy 

homeostasis, has been implicated as a potential target of type 2 diabetes mellitus and obesity. 

Activation of AMPK in skeletal muscle has been shown to increase glucose uptake in skeletal 

muscle (Hardie, 2004; Horike et al., 2008; Mues et al., 2009). Exercise or muscle contraction is a 

prototypical AMPK activator (Hayashi et al., 1998). AICAR, an analog of AMP, activates 

AMPK and increases glucose uptake through the recruitment of GLUT4 to plasma membrane 

(Bergeron et al., 1999; Kurth-Kraczek et al., 1999). AMPK is a direct adenylate charge-sensing 
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protein kinase (Oakhill et al.) that is regulated by phosphorylation of AMPKα subunit on Thr172 

by upstream kinases including Ca2+/calmodulin-dependent kinase kinase β (CaMKKβ) (Hawley 

et al., 2005; Hurley et al., 2005; Woods et al., 2005) and liver kinase B1 (LKB1) (Shaw et al., 

2005), which promotes AMP binding to AMPKγ subunit. Our studies demonstrate that long-term 

treatment of L6Glut4 myc rat skeletal muscle cells (up to 8 hours) with serviceberry extracts 

activated AMPK significantly compared to a short-term treatment (up to 1 hour). It may 

therefore be speculated that serviceberry extracts activate AMPK potentially through allosteric 

activation by AMP, rather than by activating upstream kinases such as CaMKKβ or LKB1.  

Hepatic glucose production (HGP) is a major cause of fasting hyperglycemia in diabetic 

subjects. Activation of AMPK by AICAR treatment was shown to inhibit HGP in both normal 

and insulin-resistance obese rats (Bergeron et al., 2001). Further, activation of AMPK has been 

shown to phosphorylate and inactivate ACC, resulting in the inhibition of conversion of acetyl 

CoA to malonyl CoA for fatty acid synthesis, and increasing fatty acid oxidation (Gruzman et al., 

2009). A large body of evidence from clinical studies and animal models suggest that metformin, 

currently the drug of first choice for the treatment of type 2 diabetes, decreases hepatic glucose 

production by inhibiting hepatic gluconeogenesis (Natali and Ferrannini, 2006) via activation of 

AMPK (Shaw et al., 2005; Zhou et al., 2001). Our findings that serviceberry subfractions 

inhibited hepatic gluconeogenic gene expression of PEPCK and G6Pase in H4IIE cells, were 

consistent with its effects on activation of AMPK. Interestingly, several polyphenols including 

resveratrol, apigenin, and S17834, a synthetic polyphenol, and epigallocatechin-3-gallate, a 

green tea polyphenol, have been shown to be potent activators of AMPK (Collins et al., 2007; 

Zang et al., 2006; Zhang et al., 2010), albeit by different mechanisms. Epigallocatechin-3-gallate 

(EGCG) activates AMPK mediated by Ca2+/calmodulin-dependent protein kinase kinase 
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(CaMKK) in rat primary hepatocytes (Collins et al., 2007), whereas resveratrol activates AMPK 

through SIRT1/LKB1, but not CaMKK in HepG2 hepatoma (Hou et al., 2008). 

Several bioactive components have been identified in A. alnifolia berries. A. alnifolia 

cultivars showed a high concentration of total polyphenols in berries (Bakowska-Barczak and 

Kolodziejczyk, 2008). These authors identified cyanidin-3-galactoside, cyanidin-3-glucoside, 

cyanidin-3-arabinoside, and cyanidin-3-xyloside as four major anthocyanin compounds, 

confirming previous findings (Mazza, 1986; Mazza and Cottrell, 2008). Hydroxycinnamic acid 

derivatives, chlorogenic acid, flavonols (quercetin derivatives) and procyanidins consisting 

mainly of epicatechin units were also identified (Bakowska-Barczak and Kolodziejczyk, 2008; 

Hellstrom et al., 2007). A. alnifolia berries demonstrated high antioxidant activity that was 

associated with its high content of polyphenols (Bakowska-Barczak and Kolodziejczyk, 2008; 

Hu et al., 2005). Adhikari et al. isolated 6 components from ethyl acetate and methanol extracts 

of A. alnifolia berries that demonstrated inhibition of cyclooxygenase enzymes activity (Adhikari 

et al., 2006). Recently, Lavola et al. have reported bioactive polyphenols in leaves and stems of 

Saskatoon cultivars. A. alnifolia leaf components include quercetin- and kaempferol-derived 

glycosides (42% of the phenols), hydroxycinnamic acids (36%), catechins, and neolignans 

(Lavola et al., 2012). Quercetin-derived glycosides were also shown to enhance glucose uptake 

by 38–59% (50 mM; 18 h treatment) in the absence of insulin, through the activation of AMPK 

pathway (Eid et al., 2010). Chlorogenic acid and ferulic acid show a modest but significant 

increase in 2-deoxy-D-glucose transport into L6 myotubes, comparable to metformin and 2,4-

thiazolodiendione, two common commercial oral hypoglycemic drugs (Prabhakar and Doble, 

2009). Additional studies are warranted to identify the bioactive components in serviceberry 

leaves and stems that mediate its antidiabetic effects.  
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Overall, these studies have shown that an improvement of glucose uptake in skeletal 

muscle cells, and suppression of hepatic glucose production may explain the glucose lowering 

effects of serviceberry extracts. This novel mechanism of action of serviceberry extracts, along 

with its fruit’s well-characterized antioxidant and anti-inflammatory properties (Bakowska-

Barczak and Kolodziejczyk, 2008; Hu et al., 2005), suggest a potential complementary role for 

serviceberry extracts or its bioactive component(s) in the management of diabetes. 
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Figure legends 

Fig 1. Serviceberry extracts increase glucose uptake in L6GLUT4myc skeletal muscle cells 

L6GLUT4-myc rat myoblasts were treated with serviceberry plant extracts (1A-3A, 400 

μg/ml; 4A-6A, 100 μg/ml, and 1B-6B, 400 μg/ml) in the presence (A) or absence of 100 nM 

insulin (B). Amelanchier alnifolia leaf extract 2B (40 and 100 µg/ml) and stem extract 5B (40 

and 100 µg/ml), treated for 1 hour, showed increased [3H] 2-deoxy-D-glucose uptake activity in 

L6GLUT4 skeletal muscle cells in the absence of insulin (B). A. alnifolia extracts 2B and 5B 

were further fractionated using medium pressure chromatography to yield 5 sub-fractions for 2B 

(17-1 through 17-5) and 4 sub-fractions for 5B (17-6 through 17-9) (C). Sub-fractions 17-2 (5 

μg/mL) and 17-7 (5 μg/mL) demonstrated an increase in glucose uptake in L6GLUT4 skeletal 

muscle cells in the absence of insulin (D). 

 

Fig 2. Serviceberry extracts increase AMPK phosphorylation (Thr172) in L6GLUT4myc 

skeletal muscle cells, without affecting insulin signal transduction 

Partially-purified insulin receptors from rat liver were incubated with A. alnifolia 

extracts and sub-fractions (125 µg/ml) for 30 minutes and insulin receptor tyrosine kinase (IR-

TK) activation was assayed by the incorporation of 32P from 32P [γ-ATP] onto poly (Glu,Tyr), an 

exogenous substrate (A). Differentiated L6GLUT4myc myotubes were treated with serviceberry 

leaf- (17-2) and stem sub-fraction (17-7) and cell lysates were immunoblotted with phospho-Akt 

(Ser473) and Akt (B) antibodies, or phospho-AMPK (Thr172) and AMPK-α antibodies (C,D). 

Data are expressed as fold-change over basal for IR-TK activity and AMPK activation. 
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Fig 3. Serviceberry extracts activate AMPK and suppresses dexamethasone-induced 

PEPCK and G6Pase expression in rat hepatoma cells.  

H4IIE rat hepatoma cells were incubated with AICAR 0.5 mM, Metformin 2 mM or 

serviceberry sub-fractions 17-2 and 17-7 for 30 min. Cell lysates were immunoblotted for 

phospho-AMPK (Thr172) and AMPK-α (A). H4IIE rat hepatocytes were treated with 

dexamethasone (Dex) and serviceberry sub-fractions 17-2 (B) with or without insulin, and 17-7 

(C) for 24 hours. Total RNA was isolated and gene expression of PEPCK and G6Pase were 

analyzed by real-time PCR. Data are expressed as fold change over basal relative to the 

housekeeping gene, β-actin.  
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Table 1: Location and conditions during plant sample collection 
 
 

ID# Plant part  Location/Sample collection conditions 

1 Leaves  Birchcreek, Browning, dry rocky hillside; 1:30 PM, 62°F, 
patchy clouds 

2 Leaves with few 
berry buds 

 East Glacier, hill side; 10:30 AM, 90°F, slightly cloudy. 

3 Leaves and few buds  East Glacier Lodge (10 miles W of Browning) hillside; 
10:30 AM, 62°F, slightly cloudy. 

4 Leaves and berry 
buds 

 

 
Cut Bank Creek (20 miles NW of Browning) at bridge off 
Highway 89 and Star School Rd.; 9:30 AM, 88°F, no 
clouds. 

5 Twigs (cut)  Birchcreek area, 30 m of Browning.  Dry rocky hillside, 
no wind.  1:30 PM, 62°F; Mission area 10m S of 
Browning; 3:00 PM, 67°F; humid. 

6 Leaves  East Glacier, hillside; 10:30 AM 90°F, slightly cloudy 

Also collected from Cut Bank Creek (see ID#4) 
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Fig 1 
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Fig 2 
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Fig 3
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Figure Legends: Supplemental Data 

 
Fig.S1: Confluent L6GLUT4myc cells, in 12-well plate, were serum depleted for 5 hours 
followed by treatment with A.alnifolia extracts for 20 minutes in the absence of insulin. [3H]-2-
deoxy-D-glucose uptake assay was measured as described in the Methods section. A.alnifolia 
extracts 2B and 5B showed an increase in glucose uptake compared to basal conditions. 
  
Fig.S2: Dipeptidyl peptidase 4 (DPP-4) activity was quantified by incubating the substrate Gly-
Pro-p-nitroanilide with porcine DPP-4 enzyme, in the presence or absence of 0.5 mg/ml of 
serviceberry extracts or sub-fractions at 37oC for 15 minutes (A, B). The amount of p-
nitroaniline (pNA) released from Gly-Pro-pNA was measured at 405nm. A. alnifolia extracts and 
sub-fractions were without effect on DPP-4 activity. 
 
Fig. S3: Differentiated L6GLUT4myc myotubes were treated with 50 mg/ml serviceberry leaf- 
(17-2) and stem sub-fraction (17-7) for 30 minutes. Cell lysates were subjected to Western blot 
analyses using phospho-AMPK (Thr172) and AMPK-α antibodies. AICAR (0.5 mM) and 
metformin (2 mM) were used as positive controls. A representative Western blot is shown (A). 
Data are expressed as fold-change over basal for AMPK activation (B). 
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Chapter 5: Curcumin induces transcriptional activation of PPARγ without 
inducing adipocyte differentiation 
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Abstract 

Curcumin, the bioactive component of turmeric, has potent antioxidant and anti-

inflammatory properties. Several studies demonstrate that curcumin lowers blood glucose and 

plasma cholesterol levels in animal models of diabetes. However, the molecular mechanisms 

related to the anti-diabetic effects of curcumin are not well understood. Here, we report 

curcumin’s effects on the transcriptional activation of PPARγ. We observed that, compared to 

rosiglitazone, curcumin and THC induced a moderate transcriptional activation of PPARγ. 

Further, unlike rosiglitazone, curcumin did not induce differentiation of human subcutaneous 

preadipocytes. Curcumin treatment also inhibited rosiglitazone-induced adipocyte differentiation 

in human subcutaneous preadipocytes. Consistent with PPARγ activation, curcumintreatment 

increased gene expression and secretion of adiponectin from differentiated 3T3-L1 adipocytes 

and human subcutaneous adipocytes. These studies raise the possibility that curcuminoids may 

modulate insulin action and glucose metabolism by potentially functioning as a selective PPARγ 

modulator, inducing partial transcriptional activation and upregulation of PPARγ target genes, 

including adiponectin, but without the undesirable adipogenesis commonly observed with the 

TZD class of drugs. 
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Introduction 

Curcumin,(1E,6E)-1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione or 

diferuloylmethane, a polyphenol isolated from the perennial plant Curcuma longa, exhibits 

cardioprotective (Kang et al., 2010; Morimoto et al., 2010), anti-cancer (Agrawal and Mishra, 

2010; Bar-Sela et al., 2010), anti-inflammatory (Bereswill et al., 2010; Bisht et al., 2010), 

antioxidant (Aftab and Vieira, 2009; Agarwal et al., 2010), and neuroprotective (Ataie et al., 

2010) activity. Several lines of evidence suggest that cucurmin may play a beneficial role in 

diabetes by lowering blood glucose levels in streptozotocin (STZ)- and alloxan-induced diabetic 

rats (Arun and Nalini, 2002; Murugan and Pari, 2007; Murugan et al., 2008; Peeyush et al., 

2009), db/db mice (Seo et al., 2008), type 2 diabetic KK-Ay mice (Nishiyama et al., 2005), high-

fat diet-induced obese C57BL/6J and leptin-deficient ob/ob mice (Weisberg et al., 2008). At the 

molecular level, curcumin has been shown to modulate a wide range of transcription factors, 

growth factors, inflammatory cytokines, enzymes, and kinases (Shehzad et al., 2011), including 

peroxisome proliferator-activiated receptor-γ, vascular endothelial growth factor, tumor necrosis 

factor α, cyclooxygenase-2 and AMP-activated protein kinase (Chan, 1995; Jacob et al., 2007; 

Kim et al., 2009; Tan et al., 2011; Wang et al., 2009).  

PPARγ, one of the nuclear receptor superfamily of transcription factors (Green and Wahli, 

1994), is highly expressed in adipose tissue and plays a crucial role in adipocyte differentiation 

(Lemberger et al., 1996). It is also the predominant molecular target for insulin-sensitizing 

thiazolinedione (TZD) drugs such as rosiglitazone and pioglitazone (Moller, 2001). Studies have 

shown that curcumin increases PPARγ gene expression and its transcriptional activation in 

hepatic stellate cells (Lin and Chen, 2008; Xu et al., 2003; Zheng and Chen, 2004). Curcumin 

was also shown to exert its anti-inflammatory effect by upregulation of PPARγ (Jacob et al., 
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2007). Further, curcumin was shown to promote cholesterol efflux from adipocytes by 

potentially regulating PPARγ-LXRα-ABCA1 pathway (Dong et al., 2011). Whether curcumin is 

a ligand for PPARγ is debatable, with two groups demonstrating that curcurmin is a PPARγ 

ligand (Chen and Xu, 2005; Kuroda et al., 2005; Nishiyama et al., 2005), and another group 

showing otherwise (Narala et al., 2009). Since the TZD class of antidiabetes drugs, including 

rosiglitazone and pioglitazone, have serious side effects such as fluid retention, weight gain, 

congestive heart failure (Nesto et al., 2004) and loss of bone mineral density (Kahn et al., 2008) 

in type 2 diabetic patients, identification of novel compounds or bioactive components that that 

can selectively modulate PPARγ activation and target gene expression may be of significant 

merit. 

The goal of this study was to evaluate the ability of curcumin to modulate PPARγ 

transcriptional activity, its target gene expression, and adipocyte differentiation in human 

subcutaneous adipocytes. We demonstrate that curcumin increases PPARγ transcriptional 

activity and upregulates adiponectin gene expression, without inducing adipocyte differentiation, 

suggesting that the anti-diabetic effects of curcuminoids could, at least in part, be mediated by 

regulation of PPARγ target gene expression.  
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Materials and Methods 

Reagents  

Curcumin (>90% purity) was purchased from Cayman Chemical Company (Ann Arbor, MI, 

USA). Curcumin C3 complex® (ratio-defined mixture of curcumin, bisdemethoxycurcumin, and 

demethoxycurcumin) and tetrahydrocurcuminoids (THC: ratio-defined mixture of 

tetrahydrocurcumin, tetrahydrobisdemethoxycurcumin, and tetrahydrodemothoxycurcumin) were 

gifts from Sabinsa Corporation (Piscataway, NJ). Curcumin, C3 complex®, and THC were 

dissolved in DMSO. Troglitazone (Tro), rosiglitazone (Rosi), 15-deoxy-Δ12,14-prostaglandin J2 

(PG), a natural PPARγ-agonist, and GW-9662, a PPARγ-antagonist, were purchased from 

Axxora LLC (San Diego, CA). Recombinant human insulin was purchased from Roche 

Diagnostics (Indianapolis, IL); 3-isobutyl-1-methylxanthine (IBMX) and dexamethasone were 

from Sigma-Aldrich Chemical (St. Louis, MO); adiponectin antibody was from Cell Signaling 

Technology (Danvers, MA); NIH3T3 and 3T3-L1 fibroblast cells were purchased from the 

American Type Culture Collection (Manassas, VA). 

 

Cell culture and transfections 

NIH-3T3 cells, seeded in 24-well cell culture plates, and cultured in growth medium 

consisting of DMEM, 10% fetal bovine serum, and 1% penicillin/streptomycin, were transfected 

with plasmids encoding the ligand-binding domain of PPARγ, RXRα, FATP-luciferase, and β-

galactosidase, using Lipofectamine™ 2000 transfection reagent (Life Technologies, Grand 

Island, NY). Cells were exposed to curcuminoids or rosiglitazone for 24 h, lysed, and assayed for 

luciferase and β-galactosidase activity using the dual-light luciferase and β-galactosidase reporter 

gene assay system (Applied Biosystems, Foster City, CA) in a 96-well luminometer (Promega, 
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Madison, WI). Transfections were performed in triplicate. Data was normalized to luminescence 

from β-galactosidase expression and depicted as fold-change from DMSO treatment. 

 

Human adipogenesis assay 

Human adipocyte differentiation was assayed using human adipogenesis assay kit from Zen-

Bio, Inc. (Research Triangle Park, NC). Briefly, subcutaneous human preadipocytes were 

obtained from Zen-Bio, Inc. and cultured in preadipocyte medium (Zen-Bio, catalog #PM-1) 

according to the manufacture's recommendation. To induce differentiation, confluent cells were 

cultured in initiation medium (Zen-Bio catalog #IM), containing insulin, dexamethasone, 

isobutylmethylxanthine, for 7 days, in the presence or absence of curcumin (1,5,20 μM), 

curcumin C3 complex® (1,5,20 μM), tetrahydrocurcuminoids (THC: 1,5,20 μM), PPARγ 

agonists troglitazone (5 μM), rosiglitazone (5 μM), 15-deoxy-Δ12,14-prostaglandin J2 (5 μM), and 

PPARγ antagonist GW9662 (5 μM). Following differentiation, triglyceride content of adipocytes 

was assayed by measuring the concentration of glycerol released based on the equation, 1 M 

triglyceride yields 1 M glycerol + free fatty acids.  

 

3T3-L1 adipocyte differentiation and PPARγ gene expression 

Differentiated 3T3-L1 adipocytes were treated with different concentrations of curcumin for 

24 hours, after which cells were pelleted and subjected to RNA extraction using RNeasy Mini 

RNA isolation kit (QIAGEN, Valencia, CA). cDNA was synthesized using iScript cDNA 

synthesis kit (BIO-RAD, Hercules, CA) and real-time PCR was performed using iQ SYBR 

Green Supermix (BIO-RAD) according to protocols recommended by the manufacturer. The 

primer sequences for target genes are as follows: Adiponectin, forward 5’-AGA GAA GGG 
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AGA GAA AGG AGA TGC-3’, reverse 5’-TGA GCG ATA CAC ATA AGC GGC-3’; CD36, 

forward 5’-GGT AGA GAT GGC CTT ACT TGG GAT TG-3’, reverse 5’-GCC AGT GTA 

TAT GTA GGC TCA TCC ACT ACT-3’; FATP, forward 5’-ATG CTC GGC CCA TCT TCC 

TG-3’, reverse 5’-GAA AGA AGA GCC TGT CTG AGG TCT GA-3’; LPL, forward 5’-TCT 

GTG CTA GGG AGA AAG TT-3’, reverse 5’-TGT TTG TTT GTC CAG TGT CA-3’; and, β-

Actin, forward 5′-ATC ACT ATT GGC AAC GAG CGG TTC-3′, reverse 5′-CGT CAC ACT 

TCA TGA TGG AAT TGA ATG-3′. Reaction conditions were as follows: 95 °C, 3:0 min; 95 

°C, 0:15 min, 60 °C, 0:30 min, 72 °C, 0:30 min, repeated 40×; 55 °C, 0:10 min, repeated 80×. 

Expression levels were normalized to β-actin and gene expression was calculated as 2-ΔΔC
T and 

expressed as fold-change, as described by Livak and Schmittgen (Livak and Schmittgen, 2001). 

All assays were carried out in triplicate. 

 

Western blot analyses of adiponectin  

Confluent 6-well dishes of 3T3-L1 adipocyte cells were treated with curcuminoids, 

rosiglitazone (0.5 μM), in serum-free media for 24 hours. Cells were washed with ice-cold PBS 

three times and lysed in 300 μl of cell lysis buffer [50 mM HEPES, pH7.4, 100 mM sodium 

pyrophosphate, 100 mM EDTA, 20 mM sodium orthovanadate, 2 mM phenylmethylsulfonyl 

fluoride, 0.01 mg/ml aprotinin, 0.01 mg/ml leupeptin, 1% Triton X-100, and protease inhibitor 

cocktail tablet (Roche Diagnostics, Indianapolis)]. Cell lysate proteins were separated by 4–20% 

SDS–PAGE precast gels (NuSep Inc., Austell, GA) followed by Western blot analysis using 

antibodies against adiponectin. Chemiluminescence detection and image analysis were 

performed with UVP-Biochimie Bioimager and LabWorks software (UVP, Upland, CA). 
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Human adiponectin ELISA 

Human primary subcutaneous adipocytes (Zen-Bio Inc, NC), were treated with curcumin 

(1,5,20 μM), curcumin C3 complex® (1,5,20 μM), tetrahydrocurcuminoids (1,5,20 μM) in the 

presence or absence of rosiglitazone (5 μM), for 3 days at 37˚C in a CO2 incubator. Adiponectin 

secreted into the media was assayed using a human adiponectin ELISA kit from B-Bridge 

International, Inc., (San Jose, CA). All treatments were in triplicate.  
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Results 

Curcuminoids increase transcriptional activity of PPARγ in NIH-3T3 cells 
 

Whether curcumin induces PPARγ transcriptional activity is unclear; while earlier reports 

demonstrate that curcumin activates PPARγ, a recent report argues to the contrary. Here, we 

tested the ability of curcumin, C3, and THC, to activate PPARγ. NIH 3T3 cells, that are known 

to lack endogenous PPARγ, were co-transfected with a PPARγ-expression plasmid harboring the 

ligand binding domain of PPARγ (pTR100-PPARγ), a plasmid expressing its heterodimerizing 

partner RXRα, and the FATP-PPRE-luc plasmid harboring the peroxisome proliferator response 

expression element (PPRE) of fatty acid transport protein that drives the expression of the 

luciferase reporter gene. Transfected NIH 3T3 cells were treated with a range of concentrations 

(0.001-2.5 μM) of curcumin, C3, and THC, and rosiglitazone as a positive control (Fig. 1). 

Curcumin, C3, and THC increased transcriptional activation of PPARγ dose-dependently from 1 

nM - 2.5 μM. Transcriptional activation of PPARγ at lower doses of curcumin, C3, and THC, 

was comparable to rosiglitazone. Calculated EC50 (µM) values indicate that curcuminoids have a 

moderately lower affinity (EC50: 208 – 482 nM) compared to rosiglitazone (EC50: 130 nM) (Fig. 

1, inset). However, at the highest concentration, curcuminoids (2.5 µM) induced a maximum of 

~20-fold transcriptional activity, compared to a ~90-fold increase in transcriptional activity by 

rosiglitazone at a similar concentration. These findings suggest that, compared to rosiglitazone, 

curcuminoids may only partially modulate transcriptional activation of PPARγ. 

 

Curcuminoids do not induce adipocyte differentiation and prevent adipocyte differentiation in 
human primary subcutaneous preadipocytes 
 

Human preadipocytes differentiated with insulin, dexamethasone, IBMX and a PPARγ 

agonist such as troglitazone (Tro), rosiglitazone (Rosi), or the natural PPARγ-agonist 15-deoxy-
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Δ12,14-prostaglandin J2 (PG), showed strong adipogenic activities, evidenced by increased lipid 

droplet formation in adipocytes (Fig.2A, inset – 10X magnification). The amount of triglyceride 

accumulation, an indicator of adipocyte differentiation, was used for quantitative comparison 

between treatments. Rosiglitazone, which demonstrated the highest transcriptional activation, 

showed highest triglyceride content compared to Tro and PG (Fig. 2A). GW9662, a PPARγ 

antagonist, suppressed Rosi- and PG-induced triglyceride accumulation. Treatment of human 

primary subcutaneous preadipocytes with curcumin, C3, or THC (1-20 μM), along with insulin, 

dexamethasone and IBMX, failed to induce adipocyte differentiation (Fig.2A). However, 

curcumin, C3, and THC, at lower doses (0.5 µM), demonstrated a ~2-fold increase in triglyceride 

content, which was suppressed by the PPARγ antagonist GW9662 (data not shown). 

Furthermore, curcumin, C3, and THC at 5 and 20 μM suppressed rosiglitazone-induced 

differentiation of human primary subcutaneous preadipocytes to adipocytes and decreased 

triglyceride accumulation (Fig. 2B). These results suggest that the partial transcriptional 

activation of PPARγ by curcuminoids, may not be sufficent to induce adipogenesis, and that 

curcuminoids may block rosiglitazone-induced differentiation of adipocytes in humans. 

 

Curcumin increase adiponectin, CD36, and LPL gene expression in 3T3-L1 adipocytes 
 

To further confirm that activation of PPARγ results in the induction of its target genes, we 

assayed gene expression of fatty acid translocase (CD36), fatty acid transport protein (FATP), 

and lipoprotein lipase (LPL) that promote fatty acid uptake and storage in adipocytes, and the 

expression of adiponectin. In differentiated 3T3-L1 adipocytes, curcumin (2.5 µM) induced 

~1.8-fold increase in gene expression of adiponectin compared to ~2.5-fold increase with 

rosiglitazone treatment (Fig.3). Consistent with this, curcumin treatment also induced secretion 
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of adiponectin into the culture media of differentiated 3T3-L1 adipocytes (Fig.3, inset). Further, 

curcumin (2.5 µM) induced ~1.75-fold increase in CD36 gene expression compared to ~3-fold 

induction by rosiglitazone. Induction of LPL gene expression by curcumin was comparable to 

rosiglitazone. For the duration of the treatment (24 hours), FATP gene expression was not 

significantly upregulated by either rosiglitazone or curcumin treatment. These findings indicate 

the possibility, that similar to TZDs, curcuminoids have the potential to upregulate PPARγ target 

genes in adipocytes. 

 

Curcuminoids increase adiponectin secretion in human primary subcutaneous adipocytes 
 

Differentiated human primary subcutaneous adipocytes were treated with various 

concentrations of curcuminoids in the presence or absence of rosiglitazone, or GW9662, for 3 

days, and adiponectin secreted into the culture media was assayed by ELISA.  Curcumin (5 μM), 

C3 (5 μM), and THC (5, 20 μM) demonstrated an increasing trend in adiponectin secretion, 

though this was not statistically significant (Fig 4). Interestingly, curcumin and curcumin C3 

complex showed a synergistic effect in significantly increasing adiponectin secretion compared 

to DMSO control and rosiglitazone. 
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Discussion 

Natural and synthetic ligands for PPARγ bind to and transactivate the receptor with distinct 

affinities. Among these, the TZDs, high-affinity ligands for PPARγ, have been shown to cause 

weight gain in rodent model and human studies, limiting its usage (Demers et al., 2008). Since 

PPARγ ligand-binding domain has a large binding pocket, it can elicit numerous potential 

ligand-binding conformations. Compared to full agonists, such as rosiglitazone or troglitazone, 

partial agonists may have lower maximal activity. A selective modulator, on the other hand, is a 

ligand that, compared to a full agonist, differentially induces specific receptor effects (Higgins 

and Depaoli, 2010). Several small molecules, including metaglidasen (formerly MBX-102), 

INT131, and, endogenous ligands, including lipocalin 2, a cytokine, and decanoic acid, a 10-

carbon fatty acid, have been identified as selective PPARγ modulators (Chandalia et al., 2009; 

Higgins and Mantzoros, 2008; Jin et al., 2011; Malapaka et al., 2012). 

A growing body of evidence suggests that curcumin, the bioactive component of curry spice 

turmeric, upregulates PPARγ gene expression and induces its transcriptional activation. 

Curcumin has been reported to increase gene expression and activation of PPARγ, contributing 

to the inhibition of hepatic stellate cell growth (Lin and Chen, 2008; Xu et al., 2003; Zheng and 

Chen, 2004). Turmeric extracts, curcumin, demethoxycurcumin, bisdemethoxycurcumin, and ar-

turmerone exhibited PPARγ ligand-binding activity in a GAL4-PPARγ chimera assay 

(Nishiyama et al., 2005). In RAW264.7 cells, and in a rat model of sepsis, curcumin treatment 

increased PPARγ expression, and reduced mortality (Siddiqui et al., 2006). While several studies 

demonstrate that curcumin’s effects are abrogated by GW9662 and BADGE, antagonists of 

PPARγ (Rinwa et al., 2010; Wang et al., 2010), a recent study suggests that curcumin is not a 
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ligand for PPARγ. Therefore, these studies sought to examine the role of curcumin in PPARγ 

activation, adipocyte differentiation, and expression of target genes, including adiponectin. 

Our studies demonstrate that curcumin, C3, and THC induced a moderate increase in PPARγ 

transcriptional activation (~20-fold increase compared to 90-fold increase with rosiglitazone). 

Interestingly, unlike rosiglitazone, troglitazone, and the natural ligand 15-deoxy-d 12,14 

prostaglandin J2, curcumin, C3, or THC did not induce differentiation of human subcutaneous 

adipocytes. Additionally, curcumin treatment decreased rosiglitazone-induced adipocyte 

differentiation, suggesting an uncoupling of effects and/or a differentially-induced receptor 

effect. These findings are consistent with previous findings in 3T3-L1 cells (Ahn et al., 2010; 

Ejaz et al., 2009; Lee et al., 2009), that indicate suppression of early adipogenic transcription 

factors including CCAAT/enhancer binding protein α (CEBPα) and PPARγ (Kim et al., 2011), 

and activation of Wnt/beta-catenin signaling (Ahn et al., 2010). Previously, we have 

demonstrated that curcumin activates AMPK and suppresses gluconeogenic gene expression in 

hepatoma cells (Kim et al., 2009). Similarly, two recent studies have shown that curcumin 

activates AMPK in 3T3-L1 adipocytes, which downregulates PPARγ, leading to the inhibition of 

adipocyte differentiation (Lee et al., 2009). Our data is supported by animal studies that 

demonstrate reduced weight gain, adiposity, and increased lean mass in curcumin-supplemented 

high-fat fed and ob/ob mouse models of obesity (Ejaz et al., 2009; Weisberg et al., 2008).  

Next, we examined curcumin’s effects on PPARγ target gene expression. Unlike 

rosiglitazone, curcumin moderately induced CD36 and adiponectin gene expression in 

differentiated 3T3-L1 adipocytes; while LPL gene expression was similar for both rosiglitazone 

and curcumin treatment, suggesting a moderate increment of fatty acid uptake into adipocytes in 

response to curcumin. This is consistent with our data on human adipogenesis that showed 
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decreased triglyceride accumulation following curcumin-treatment. Further, curcumin 

significantly increased adiponectin secretion compared to rosiglitazone, in 3T3-L1 adipocytes. In 

differentiated subcutaneous human adipocytes, curcumin, C3, and THC-treatment showed an 

increasing trend in adiponectin secretion. Interestingly, curcumin- or C3-treatment potentiated 

rosiglitazone’s effects on adiponectin secretion from adipocytes. This may indicate another target 

of curcumin, which can signal to increase adiponectin secretion. Whether activation of AMPK is 

involved in curcumin’s role in potentiation of rosiglitazone-induced adiponectin secretion is 

speculation. Our findings that curcumin increases adiponectin gene expression and its secretion 

from adipocytes is consistent with the findings of Weisberg et al. (Weisberg et al., 2008), that 

demonstrate significantly higher serum adiponectin levels in both curcumin-treated, high-fat-fed 

and ob/ob mice. 

GW9662 is a selective, irreversible PPARγ antagonist, which binds to the ligand-binding 

domain of PPARγ and covalently modifies Cys285, resulting in an irreversible loss of ligand 

binding. In our studies, GW9662 demonstrated a varied activity; while it blocked THC-induced 

adipocyte differentiation, it was without effect on curcumin and C3’s effects on adipocyte 

differentiation. GW9662 was without any effect on curcumin-, C3-, or THC-induced adiponectin 

secretion. It may be argued therefore, that curcuminoids are not PPARγ ligands. While this may 

be a possibility, it is evident from our studies that curcuminoids induce a dose-dependent 

increase in PPARγ activation and expression of its target genes. A similar, ligand-independent 

activation of PPARγ by insulin and C-peptide has been reported (Al-Rasheed et al., 2004) (Al-

Rasheed et al, 2004). Post-translational modification of PPARγ may be linked with positive or 

negative regulation of ligand-independent transcriptional activity. ERK (MAP kinase)-mediated 

phosphorylation of Ser 82 of PPARγ 1 and Ser 112 of PPARγ 2 has been shown to be 
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accompanied by a reduction in transcriptional activity (Camp and Tafuri, 1997). Recent studies 

indicate that rosiglitazone and other anti-diabetic drugs inhibit the phosphorylation of PPARγ by 

protein kinase Cdk5 (cyclin-dependent kinase 5) on Ser 273, induced by high-fat feeding (Choi 

et al., 2010). Currently, curcumin’s role in inhibiting PPARγ phosphorylation on Ser 273 is 

unknown.  

In conclusion, we have presented evidence that curcuminoids induce transcriptional 

activation of PPARγ. Unlike rosiglitazone, curcuminoids elicited a moderate transcriptional 

activation, and inhibited adipogenesis in human subcutaneous adipocytes. Further, curcumin 

induced a moderate upregulation of PPARγ target genes, and enhanced adiponectin secretion 

from fat cells. These data are suggestive of a potential role for the bioactive component, 

curcumin, to function as a selective PPARγ modulator. Additional in vivo studies examining 

molecular mechanisms of PPARγ activation are warranted. 
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Figure legends 

Fig.1: Curcumin increases transcriptional activation of PPARγ. NIH3T3 cells were transfected 
with plasmids expressing the ligand-binding domain of PPARγ, FATP-Luc, RXRα, and β-
galactosidase. Following treatment with curcuminoids or rosiglitazone for 24 hours, cells were 
lysed and luciferase activity indicating PPARγ transcriptional activation was measured in a 
luminometer. Data were normalized to luminescence from β-galactosidase expression and 
depicted as fold-change from DMSO treatment. Inset shows calculated EC50 values of 
curcuminoids compared to other PPARγ agonists.  
* p < 0.05.  
 

Fig.2: Curcuminoids fail to induce adipocyte differentiation, and prevent rosiglitazone-
induced differentiation in human primary subcutaneous preadipocytes. (A) Curcumin, 
curcumin C3 complex®, and tetrahydrocurcuminoids (THC) were tested for their ability to 
induce differentiation of human primary subcutaneous preadipocytes (Zen-Bio Inc, NC). 
Troglitazone (Tro), rosiglitazone (Rosi), 15-deoxy-Δ12,14-prostaglandin J2 (PG), the natural 
PPARγ-agonist, and GW9662, a PPARγ-antagonist were used as controls. Adipocyte 
differentiation was induced using a cocktail containing IBMX, dexamethasone, and insulin (20× 
magnification, inset) for 7 days. (B) Curcumin (1,5,20 μM), curcumin C3 complex® (1,5,20 
μM), and THC: 1,5,20 μM) were tested for their ability to prevent rosiglitazone-induced 
differentiation of human primary subcutaneous preadipocytes, as described above. Following 
differentiation, glycerol content of adipocytes (A, B) were analyzed by measuring the 
concentration of glycerol released based on the equation, 1M triglyceride yields 1M glycerol + 
free fatty acids. All treatments were in triplicate. 
*,#p < 0.05, ##p < 0.01, ###,***p < 0.001, *compared to DMSO, #compared to rosiglitazone.  
 

Figure 3. Curcumin increases adiponectin, CD36, and LPL gene expression in 3T3-L1 
adipocytes. Differentiated 3T3-L1 adipocytes were incubated with rosiglitazone or curcumin for 
24 hours. Gene expression was quantitated by real-time qPCR. Data are depicted as fold-change 
compared to β-actin, using the CT method. Inset shows Western blot image of curcumin-
induced secretion of adiponectin into the culture media of differentiated 3T3-L1 adipocytes.  
 

Fig. 4: Curcuminoids increase adiponectin secretion in human primary subcutaneous 
adipocytes. Human primary subcutaneous adipocytes (Zen-Bio Inc, NC) were treated with 
curcumin (Cur: 1,5,20 μM), curcumin C3 complex® (C3: 1,5,20 μM), tetrahydrocurcuminoids 
(THC: 1,5,20 μM) in the presence or absence of rosiglitazone (5 μM), or GW9662 (5 µM) for 3 
days at 37ºC in a CO2 incubator. Adiponectin secreted into the media was measured using a 
human adiponectin ELISA kit (B-Bridge International, Inc., CA). Treatments were performed in 
triplicate. *,#p < 0.05, ##p < 0.01, ***p < 0.001, *compared to DMSO, #compared to 
rosiglitazone.   
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Chapter 6: Alpha-glucosidase Inhibitory effect of Resveratrol and Piceatannol 
 
 



 

 139

Abstract 

Diet is an integral part in the management of diabetes. Dietary polyphenols have been 

shown to inhibit α-glucosidase, an enzyme target of anti-diabetic drugs acarbose, miglitol, and 

voglibose. Resveratrol, a polyphenol found in grapes and wine, has been reported to inhibit the 

activity of yeast α-glucosidase. This triggered our interest to synthesize analogs of resveratrol 

and determine their effect on mammalian α-glucosidase (EC 3.2.1.20) activity. Using either 

sucrose or maltose as substrate, resveratrol, piceatannol and 3’-hydroxypterostilbene (0.5 mg/ml) 

showed strong inhibition of mammalian α-glucosidase activity, while pinostilbene, cis- and 

trans-desoxyrhapontigenin showed moderate inhibitory activity. Compared to acarbose (IC50: 3-

13 µg/ml), piceatannol and resveratrol inhibited mammalian alpha glucosidase with an IC50 of 

14-84 µg/ml and 111-120 µg/ml, respectively. 3’-Hydroxypterostilbene (IC50: 105-302 µg/ml) 

was 23-35 fold less potent than acarbose. To investigate the in vivo effect of natural stilbenes on 

post-prandial blood glucose response, we administered resveratrol or piceatannol to high-fat fed 

C57Bl/6 mice, 60 min prior to sucrose-, starch-, or glucose-loading. Animals administered 

resveratrol (30 mg/kg BW) or piceatannol (14 mg/kg BW) prior to sucrose- or starch-loading, 

delayed the absorption of carbohydrates, resulting in significant lowering of post-prandial blood 

glucose concentrations, similar to the antidiabetic drug Acarbose™. Taken together, these 

studies demonstrate that the dietary polyphenols resveratrol and piceatannol lower post-prandial 

hyperglycemia and indicate that inhibition of intestinal alpha-glucosidase activity may be one 

potential mechanism contributing to its anti-diabetic properties. 
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Introduction 

Diabetes, a group of metabolic chronic disease affecting over 25.8 million people in the 

United States and over 346 million people worldwide, is characterized by hyperglycemia 

resulting from defects in insulin secretion, insulin action, or both (ADA, 2011; CDC, 2011; 

WHO, 2011). Normalization of blood glucose levels, especially postprandial hyperglycemia, is 

important to prevent the complications of diabetes, including retinopathy, nephropathy, 

neuropathy, coronary heart disease, stroke, and peripheral arteriopathy (Baron, 1998; Scheen, 

2003). One class of drugs used in the treatment of diabetes is the -glucosidase inhibitors. 

Alpha-glucosidase is a membrane-bound intestinal enzyme that hydrolyzes polysaccharides to 

glucose and other monosaccharides. Liberated glucose is then absorbed by the gut and 

contributes to postprandial hyperglycemia. Alpha-glucosidase inhibitors prevent or delay the 

digestion or absorption of carbohydrates and suppress postprandial hyperglycemia by inhibition 

of intestinal alpha-glucosidase, making such inhibitors useful in the management of type 2 

diabetes (Bell, 2004). Acarbose and voglibose, alpha-glucosidase inhibitors, are currently used 

clinically in combination with either diet or other anti-diabetic agents to control blood glucose 

levels in patients with type 2 diabetes (Van de Laar et al., 2005). 

trans-Resveratrol, piceatannol, and pterostilbene are naturally occurring stilbenes, a class 

of polyphenols, with strong antioxidant activities (Frombaum et al., 2012; Lee et al., 2010; 

Mikstacka et al., 2010; Rimando et al., 2002). Resveratrol (3,5,4′-trihydroxy-trans-stilbene) has 

been shown to have cardioprotective (Hung et al., 2004; Lekakis et al., 2005; Wang et al., 2005; 

Zern et al., 2003), cancer chemopreventive (Kraft et al., 2009; Patel et al., 2010), anti-

inflammatory (Bishayee et al., 2010; Kang et al., 2009), antioxidant (Rizvi and Pandey, 2010), 

anti-amylodogenic (Riviere et al., 2007) and neuroprotective (Albani et al., 2010) effects. 
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Similarly, piceatannol, (3,4,3′,5′-tetrahydroxy-trans-stilbene) has been reported to demonstrate 

cardioprotective (Kim et al., 2007), anti-cancer (Kuo and Hsu, 2008), anti-inflammatory (Son et 

al., 2010), antioxidant (Lee et al., 2010; Ovesna et al., 2006) and neuroprotective (Kim et al., 

2007) activity. Pterostilbene, a natural methoxylated analog of resveratrol, has been shown to be 

a potent inhibitor of NFκB, AP-1, COX-2, and iNOS activities (Cichocki et al., 2008). Several 

reports have shown that stilbenes possess hypoglycemic activity, including resveratrol analogs 

from Pterocarpus marsupium and Rheum undulatum, and stilbene glycosides from rhubarb and 

Rumex bucepahlophorus, albeit, by various mechanisms (Choi et al., 2005; Kerem et al., 2006; 

Li et al., 2007; Manickam et al., 1997). Stilbenes have also been reported to inhibit α-glucosidase 

activity and lower postprandial glucose concentrations (Kubo, 1991; Lam et al., 2008). However, 

studies on α-glucosidase inhibitory properties of naturally occurring stilbenes such as 

pterostilbene, piceatannol and resveratrol are limited (Kerem et al., 2006; Wan et al., 2011).   

In this study, we have investigated the ability of the natural stilbenes, pterostilbene, 

resveratrol and piceatannol, and several synthetic analogs to inhibit mammalian rat intestinal -

glucosidase activity in vitro. Further, the role of resveratrol and piceatannol in delaying 

carbohydrate absorption was examined in a mouse model of high fat diet-induced insulin 

resistance and hyperglycemia.  
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Materials and Methods 

Synthesis of stilbenes: Synthesis of stilbenes #1-14 and #17-27 has been previously reported 

(Mizuno et al., 2008a; Mizuno et al., 2008b). Pterostilbene (#15) was synthesized according to 

Rimando et al., 2005 (Rimando et al., 2005). Resveratrol (#16) was obtained from Sigma-

Aldrich. Stilbene #28 was synthesized following published procedures (Tolomeo et al., 2005). 

Stilbenes #29-32 were synthesized in the laboratory of Dr. Agnes Rimando, USDA-ARS, MS.  

Reagents: Acarbose was purchased from LKT Laboratories (St. Paul, MN). Rat intestinal 

acetone powder, sucrose, maltose, and starch were purchased from Sigma Chemical Co. (St. 

Louis, MO); glucose color reagent was from Raichem, (Columbia, MD); and resveratrol and 

piceatannol used for animal study were purchased from Tocris Bioscience (Ellisville, MO). All 

other reagents were of analytical grade. Blood glucose concentrations were measured using 

Accu-Chek glucometer (Roche Diagnostics, Indianapolis, IN). 

Yeast alpha-glucosidase inhibitory assay: Yeast alpha-glucosidase assay was assayed according 

to Watanabe, et al. (Watanabe et al., 1997). Stilbene compounds were incubated with 50 μl of 

yeast α-glucosidase enzyme solution (0.7 U/ml) (Sigma–Aldrich) in 0.1 M phosphate buffer, pH 

7.0 for 5 min. This was followed by the addition of 50 μl of 5 mM p-nitrophenyl-α-D-

glucopyranoside (Sigma) substrate solution and incubated for another 5 min at room 

temperature. Enzymatic inhibitory activity was quantitated by measuring the released p-

nitrophenol at 405 nm, based on the following equation: α-glucosidase inhibitory activity (%) = 

1-(S2-S1/C2-C1) x 100, where S = Sample, C = Control (DMSO), 1 = Initial A405, and 2 = Final 

A405. IC50 values were calculated based on percent inhibition obtained. All experiments were 

performed in triplicate. 
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Mammalian alpha-glucosidase inhibitory assay in vitro: Mammalian intestinal α-glucosidases 

is a complex consisting of three individual enzymes, namely sucrase, maltase, and isomaltase 

(Adachi et al., 2003). In this study, we examined the effect of natural stilbenes and their analogs 

on inhibition of mammalian intestinal α-glucosidase activity. Rat intestinal acetone powder (200 

mg) was hand-homogenized using 10 mL of ice-cold 50 mM phosphate buffer. After the 

contents were centrifuged at 8,000 rpm for 25 min, the supernatant was applied to a Sephadex G-

100 column and eluted with ice-cold 50 mM phosphate buffer. The activity of rat intestinal α-

glucosidase extract was verified using p-nitrophenyl-α-D-glucopyranoside as substrate by 

comparing with pure yeast α-glucosidase (Sigma). An aliquot of enzyme extract was incubated 

in the presence or absence of stilbene compounds using either sucrose (56 mM) or maltose (5 

mM) as substrate (Shinde et al., 2008). The amount of glucose liberated from the substrate was 

assayed by glucose oxidase method using a commercially available Autokit (Raichem, 

Columbia, MD). Acarbose, a widely used anti-diabetic drug and synthetic inhibitor of 

mammalian -glucosidase, was used as positive control. The IC50 values of stilbene compounds 

for mammalian -glucosidase inhibition were calculated from percent inhibition obtained from 

dose-response curves. 

Alpha-glucosidase inhibitory activity in animals: Animal experimental protocols were approved 

by the Institutional Animal Care and Use Committee at Auburn University. Forty, male C57Bl/6 

mice, 4 weeks old, were purchased from the Charles River Laboratories, Inc. (Wilmington, MA). 

These mice were fed a high-fat diet (D-12451, 45% kcals from fat), obtained from Research 

Diets, Inc. (New Brunswick, NJ) for a period of 8 weeks. After an overnight fast (food 

deprivation for at least 12 h, but with free access to water), mice were administered resveratrol 

(30 mg/kg BW) or piceatannol (14 mg/kg BW) orally, 60 min prior to an oral gavage of sucrose 
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(4 g/kg) or glucose (2 g/kg) or starch (3 g/kg). Blood samples were obtained at -60, 0, 15, 30, 60, 

and 120 min to assay glucose concentrations. Control animals received vehicle (water) instead of 

resveratrol or piceatannol. Acarbose (5 mg/kg) was used as positive control, and administered 60 

minutes prior to sucrose (glucose or starch) loading.  

Statistical analyses: Data are expressed as the mean ± standard error of the mean (SEM). 

Statistical significance for AUCGlucose between treated and control animals were determined 

using Student’s t-test. 
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Results 

Resveratrol and piceatannol inhibit mammalian alpha-glucosidase in vitro  

In this study we investigated the role of natural stilbenes, including pterostilbene, 

resveratrol, and piceatannol, and synthetic stilbene analogs of resveratrol (Fig.1) in the inhibition 

of mammalian alpha-glucosidase activity, using sucrose (Fig.2A) or maltose (Fig.2B) as 

substrate. At concentrations (0.5 mg/ml) comparable to acarbose, resveratrol (16), piceatannol 

(29), and 3'-hydroxypterostilbene (32) demonstrated potent inhibition of mammalian alpha-

glucosidase activity. The inhibitory effects of piceatannol (29) and 3-hydroxypterostilbene (32) 

on sucrose and maltase activity of α-glucosidase were similar to that of acarbose (~90% 

inhibition). Resveratrol inhibited sucrase activity by ~90% and maltase activity by ~60%. 

Further, trans-pinostilbene (10), trans-desoxyrhapontigenin (12), and cis-desoxyrhapontigenin 

(13) showed moderate α-glucosidase inhibitory activity, using either sucrose or maltose as 

substrate. Next, we generated dose response curves to calculate IC50 concentrations for alpha-

glucosidase inhibition (Fig.2C,D,E). As shown previously by Kerem et al (2006), we 

demonstrate that resveratrol was ~25 times more potent (IC50: 9 µg/ml) than acarbose (IC50: 247 

µg/ml) in inhibiting yeast alpha-glucosidase (Table 1). Similarly, trans-pinostilene, trans-

desoxyrhapontigenin, and piceatannol demonstrated lower IC50 for yeast α-glucosidase inhibition 

compared to acarbose. 3-Hydroxypterostilbene showed similar IC50 for yeast α-glucosidase 

inhibition as acarbose. Since mammalian alpha-glucosidase inhibition may be more biologically 

relevant than yeast alpha-glucosidase inhibition, and considering that acarbose is a potent 

inhibitor of mammalian alpha-glucosidase (Oki et al., 1999) we calculated IC50 concentrations of 

stilbenes for mammalian α-glucosidase. Piceatannol (IC50: 14 µg/ml) demonstrated comparable 

α-glucosidase inhibition as acarbose (IC50: 13 µg/ml), using sucrose as substrate, and much 
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lower potency using maltose as substrate (IC50: 84 µg/ml vs. 3 µg/ml for acarbose). Compared to 

acarbose, resveratrol showed moderate inhibition of sucrase activity (IC50: 120 µg/ml) and 

maltase activity (IC50: 111 µg/ml). 3-Hydroxypterostilbene showed a similar IC50 (105 µg/ml) as 

resveratrol, using sucrose as substrate, but higher IC50 (300 µg/ml) using maltose as substrate. 

Similarly trans-pterostilbene and trans-desoxyhapontigenin demonstrated higher IC50 

concentrations for mammalian α-glucosidase, compared to acarbose, using either sucrose or 

maltose as substrate. 

Resveratrol and piceatannol inhibit alpha-glucosidase in vivo 

Since piceatannol and resveratrol showed significant inhibitory effects on yeast and 

mammalian intestinal α-glucosidase activity, we investigated the effects of these compounds in 

vivo, on post-prandial glucose concentrations. We used the C57Bl/6 mouse model of diet-

induced obesity for these studies. After a period of 8 weeks on high-fat diet (45% kcals from fat), 

these animals had significantly elevated fasting blood glucose levels (169.4 ± 14.8 mg/dl) 

compared to mice fed regular chow (132.8 132.8 ± 6.9 mg/dl). Resveratrol (30 mg/kg BW) and 

piceatannol (14 mg/kg BW) were administered orally, 60 min prior to an oral gavage of sucrose 

(4 g/kg). Animals administered resveratrol or piceatannol, prior to sucrose-loading, showed 

lower blood glucose concentrations compared to control animals (Fig.3A). Area under the curve 

for glucose (AUCGlucose) in animals administered resveratrol or piceatannol was significantly 

lower (p = 0.0273 and 0.0146, respectively) compared to AUCGlucose of control group, and was 

similar to acarbose group (Fig.3B). Next, we examined the effect of resveratrol and piceatannol 

on starch loading in high-fat fed C57Bl/6 mice. Administration of resveratrol and piceatannol 

prior to starch-loading decreased post-prandial blood glucose levels as evidenced by significantly 

lower AUCGlucose levels compared to the control group (p = 0.0026 and 0.0039, respectively), and 
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this was similar to that of acarbose group (Fig.3C,D). To test whether the alpha-glucosidase 

inhibitory effect was the only contributor for the lowered postprandial glucose response effect of 

resveratrol or picteannol, high-fat fed mice were subject to glucose-loading (Fig.3E,F). No 

significantly difference was observed between AUCGlucose of resveratrol and glucose (p = 0.674). 

While a decreasing trend in AUCGlucose was observed for piceatannol, this was not statistically 

significant compared to the glucose-loaded control group (p = 0.109) group (Fig.2C), suggesting 

that the hypoglycemic effect of resveratrol or piceatannol was primarily dependent on alpha-

glucosidase inhibitory effect following an oral carbohydrate load. 
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Discussion 

To our knowledge, this is the first report showing that resveratrol and piceatannol inhibit 

mammalian α-glucosidase activity in vitro and in vivo, leading to a decreased post-prandial blood 

glucose response in a high-fat fed mouse model of obesity, insulin resistance, and 

hyperglycemia. Further, these studies have compared α-glucosidase inhibitory properties of 28 

synthetic analogs of resveratrol. Our studies suggest potential α-glucosidase inhibitory properties 

for trans-pterostilbene, 3’-hydroxystilbene, and trans-desoxyhapontigenin (in addition to 

resveratrol and piceatannol) based on inhibition of yeast α-glucosidase activity. Previously, it 

was shown that resveratrol demonstrated a potent inhibitory effect on yeast α-glucosidase 

activity (Kerem et al., 2006). However, there are several studies that show varied inhibitory 

effects of α-glucosidase inhibitors, depending on the source of the enzyme used. Voglibose, 

acarbose and glucono-1,5-lactone demonstrated potent inhibition of mammalian α-glucosidase, 

but were ineffective or less effective yeast α-glucosidase inhibitors (Oki et al., 1999). Contrary to 

this, (+)-catechin, green tea, and oolong tea inhibited yeast α-glucosidase, but were ineffective 

inhibitors of mammalian α-glucosidase activity (Oki et al., 1999). Similarly, other investigators 

Babu et al. (2004) and Shai et al. (2011) have shown that crude methanol extracts of several 

plants exerted potent inhibition of yeast α-glucosidase, but were less effective against 

mammalian α-glucosidase activity. This discrepancy may be attributed to structural differences 

(Lee and Lee, 2001). Since α-glucosidase from rat intestines closely mimics the mammalian 

system and biologically more relevant in the identification, design, and development of natural 

or synthetic bioactive compounds, we have used the mammalian enzyme source for our studies. 

Our studies have shown that among the natural stilbenes and 28 synthetic analogs that 

were tested, piceatannol displayed potent mammalian α-glucosidase inhibitory properties in vitro 
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with an IC50 (14 µg/ml) that was comparable to acarbose (13 µg/ml), using sucrose as substrate. 

Resveratrol demonstrated moderate inhibition (IC50 = 120 µg/ml), and was 9 times less potent as 

acarbose, using sucrose as substrate. Pterostilbene did not show significant inhibition of either 

yeast or mammalian α-glucosidase activities. In comparison, studies by Zhang et al. show that 

grape-seed extract demonstrated an IC50 of 384 µg/ml, and oolong and green tea extracts 

demonstrated even higher IC50 (1.34 mg/ml and 735 µg/ml, respectively), against rat α-

glucosidases (Oki et al., 1999; Zhang et al., 2011). Since piceatannol and resveratrol showed 

significant inhibition of mammalian rat intestinal α-glucosidase activity in vitro, these were 

tested for their ability to inhibit α-glucosidase activity in vivo in high-fat fed C57Bl/6 mice. Our 

findings, that both piceatannol and resveratrol delay the absorption of carbohydrates leading to a 

lowered post-prandial blood glucose response, confirm our in vitro findings. The dosages used 

for piceatannol (14 mg/kg BW) and resveratrol (30 mg/kg BW) were higher than that of acarbose 

(5 mg/kg BW). Additional dose-response studies are needed in animals to compare dosing 

efficacy. However, our studies show that, at the doses tested, both piceatannol and resveratrol 

lowered AUCglucose comparably as acarbose. 

The antidiabetic effect of resveratrol has been reported in many studies (Szkudelski and 

Szkudelska, 2011). It has been shown that resveratrol improves glucose uptake in muscle and 

liver (Chi et al., 2007; Su et al., 2006), represses insulin secretion in pancreas (Szkudelski, 2006, 

2008), decreases adipose tissue inflammation (Ikubo et al., 2009; Mader et al., 2010; Rotter et 

al., 2003), liver inflammation (Palsamy et al., 2010), mimics effect of caloric restriction (Barger 

et al., 2008) and enhances capacity for adaptive thermogenesis (Lagouge et al., 2006). 

Piceatannol (3,3’,4,5’-tetrahydroxystilbene), which possesses an additional hydroxyl group on 

resveratrol (3,4’,5-trihydroxystilbene), exerts higher free radical scavenging activity than 
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resveratrol (Fauconneau et al., 1997). Recently, piceatannol has been shown to inhibit 

adipogenesis in 3T3-L1 preadipocytes via modulation of mitotic clonal expansion and insulin 

signal transduction (Kwon et al., 2012).  

In conclusion, we have presented novel evidence that the natural phenolic compounds 

piceatannol and resveratrol are potent inhibitors of mammalian -glucosidase activity. Further, 

our studies showing that piceatannol and resveratrol lower post-prandial blood glucose 

contribute to the range of reported beneficial effects of stilbenes, and suggest a promising 

therapeutic potential for development of stilbene analogs in the control of hyperglycemia. 
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Figure legends 

 

Fig 1. Stilbenes: structure and chemical names  

Natural stilbenes and resveratrol analogs were synthesized. These are listed as trans-stilbenes or 

(E)-stilbenes and cis-stilbenes or (Z)-stilbenes, along with the chemical names and structures. 

Compound 11 is 4-(3,5-dimethoxyphenethyl)phenol. Compounds 30, 31 and 32 are commonly 

known as pinosylvin, pinosylvin monomethyl ether and 3'-hydroxypterostilbene, respectively.  

 

Fig 2. Resveratrol and piceatannol inhibit alpha-glucosidase in vitro.  

Natural stilbenes and resveratrol analogs were tested for inhibitory effect on mammalian alpha-

glucosidase activity using either sucrose (A) or maltose (B) as substrate. Acarbose (Acar) was 

used as a positive control. Stilbenes 1-28 (0.77 μM final concentration), and 29-32 (0.5 mg/mL, 

final concentration) were dissolved in DMSO and incubated with alpha-glucosidase, purified 

from rat intestinal acetone powder, and either sucrose (56 mM) or maltose (5 mM) as substrate. 

The amount of glucose liberated from the substrate was measured by glucose oxidase method 

using a commercially available kit. Yeast and mammalian α-glucosidase IC50 concentrations 

were calculated from dose-response curves (C,D, E). Calculated IC50 concentrations are shown 

in Table 1 

 

Fig 3. Resveratrol and piceatannol inhibit alpha-glucosidase in vivo  

Male C57Bl/6 mice (4 weeks old) were fed a high-fat diet (D-12451, 45% kcals from fat) for a 

period of 8 weeks. Mice were administered resveratrol (30 mg/kg) or piceatannol (14 mg/kg), 60 
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min prior to an oral gavage of (A) sucrose (4 g/kg) or (C) starch (3 g/kg) or (E) glucose (2 g/kg). 

Blood samples were obtained at -60, 0, 15, 30, 60, and 120 min to assay glucose concentrations. 

Control animals received vehicle (water) instead of resveratrol or piceatannol. Acarbose (5 

mg/kg) was used as positive control, and administered 60 minutes prior to sucrose (glucose or 

starch) loading. Area under the curve for glucose (AUCGlucose) was calculated. Data are shown as 

Mean + SEM, n=10 mice/group, *p < 0.05, **p < 0.01. 
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Table 1: -Glucosidase IC50 concentrations for resveratrol, piceatannol, and stilbenes 
 

Compound 

Yeast α-glucosidase 
inhibition 

Mammalian -glucosidase inhibition 

Sucrase Maltase 

IC50 
(mg/mL) 

Log IC50 ± 
SEM 

IC50 
(mg/mL) 

Log IC50 ± 
SEM 

IC50 
(mg/mL) 

Log IC50 ± 
SEM 

trans-Pterostilbene 0.028 -1.548 ± 0.098 0.501 -0.300 ± 0.077 0.518 -0.286 ± 0.234 

trans-Desoxyhapontigenin 0.042 -1.375 ± 0.207 0.443 -0.353 ± 0.278 0.136 -0.867 ± 0.179 

cis-Desoxyhapontigenin 5.481 0.739 ± 0.961 0.510 -0.297 ± 0.243 0.409 -0.388 ± 0.271 

3’-Hydroxypterostilbene 0.230 -0.639 ± 0.284 0.105 -0.978 ± 0.099 0.302 -0.521 ± 0.191 

Resveratrol 0.091 -2.042 ± 0.087 0.120 -0.927 ± 0.053 0.111 -0.953 ± 0.102 

Piceatannol 0.060 -1.220 ± 0.071 0.014 -1.865 ± 0.095 0.084 -1.075 ± 0.061 

Acarbose 0.247 -0.607 ± 0.139 0.013 -1.897 ± 0.092 0.003 -2.519 ± 0.068 
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Fig.1 
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Fig.2 
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Fig 3  
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Chapter 7: Summary and Conclusion 

Recent U.S. Food and Drug Administration (FDA) and European Medicines Agency 

(EMA) withdrawals, recalls, and restricted access of several medications, including antidiabetic 

medications, have heightened safety issues related to the use of some conventional drugs. On the 

other hand, interest in and use of plant extracts, herbal preparations, and natural products, 

including bioactive compounds, as prophylactic and therapeutic agents for many diseases have 

grown considerably in the past few decades.  In 2007, almost 4 out of 10 adults had used 

complementary and alternative medicine (CAM) therapies in the past 12 months, with the most 

commonly used CAM therapy being nonvitamin, nonmineral, natural products (17.7%) (Barnes 

et al., 2008). Therefore, these studies focusing on characterizing the antidiabetic effects of 

serviceberry, curcumin and stilbenes offer a mechanistic basis to evaluate and assess potential 

use of these plant extracts and natural compounds in the management of diabetes. 

Traditional knowledge of Native American Blackfeet Indians Tribe of Montana who 

consumed a tea made from serviceberry (Amelanchier alnifolia) twigs and leaves for the 

management of diabetes, led to our interest in serviceberry. We identified two potential 

mechanisms of action that may mediate the anti-diabetic activity of serviceberries. Aqueous 

extracts from serviceberry leaves and twigs increased glucose uptake into skeletal muscle cells. 

This increase in glucose uptake was mediated by activation of AMPK, and independent of 

signaling through the insulin receptor pathway. These extracts also increased AMPK activation 

in liver cells, and suppressed dexamethasone-induced gluconeogenic gene expression of PEPCK 

and G6Pase. We also identifiedpotent alpha-glucosidase inhibitory properties in aqueous leaf
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extracts of serviceberry. Administration of subfractions of leaf extracts to high-fat fed insulin 

resistant, and hyperglycemic mice led to a significant decrease in postprandial blood glucose, 

which was similar to the antidiabetic drug, acarbose. Thus, these studies offer the first scientific 

evidence and validate the traditional use of serviceberry leaf and twig teas in the management of 

diabetes. 

Curcumin, a polyphenol and major bioactive of turmeric, aptly called “the spice of life” 

has been used for centuries for a wide range of health benefits. Curcumin has powerful anti-

inflammatory, anti-tumor, and anti-oxidant properties; is well tolerated in humans even at 12 

g/day (Lao et al., 2006) and is currently in Phase III clinical trials for several forms of cancer. An 

increasing body of evidence indicates that curcumin can lower blood glucose levels and improve 

insulin action. However, the mechanisms mediating these are not clear. Our studies have shown 

that curcumin and its metabolite tetrahydrocurcumin induced a moderate transcriptional 

activation of PPARγ and its target genes, and enhanced adiponectin secretion from fat cells. 

Interestingly, unlike rosiglitazone, curcumin and THC did not induce adipogenesis in human 

subcutaneous adipocytes. These studies suggest that curcuminoids may function as a selective 

PPARγ modulator which preferentially improves insulin sensitivity, without the unwanted side-

effects of weight-gain observed in the TZD class of drugs. Further, since troglitazone, 

rosiglitazone, and pioglitazones have been withdrawn or their access restricted, bioactives such 

as curcumin and tetrahydrocurcumin may serve as a safe and effect alternate therapy to improve 

insulin sensitivity. 

Resveratrol, a natural stilbene and polyphenolic compound found in grapes, red wine, 

peanuts and berries has antioxidant, anti-inflammatory, and anti-atherogenic effects that can 

lower cardiovascular disease risk. In the last few years, rodent studies and experiments in vitro 
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have shown that resveratrol may be beneficial in preventing and treating some metabolic 

diseases, including diabetes (Szkudelska and Szkudelski, 2010). While a pivotal role has been 

ascribed to the activation of Sirt1 and AMPK, we were intrigued by a recent study that suggested 

that resveratrol may potentially inhibit yeast -glucosidase (Kerem et al., 2006). Accordingly, 

we synthesized resveratrol, piceatannol (a natural stilbene), and 30 analogs of resveratrol and 

tested these for inhibitory properties against mammalian -glucosidase in vitro and in animal 

studies. Resveratrol and piceatannol demonstrated potent inhibitory activities against mammalian 

-glucosidase activity in vitro. Administration of these bioactives to high-fat fed C57Bl/6 mice 

before sucrose- or starch-loading led to a significantly decreased post-prandial glucose response, 

which was similar to the antidiabetic drug acarbose. These studies suggest a promising 

therapeutic potential of stilbenes such as resveratrol and piceatannol in controlling post-prandial 

hyperglycemia. Together with their potent antioxidant capacities, resveratrol and piceatannol can 

act in parallel in the gastrointestinal tract and delay the absorption of carbohydrates. 

Future studies would include identification and characterization of the bioactive 

components from serviceberry that (a) activate AMPK and increase glucose uptake, and (b) 

inhibit intestinal α-glucosidase. Recent studies had identified several bioactives from 

serviceberry leaves and twigs, including polyphenols such as quercetin- and kaempferol-derived 

glycosides. It is a matter of debate as to whether an extract is better (equivalent of a combination 

therapy or multi-drug regimen) or a single active component (monotherapy). With an extract, the 

active ingredients are usually not completely isolated and are still along with other naturally 

occurring components of the plant. These other components can influence the efficacy of the 

active ingredient to give a synergistic effect. But without purification the undesirable substances 

such as chlorophyll, tannins, or resins, are still present in the extract. Additional studies are 
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needed to further characterize the PPARγ modulation effect of curcumin and 

tetrahydrocurcumin. Previously, work from our laboratory had shown that curcumin can activate 

AMPK in liver and muscle cells. How AMPK activation and PPAR modulation work in concert 

in the adipocytes affecting adipokine synthesis and secretion would be of significant interest. 

Similarly, our novel findings on resveratrol and piceatannol’s ability to inhibit α-glucosidase 

deserve further characterization to assess potential anti-diabetic effects. 

In conclusion, our studies, while offering a mechanistic basis for the improvement of 

insulin action, suggest potential health benefits of serviceberry extracts, curcuminoids, and 

stilbenes, including resveratrol and piceatannol, in the management of diabetes.  
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