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Abstract
Common complications of Type 2 diabetes (T2D) are eye, kidney and nerve diseases, as well as an
increased risk for the development of cardiovascular disease and cancer. The overwhelming influence
of these conditions contributes to a decreased quality of life and life span, as well as significant
economic consequences. Although obesity once served as a surrogate marker for the risk of T2D,
we know now that excess adipose tissue secretes inflammatory cytokines that left unchecked,
accelerate the progression to insulin resistance and T2D. In addition, excess alcohol consumption
may also increase the risk of T2D. From a therapeutic standpoint, lifestyle interventions such as
dietary modification and/or exercise training have been shown to improve glucose homeostasis but
may not normalize the disease process unless weight loss is achieved and increased physical activity
patterns are established. Furthermore, utilization of natural products may serve as a significant
adjunct in the fight against insulin resistance but further research is needed to ascertain their validity.
Since it is clear that pharmaceutical therapy plays a significant role in the treatment of insulin
resistance, this review will also discuss some of the newly developed pharmaceutical therapies that
may work in conjunction with lifestyle interventions, and lessen the burden of behavioral change as
the only strategy against the development of T2D.

1. Introduction
The widespread prevalence of type 2 diabetes (T2D) in the United States of America (US) has
been consistently increasing over the past three decades, now accounting for annual health care
costs of ~$132 billion dollars (Hamdy et al. 2001; Hogan et al. 2003). The disease has also
reached epidemic proportions around the world, and with a predicted global prevalence of over
300 million by 2025. T2D is strongly associated with significant increases in morbidity and
mortality, and directly linked to pathogenic consequences in the eyes, kidney and nerves as
well as microvascular and macrovascular complications that promote cardiovascular disease.
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2. Complex Etiology of Type 2 diabetes
Primary Culprits

Obesity and/or lack of physical activity are two of the main determining factors in the
development of insulin resistance that precede the diagnosis of T2D (Committee 1999). Insulin
resistance is characterized by the impaired suppression of endogenous glucose production
(glucose Ra) and/or the disposal of glucose into skeletal muscle (Stumvoll et al. 2005).
Typically, β-cell compensation would initially facilitate an increase in insulin levels and
prevent hyperglycemia. Unfortunately, as insulin resistance worsens, β-cell compensation
become less and less effective and hyperglycemia of progressively greater magnitude occurs
(Weyer et al. 1999). The result of the impossibility to maintain normal glycemic levels is a
deleterious decline in the functional interplay between organ systems under worsening insulin
resistance, and eventual evolution to frank T2D.

Although excess body weight and an elevated body mass index (BMI) have been clearly
identified as risk factors for T2D, the underlying pathogenetic mechanisms by which obesity
contributes to the etiology of diabetes are very complex, and still partially undetermined. The
contributory influence of obesity is closely associated with the adverse impact of visceral and
deep abdominal subcutaneous fat on lipolysis and the disproportionate release and/or influence
of pro-inflammatory cytokines. Although studies that have examined the relationship between
regional fat depots and insulin sensitivity have not been entirely conclusive with respect to the
identification of the most pathogenic fat depot (Abate et al. 1995; Garg 2004), lipolytic activity
is consistently higher in visceral and deep abdominal subcutaneous compared to superficial
subcutaneous adipoctyes (Bergman & Ader 2000; Boden 1997). As a result, these adipoctyes
contribute to higher free fatty acid (FFA) levels in the circulation and promote ectopic fat
storage in non-adipose cells such as hepatocytes and myocytes (Machann et al. 2004; Seppala-
Lindroos et al. 2002). It is also interesting to note that while studies employing the removal of
subcutaneous fat in animals and humans did not change the degree of insulin resistance
(Gabriely et al. 2002; Klein et al. 2004), a similar decrease in visceral fat resulted in an
efficacious reduction in the level of insulin resistance (Gabriely et al. 2002; O’Leary et al.
2006). Hence, it seems plausible that higher amounts of abdominal fat in diabetic patients
compared to age and BMI-matched non-diabetic subjects may contribute directly to the
development of insulin resistance and chronic disease (Rattarsan et al. 2004).

Increased adiposity is also often accompanied by a disproportionate increase in pro-
inflammatory adipokines (Carey et al. 2004). Expression and release of TNF-α (Hotamisligil
et al. 1994) and release of monocyte chemoattractant protein (MCP-1), IL-6 and IL-8 from
adipose tissue are increased in obesity and have been implicated in the development of insulin
resistance (Bastard et al. 2000; Christiansen et al. 2005; Dyck et al. 2006b). Convincing
evidence for the pathogenetic importance of TNF-α is derived from studies in which the genetic
blockade of TNF-α completely restored insulin sensitivity (Ventre et al. 1997). Additional
studies in obese humans found that treatment with anti-TNF-α agents also improved insulin
sensitivity (Yazdani-Biuki et al. 2004). Elevations in TNF-α have been shown to reduce the
expression of genes important to the electron transport chain, and inhibit lipid oxidation in
human adipocytes (Dahlman et al. 2006). In addition, TNF-α may further amplify lipolytic
signals, contributing to the development of hyperlipidemia in the metabolic syndrome
(Cawthorn & Sethi 2007).

It seems that visceral adipose tissue may be responsible for a large fraction of circulating IL-8
(Bruun et al. 2004), and MCP-1 (Bruun et al. 2005). MCP-1 is a well recognized mediator of
monocyte recruitment (Rollins 1997), impairs insulin signaling in skeletal muscle (Sell et al.
2006), and the overexpression of MCP-1 in mice contributes to systemic insulin resistance
(Kanda et al. 2006). In mice fed a high fat diet, increased MCP-1 (among other macrophage

Hays et al. Page 2

Pharmacol Ther. Author manuscript; available in PMC 2009 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



specific genes) resulted in a dramatic elevation in macrophage infiltration, promoting the
downstream secretion of hormones, adipokines and lipids that are known to initiate and amplify
insulin resistance (Xu et al. 2003). A recent study also provided evidence for the role in the
development of insulin resistance of another inflammatory adipokine called acute-phase serum
amyloid A (A-SAA), through paracrine stimulation of TNF-α, IL-6 and MCP-1 (Yang et al.
2006). The several lines of evidence presented above, while constituting only a representative
fraction of the rapidly expanding body of literature available in this field, clearly document the
established role of pro-inflammatory cytokines and chemokines in the development of insulin
resistance.

Other molecules expressed in adipose tissue display primarily anti-diabetic properties. A
notable example is adiponectin (Kern et al. 2003), whose protective effect on carbohydrate
metabolism in skeletal muscle and liver (Dyck et al. 2006a) is paralleled by a significant inverse
correlation with plasma TNF-α and TNF-α expression in abdominal adipose tissue (Kern et al.
2003). Incubation of adipose tissue fragments with either TNF-α or IL-6 reduced adiponectin
mRNA (Bruun et al. 2003), indicating a potentially reciprocal relationship between pro-
inflammatory cytokines (ie., TNF-α and IL-6) and adiponectin. Independent of weight loss or
dietary restriction, adiponectin may also be a contributing mechanism by which physical
exercise improves insulin sensitivity. For example, a recent study demonstrated that despite
only modest changes in the systemic concentrations of high molecular weight (HMW)
adiponectin, an exercise intervention induced a ~60% increase in insulin sensitivity and
concomitant 1.9 and 3.5 fold increases in skeletal muscle mRNA expression of the adiponectin
receptors, Adipo R1 and Adipo R2 (O’Leary et al. 2007).

Leptin is another adipose tissue-derived cytokine with protective effects on carbohydrate and
lipid homeostasis, through inhibitory signals for food intake and energy metabolism (Dyck et
al. 2006a). While elevated leptin physiologically suppresses the desire for nutrient intake,
obesity is associated with high leptin levels, due to central and/or peripheral leptin resistance
(Lonnqvist et al. 1995). For example, in rats fed a high fat diet for 4 weeks, the suppressive
influence of leptin on hepatic glucose production was reduced (Wang et al. 2001) and the
stimulatory influence of leptin on fat utilization was ameliorate[p1]d (Steinberg & Dyck
2000). Therefore, the beneficial influence of leptin on insulin action may be largely mediated
through its promotion of FFA oxidation (Shimbukuro et al. 1997) and the reduction of ectopic
fat in muscle (Minokoshi et al. 2002). Despite the need to further clarify the complex roles of
these cytokines in the regulation of metabolism, it is clear that insulin resistance develops and
worsens in the presence of a chronic low-grade inflammatory state, in which dysregulation of
adipose tissue-derived cytokines[p2] are likely to play a significant role.

While[p3] insulin resistance exerts its detrimental influence on glucose homeostasis, β-cell
failure also plays a pivotal role in the gradual development of T2D (Weyer et al. 1999). Insulin
resistance is progressive in nature, and the reduction in β-cell function seems congruent with
this pattern in terms of disease etiology. Typically, by the time the patient is diagnosed with
T2D, β-cell function has already been reduced by ~ 50% (Holman 1998). The reduction in β-
cell function is also well correlated with β-cell mass. In persons with impaired glucose
tolerance, β-cell mass may be reduced by 40%, while individuals with T2D may lose up to
60% of their original β-cell mass (Butler et al. 2003). Loss of β-cell mass has been largely
attributed to beta cell apoptosis, and not deficiencies in β-cell replication or new islet formation.

Although the relative contributions of insulin resistance and impaired insulin secretion have
not been completely resolved, there is an inverse relationship between insulin sensitivity and
β-cell function (Wajchenberg 2007). The product of these parameters is referred to as the
disposition index, and reflects the compensatory ability of the β-cells to overcome insulin
resistance (Bergman 1989). For example, the acute insulin response (AIR) and the metabolic
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action of insulin to stimulate glucose disposal (M) work together in a healthy metabolic
scenario to preserve or maintain a relative degree of glucose homeostasis. As the severity of
insulin resistance increases, normal compensation of AIR is not sufficient to overcome the
steady increases in glycemia and usually results in the diagnosis of T2D (Stumvoll et al.
2003). While not all individuals with insulin resistance develop T2D, longitudinal studies in
Pima Indians demonstrated that impaired β-cell function was an predictor of the development
of T2D, independent of obesity and/or insulin resistance (Pratley & Weyer 2001). In fact, a 5-
year study in 48 Pima Indians found that almost half of these individuals progressed from
normal glucose tolerance to T2D. In this time, insulin secretion declined by 78% while insulin
sensitivity only decreased by 14%. In those individuals who did not develop T2D, insulin
sensitivity decreased similarly (ie., 11%) while a 30% increase in insulin secretion reduced the
risk of T2D (Weyer et al. 1999). Therefore, a decline in β-cell function or an impaired AIR
may precede the development of chronic hyperglycemia. As such, the etiological progression
of T2D represents a combination of hepatic and peripheral insulin resistance as well as
progressive β-cell failure that cannot keep up with the pathogenic development of insulin
resistance. For the purpose of this review, we will focus primarily on intervention- and
pharmaceutical-based studies and their influence on the pathogenesis of insulin resistance,
while appreciating the importance of β-cell dysfunction in the pathogenesis of T2D.

Genetic predisposition is another factor of primary importance in the development of T2D.
The prevalence of T2D varies widely among different ethnic groups, and the incidence of T2D
in Pima Indians (extremely high risk for T2D) is inversely related to the degree of interbreeding
with Caucasians of European origin (Barroso 2005). While different ethnicities often also differ
in non-genetic environmental and cultural behavior that can independently affect the risk to
develop T2D, increased susceptibility to the disease persists in selected ethnic groups with
comparable environmental backgrounds. Family history also points to the importance of
genetic background: the lifetime risk of developing T2D is about 40% in children with one
diabetic parent, while that risk almost doubles when both parents have been diagnosed with
T2D (Groop & Tuomi 1997). Further, concordance of T2D in identical twins (the likelihood
of one twin to develop T2D after the other one has been diagnosed) is ~ 30-40%, almost twice
as high as in type 1 diabetes (Kaprio et al. 1992).

Determination of the specific genes responsible for this predisposition remains elusive, due in
large part to the complexity of the involved genetic interactions. Unlike other pathologies (such
as cystic fibrosis) in which a single gene or a small number of genes are responsible for disease
onset, only a small percentage of cases of diabetes can be considered monogenetic. In the
majority of cases, a large number of genes are possibly involved, and while some promising
candidates have been identified (most notably TCF7L2, the p12A variant of PPARG, the E23K
variant of KCNJ11, CAPN10, HNF1A, HNF4A, GCK, LMNA, ENPP1, etc.), no specific gene
cluster has been associated with disease consistently enough to prove a cause-effect
relationship (Owen & McCarthy 2007).

3. Negative Influence of Alcohol Consumption on Glucose Metabolism
Several large epidemiological studies have demonstrated that alcohol consumption is
associated with impaired glucose tolerance and/or T2D prevalence in a U-shaped fashion, with
a decreased risk observed among individuals with light to moderate alcohol intake (up to ~30
g/d) compared to individuals reporting either excessive intake or abstinence (Beulens et al.
2005; Carlsson et al. 2000; Koppes et al. 2005; Wannamethee et al. 2003). A recent study in
older women extended these findings by reporting that lifetime moderate alcohol consumption
was also associated with a reduced risk of T2D (Beulens et al. 2005). Further, low to moderate
alcohol consumption has been associated with reduced insulin resistance as estimated using
homeostasis model assessment (HOMA), after adjustment for potentially confounding lifestyle
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factors (Kiechl et al. 1996). A 2-week intervention study in 17 diabetic subjects found that
360mL/day of red wine consumption resulted in a 44% improvement in insulin-stimulated
glucose disposal (ISGD) as assessed using the hyperinsulinemic euglycemic clamp technique
(Napoli et al. 2005). Data regarding the specific type of alcoholic beverage associated with
decreased T2D risk is inconsistent; both a greater effect of red wine versus beer or liquor
consumption, and no difference in benefit among different beverages, have been described
(Beulens et al. 2005; Conigrave et al. 2001; Wannamethee et al. 2003). While the potential
mechanism by which moderate alcohol consumption may influence insulin sensitivity is
unknown, elevated expression of cardiac Akt protein has been demonstrated following alcohol
administration in mice (Zhou et al. 2002), suggesting that alcohol may directly affect
intracellular insulin signaling. Despite the uncertainty regarding the specific mechanisms by
which insulin resistance may be modulated by alcohol intake, the consistent epidemiological
evidence linking moderate alcohol consumption with lower T2D risk and overall mortality
supports a recommendation allowing light to moderate alcohol drinking as part of an
appropriate prevention and treatment plan for T2D.

4. Impact and/or Efficacy of Lifestyle Interventions
4.1. Role of Caloric Restriction

The overwhelming majority of caloric restriction-based weight loss studies have focused
almost entirely on insulin sensitivity in skeletal muscle (Goodpaster 1999; Joseph et al.
2001; Kelley et al. 1993b; Ross et al. 2000). Although some of these well-controlled studies
have reported significant improvements in ISGD (Goodpaster et al. 1999; Kelley et al.
1993a; Ross et al. 2000), this improvement was normally less than it would have been needed
for a complete normalization of insulin sensitivity in skeletal muscle; (a recent study, for
instance, reported that a 25% reduction in excess BMI corrected only ~50% of the altered
insulin sensitivity in overweight subjects (Goodpaster et al. 1999). The reason for the lack of
normalization may be due to the fact that the BMI remained elevated in the overweight to obese
range depending upon the specific study. More importantly, abdominal fat was still 50-100%
higher than non-obese controls. Despite the encouraging data (Goodpaster et al. 1999; Kelley
et al. 1993b; Ross et al. 2000), normalization of insulin sensitivity in the skeletal muscle may
require a reduction in BMI that approaches non-obese levels.

In studies by Barzilai et al., the removal of visceral fat has been shown to improve hepatic
insulin sensitivity in rodent models (Barzilai et al. 1999). [p4]In a comparable human study, a
7% body weight loss in human subjects with T2D resulted in 59±21 % improvement in insulin
sensitivity (Toledo et al. 2007). However, it is important to mention that the results of these
animal and human studies are difficult to interpret since 1) insulin levels were different from
pre- to post-intervention, and/or 2) glucagon levels were not measured or systematically
controlled. These issues are important since changes in hormone concentrations can initiate
the action of glucoregulatory feedback loops responsible for control of glucose homeostasis
(Cherrington 1999). Furthermore, hyperglucagonemia has been shown to influence
exaggerated rates of gluconeogenesis and glycogenolysis in people with T2D (Gastaldelli et
al. 2001). In our laboratory, we have addressed these issues using an octreotide infusion to
inhibit pancreatic hormone secretion, and replaced basal glucagon while selectively adjusting
the insulin concentration to study hepatic insulin action. Using this well-controlled approach,
our data suggests that moderate weight loss through caloric restriction (ie., 25% reduction of
excess BMI) promotes only 30% of the change necessary to normalize hepatic insulin
sensitivity (Coker et al. 2006b). Even though moderate weight loss (Δ in BMI from 32 to 30
kg/m2) does not normalize hepatic insulin sensitivity, data from our laboratory supports an
inverse relationship between BMI and the suppression of glucose Ra (r=-0.72, P<0.001), and
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this may indicate the potential for normalization of hepatic insulin sensitivity as BMI
approaches 25 kg/m2 (Yeo et al. 2006).

Caloric restriction-induced weight loss has also been shown to increase the oxidative capacity
of skeletal muscle (Kern et al. 1999), potentially dampening the negative influence of excess
lipid in skeletal muscle on peripheral insulin action (Bergman & Ader 2000). CR-induced
weight loss is also known to decrease FFA levels, and this may be largely responsible for
favorable improvements in insulin sensitivity (Machann et al. 2004). In studies that examined
the weight loss dependent and independent influence of orlistat (an intestinal lipase inhibitor),
subjects randomized to the orlistat treatment reduced their plasma FFA levels and increased
peripheral insulin action to a greater extent (Kelley et al. 2004). Even in studies where FFA
levels were only acutely elevated, a reduction in glucose uptake was demonstrated (Boden et
al. 1994). Thus, it is presumable that weight loss-induced reductions in plasma FFA may
decrease the accumulation of intramyocellular lipid (IMCL) and increase insulin sensitivity in
skeletal muscle. On the contrary, caloric restriction-based weight loss (~16 lbs) in individuals
with T2D resulted in no change in IMCL or peripheral insulin action, suggesting that more
aggressive weight loss may be necessary to reduce excess IMCL, or that caloric restriction
becomes less effective in the presence of more profound insulin resistance (Petersen et al.
2005). In obese volunteers with no history of T2D, a relatively aggressive caloric restriction-
induced weight loss (~20 lbs) study demonstrated a trend towards a decrease in IMCL, but the
decline did not reach significance (Larson-Meyer et al. 2006). Currently, it is not known how
much weight loss via caloric restriction is necessary to normalize IMCL and facilitate the
amelioration of insulin resistance in skeletal muscle.

It has been demonstrated that the accumulation of excess intrahepatic lipid (IHL) contributes
directly to insulin resistance in the liver (Oakes et al. 1997; Song et al. 2001). This is a serious
clinical concern since several investigative groups have demonstrated dramatic elevations in
IHL in obese individuals compared to non-obese counterparts (Larson-Meyer et al. 2006;
Lewis et al. 2006 Kelley, 2003 #4880; Thomas et al. 2005). The etiology of hepatic insulin
resistance seems to be promoted by an enhanced supply of FFA from the portal system due to
direct systemic access and the enhanced lipolytic activity of visceral adipose tissue (Montague
& O’Rahilly 2000). In turn, the excess supply of FFA promotes the accumulation of long chain
fatty acyl CoA, diacyglyerol and/or triglycerides in hepatic tissue that may promote the activity
of protein kinase C-δ, and potentially lead to an inhibition of insulin-mediated suppression of
glucose Ra (Lam et al. 2003). Encouraging results from studies performed by Petersen et al.
using MRS recently concluded that ~16 lbs of caloric restriction -induced weight loss initiated
a reduction in IHL, and resulted in greater suppression of glucose Ra in persons with T2D
(Petersen et al. 2005). In another weight loss study using caloric restriction to induce a 22%
reduction of excess BMI, there was a 42% reduction in the IHL levels (Lewis et al. 2006).
Despite these encouraging results, IHL levels were not normalized and remained at least
threefold higher than the levels in non-obese controls. Unfortunately, the amount of CR-
induced weight loss necessary to normalize IHL through caloric restriction is not known[p5].

4.2. Role of Exercise Training
Exercise Training without Weight Loss—Since exercise training does not normally
result in weight loss, training-induced increases in ISGD in the absence of weight loss (Coker
et al. 2006a; Devlin et al. 1987) are relevant to the prevention of T2D in persons with IGT.
Training-induced improvements in ISGD without a reduction in body weight or decrease in
fat composition are likely due to increased GLUT-4 content (Hughes et al. 1993), elevated
glycogen synthesis or increased oxidative enzyme activity (Coker et al. 2006a; Ebeling et al.
1993). Despite these training-induced changes in glucose metabolism in obesity (Segal et al.
1991), IGT (Hughes et al. 1993), and T2D (Dela et al. 1995), improvements in ISGD due to
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exercise training are usually short lived, often returning to pre-training levels of insulin
resistance within a week after cessation of training (Dela et al. 1995). This raises the question
of whether weight loss is not a greater factor in the normalization of glucose metabolism in
persons with IGT. It is known that insulin resistant skeletal muscle is characterized by
decreased oxidative capacity (Simoneau et al. 1998) and lower rates of FFA oxidation under
post-absorptive conditions (Kelley et al. 1999). Therefore, the efficacy of exercise training
without weight loss is documented by positive changes in oxidative enzyme capacities,
capillary density, and the proportion of Type 1 skeletal muscle fibers. As a result, exercise
training may promote functionally relevant adaptations involved in facilitating an increase in
ISGD. It would seem that an increased capacity for efficient lipid utilization would reduce the
impact of excess IMCL serving as a surrogate for other metabolites such as fatty acyl CoA
(Kelley & Goodpaster 2001), known to be implicated in insulin resistance (Ruderman et al.
1998). In slight contrast, recent studies measuring oxygen flux/mitochondrial DNA using
permeabilized muscle fibers from patients with T2D suggest that mitochondrial function is
normal (Boushel et al. 2007), and that reduced oxygen flux is due to reduced mitochondrial
content. As such, the mechanisms responsible for exercise training-induced improvements are
most likely multiplicative and may be closely associated with glycogen flux.

Exercise Training with Weight Loss—In studies that focused on the influence of weight
loss and/or exercise training on ISGD, the improvement in ISGD was slightly greater with
weight loss (induced by caloric restriction or exercise training) compared to exercise training
without weight loss (Ross et al. 2000). In these studies, ISGD was measured 72 hours after the
last training session. With exercise-induced weight loss, the improvement in ISGD was not
different from caloric restriction-induced weight loss (Ross et al. 2000). Unfortunately, the
results of these studies are difficult to interpret since dietary control and exercise training was
provided according to a behavioral modification study design. In studies utilizing dietary
control, short-term (4 weeks) moderate weight loss of 3.0 kg had no influence on ISGD (Joseph
et al. 2001), while greater amounts of weight loss regardless of the inclusion/exclusion of
increased physical activity resulted in significant improvements in ISGD (Hays et al. 2006).
Therefore, it is very difficult to distinguish the separate influence of exercise training from
weight loss when one considers the level of control needed to answer this important question.
Nonetheless, this is an important question that needs to be addressed, considering the notion
that only 20% of people who attempt weight loss actually utilize exercise training (Weiss et
al. 2006).

In addition to the detrimental influence of obesity on hepatic insulin action, elevations in
visceral adipocyte-derived FFA are linked to accelerated gluconeogenesis and excessive
glucose Ra in individuals with IGT or T2D (Bergman & Ader 2000). Further, this abnormality
is partially due to the reduction in the ability of insulin to suppress lipolysis, especially in
visceral adipocytes (Arner 2002; Fisher et al. 2001). The efficacy of training-induced weight
loss is supported by the results of recent study that found reductions in the portal vein
concentration of FFA and mesenteric fat in rats (Nara et al. 1997). Cross-sectional studies in
humans have also demonstrated greater hepatic insulin sensitivity in trained versus untrained
subjects (Rodnick et al. 1987). Therefore, training-induced weight loss may decrease the
deleterious influence of excess portal FFA on hepatic insulin action. However, it is not known
whether weight loss is a necessary component of an exercise training program in order to
improve insulin-mediated suppression of excess glucose Ra.

5. Natural Products
Data from recent US national surveys indicate that use of complementary and alternative
medicine is widespread, with as many as 1 in 3 adults reporting the use of therapies such as
acupuncture, chiropractic care, massage, relaxation techniques, yoga, and herbal remedies in

Hays et al. Page 7

Pharmacol Ther. Author manuscript; available in PMC 2009 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the prevention and/or treatment of specific conditions including T2D (Barnes et al. 2004; Egede
et al. 2002; Tindle et al. 2005). Despite this popularity, limited scientific evidence exists
regarding the efficacy, safety, and mechanisms of action of these interventions in disease
treatment. Chromium, garlic, ginseng and α-lipoic acid and various herbal dietary
supplements [p6]are several commonly used natural product interventions for T2D treatment
and/or prevention, although more than 50 products have been identified as potentially
therapeutic (Table 1) (Faculty 2006). Given that no conclusive data are available to support or
refute the use of these interventions, individuals who use these natural products should notify
their health care providers of therapies that are undertaken, and consider them as adjuncts to
the other types of lifestyle and pharmacological interventions reviewed above (Association
2003; Association 2004).

While compelling evidence exists to support an important role for dietary chromium intake in
the restoration of normal glucose tolerance among chromium-deficient individuals (Stoecker
2006), the ability of chromium to improve insulin action remains controversial (Althuis et al.
2002). Randomized, placebo-controlled clinical trials of chromium supplementation have
shown conflicting results on fasting and plasma glucose and insulin data (Crawford et al.
1999; Joseph et al. 1999; Pasman et al. 1997). Additional placebo-controlled randomized trials
in well-characterized populations are required to more fully understand the potential efficacy
of chromium supplementation in T2D treatment and prevention.

The purported physiological effects of ginseng are very broad, and different species of plants
from the genus Panax are used in U.S. supplements, with the most common being Asian and
American ginseng. While a number of studies using animal models have generally
demonstrated anti-diabetic properties, relatively few clinical studies in humans have been
reported (Xie et al. 2005). In a small study (n = 19) examining the blood glucose response
following administration of a single 3g dose of ginseng or placebo with a 25-g oral glucose
challenge, Vuksan et al. (Vuksan et al. 2000) reported that ginseng consumed prior to the
glucose challenge resulted in a decrease in the post-challenge glycemic response in both non-
diabetic and T2D patients. An early longer-term (8 weeks) supplementation trial (Sotaniemi
et al. 1995) suggested that 200mg of ginseng improved fasting blood glucose and HbA1c status
in T2D patients, but simultaneous body weight losses confound the interpretation of these
results. Taken together, these data suggest that ginseng likely has a beneficial effect on certain
metabolic parameters in T2D. However, it is difficult to make standardized recommendations
because of the large reported variability in metabolic response to different ginseng species
(Sievenpiper et al. 2004), different batches of the same species (Sievenpiper et al. 2003), and
different parts of the ginseng plant (Dey et al. 2003).

Numerous cell culture and in vivo animal studies have demonstrated that treatment with the
water soluble antioxidant α-lipoic acid (also known as thioctic acid) is associated with
improved skeletal muscle glucose transport activity, reduced whole-body insulin resistance,
and reduced oxidative stress (Henriksen 2006). In addition, chronic administration of α-lipoic
acid over 2 weeks in obese Zucker rats has been shown to result in increased insulin receptor
substrate (IRS)-1 protein expression (Saengsirisuwan et al. 2004), an important signaling factor
mediating skeletal muscle glucose uptake. Similar changes in insulin signaling factors and
glucose metabolism were not observed following α-lipoic acid treatment in insulin-sensitive,
lean rats (Saengsirisuwan et al. 2002), suggesting that the ability of this antioxidant to improve
glucose disposal is limited to conditions of insulin resistance. Although relatively few human
clinical trials have been reported, Jacob et al., described a significant improvement in glucose
clamp-derived ISGD in T2D patients following oral supplementation of α-lipoic acid versus
placebo (Jacob et al. 1999). The combination of compelling in vitro and in vivo animal data
but limited clinical data provides support for further research in human subjects, but does not
presently support a general recommendation for α-lipoic acid supplementation.
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Increased dietary intake of omega-3 long-chain polyunsaturated fatty acids has been associated
with reduced mortality and morbidity (Bucher et al. 2002). In prospective studies of various
populations with high intakes of fatty fish (a rich source of omega-3 fatty acids) demonstrate
a lower incidence of T2D compared to populations with less frequent fish consumption
(Feskens et al. 1991) but not all (Meyer et al. 2001; van Dam et al. 2002). Subsequent
intervention-based studies using fish oil supplementation, however, showed worsening of
glucose tolerance (Borkman et al. 1989), which has been suggested to be due to the very high
doses (~10g/day) of fish oil often administered in some early studies (Nettleton & Katz
2005). More recent studies using smaller supplemental doses (≤ 4g/day) have not resulted in
negative changes in glucose tolerance, but also little benefit, as indicated by a lack of effect on
either serum glucose, plasma insulin, or HbA1c concentrations (Grundt et al. 1995; Sirtori et
al. 1998). However, positive changes in lipid profile and blood pressure demonstrated by these
and other studies (Grundt et al. 1995; Nettleton & Katz 2005; Sirtori et al. 1998) suggest that
omega-3 supplementation may be of benefit in reducing cardiovascular disease risk in T2D
patients, even if no direct improvement in insulin or glucose homeostasis has been conclusively
demonstrated.

Multiple cohort and cross-sectional studies in U.S., European, and Asian populations have
identified an inverse association between coffee consumption and markers of T2D risk (van
Dam & Hu 2005). This association appears to be dose-dependent and independent of potentially
confounding dietary or other lifestyle factors. The specific mechanism responsible for this
reduced T2D risk is currently unknown, although constituents of coffee such as caffeine,
antioxidants (e.g. chlorogenic acid), and magnesium have each been suggested (van Dam &
Hu 2005). Caffeine in particular has been identified as a potential mechanistic factor, despite
evidence that acute administration of a moderate dose of caffeine results in reduced insulin
sensitivity in humans (Greer et al. 2001; Keijzers et al. 2002). However, several large,
prospective studies found reduced T2D risk even among drinkers of decaffeinated coffee
(Pereira et al. 2006; Salazar-Martinez et al. 2004), suggesting that coffee constituents other
than caffeine may be primarily responsible for the protective effect.

Green tea is another caffeine- and antioxidant-containing beverage that is of interest because
of the possible protection it affords against diabetes, cardiovascular disease and cancer (Crespy
& Williamson 2004). In a study of 19,487 middle-aged men and women living in Japan,
individuals that reported the highest intakes of green tea (≥ 6 cups/day) or coffee (≥ 3 cups/
day) had 33% and 42% lower risk for T2D over a 5 year follow-up, respectively, compared to
those who did not consume these beverages {Iso, 2006 #1685}. Inverse associations between
T2D and high intakes of either black or oolong tea were not observed in this study (Iso et al.
2006), although the variation in consumption patterns of these beverages was less than for
green tea and coffee. Additional evidence for a green tea protective effect was reported by
Tsuneki et al., (Tsuneki et al. 2004), who administered 1.5g of green tea powder in hot water
to 22 young, healthy volunteers and observed improved glucose tolerance following a standard
OGTT. In contrast, Yamaji et al., (Yamaji et al. 2004) found no association between reported
green tea intake and glucose tolerance status as assessed by OGTT in 3224 Japanese men,
although greater coffee consumption was associated with better glucose tolerance in this
study[p7].

6. Pharmacological Therapy
The pharmaceutical industry has produced a wealth of effective medications to help control
the deleterious influence of T2D. As we have discussed the influence of lifestyle interventions
ranging from diet and exercise to the use of natural products, it is also logical to review some
of the most innovative diabetes medications. Since it is beyond the scope of this review to
provide a completely comprehensive evaluation of pharmaceutical therapy for the prevention/
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treatment of T2D, we have chosen to review those medications whose actions may mimic the
influence of lifestyle interventions. For example, diet and/or exercise may improve beta cell
compensation, suppression of exaggerated glucose Ra, and reduce tissue lipotoxicity. All of
these factors are important in the etiological progression of T2D, and we will review, in this
regard, the effectiveness of, metformin, a representative thiazolidinedione (pioglitizone)
pramalitide, and exenatide.[p8]

6.1. Metformin, AMP-activated protein kinase (AMPK) and Hepatic Metabolism
The clinical use of metformin has gained widespread utilization in the treatment of T2D, and
it has also proven its therapeutic efficacy to decrease the risk of T2D in obese individuals
(Viollet et al. 2006). In fact, computerized searches of databases from 29 clinical trials revealed
that metformin has consistently demonstrated a favorable influence on glycemic control (Saenz
et al. 2005). While exaggeration of glucose Ra commonly occurs in T2D, metformin utilizes
AMPK signals to suppress exaggerated rates of glucose Ra, and in turn, lower blood glucose
levels (Zhou et al. 2001). In addition, adiponectin has been shown to influence AMPK
activation in the liver, and play a regulatory role in the control of glucose Ra (Satoh et al.
2004; Yamauchi et al. 2002). The primary role of hepatic AMPK in the maintenance of
glycemia is further confirmed by the results from animal experiments detailing the specific
importance of the AMPKα2 isoform. In these studies, liver-specific AMPKα2-/- mice
demonstrated exaggerated glucose Ra that contributed to hyperglycemia and IGT (Andreelli
et al. 2006). As such, these results outline the critical importance of the hepatic AMPKα2
isoform in the metformin-activated pharmacological manipulation of glucose Ra under
conditions of prevailing insulin resistance.

While metformin’s action on hepatic metabolism seems relatively straightforward, its action
on peripheral glucose metabolism has not been easily described or understood. As mentioned
previously, it has been demonstrated to improve glycemic control (Saenz et al. 2005). However,
improvements in GLUT 4 transport expression and ISGD were not shown unless metformin
therapy was combined with exercise training (Smith et al. 2007a). While metformin alone had
no effect, metformin plus exercise training did induce changes in peroxisome proliferator-
activated receptor-γ (PPAR-γ), citrate synthase, and β-hydroxyacyl-CoA dehydrogenase
activity. This is important since PPAR-γ and oxidative enzymes may modulate optimal fat
utilization in muscle and dampen the detrimental influence of lipid accumulation (Smith et al.
2007a).

Regardless of the non-specific influence that metformin may have on skeletal muscle, several
studies have demonstrated its clinical utility in improving glycemic control in obese adults at
risk for T2D (Saenz et al. 2005). This may also be true in other segments of the population.
For example, it is interesting to note that metformin monotherapy in obese adolescents
promoted a progressive decline in fasting plasma glucose and plasma insulin levels (Freemark
& Bursey 2001). These results are especially provocative when compared with worsening
fasting plasma glucose levels in non-treated individuals. The combine effects of metformin
therapy therefore seems to directly influence AMPK activation in the liver, improve hepatic
glucose metabolism, and potentiate overall glycemic control in persons with T2D, and in
multiple segments of the population at risk for T2D.

6.2. Pioglitazone, Adipose Tissue, and PPAR-γ
Pioglitazone is a member of the thiazolidinedione class (also including Rosiglitazone and the
now withdrawn Troglitazone). It is a well-recognized PPAR-γ agonist that is primarily
expressed in adipose tissue but it also found in small amounts in skeletal muscle (Vidalpuig et
al. 1997). It has recently been shown in patients with T2D that pioglitazone treatment improves
fasting plasma glucose and HbA1c levels while also facilitating increases in plasma adiponectin
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and ISGD (Bajaj et al. 2007). In previous studies from the same laboratory, a two-step clamp
procedure was utilized to demonstrate the effectiveness of pioglitazone in reducing hepatic
insulin resistance in persons with T2D (Miyazaki et al. 2002). The decreased plasma
triacylglycerol and hepatic fat content in individuals treated with pioglitazone (Bajaj et al.
2007) further exemplifies this drug’s positive influence on hepatic metabolism. Recent studies
also support a possible pioglitizone’s role in improving β-cell compensation in persons with
T2D (Gastaldelli et al. 2007). However, these results are not conclusive, and may only affect
those individuals with the lowest insulin sensitivity or those already with T2D (Rasouli et al.
2007).

While it is relatively clear that pioglitazone has a favorable influence on systemic insulin
resistance, the indirect influence of pioglitazone on adipose tissue versus its direct effects has
posed an interesting question as to where the compound exerts its most powerful action. In
persons with IGT who were administered pioglitazone for a10 wk period, glucose tolerance
was improved and Si was increased. This was coupled with a concomitant reduction in IMCL
in Type 1 fibers (Rasouli et al. 2005). It is also interesting that in these studies pioglitazone
resulted in a 2.6 kg weight gain while facilitating a significant decrease in the visceral-to-
subcutaneous adipose tissue ratio (Rasouli et al. 2005). Therefore, pioglitazone-induced
improvements in systemic insulin sensitivity (Miyazaki et al. 2002) appear at least in part
mediated by the diversion of lipids from skeletal muscle and visceral depots into subcutaneous
adipose depots (Miyazaki et al. 2002; Rasouli et al. 2005),

Treatment with pioglitazone also increases the secretion of HMW adiponectin from human
adipose tissue (Bodles et al. 2006a), an important effect since plasma adiponectin and
adiponectin mRNA in skeletal muscle has been linked to greater insulin sensitivity (Kern et
al. 2003). In addition, pioglitazone was shown to induce a ~50% reduction in macrophage
infiltration (ie., CD-68 and MCP-1 mRNA), and a significant reduction in systemic TNF-α
(DiGregorio et al. 2005), whose expression and secretion are associated with the inflammatory
state that influences the development of insulin resistance (Kern et al. 2001). Later studies from
the same laboratory also demonstrated that pioglitazone can directly initiate macrophage
apoptosis in human adipose tissue, potentially reducing the detrimental, chronic inflammatory
effects of these cells (Bodles et al. 2006b). The results of the numerous human studies
summarized above, therefore, indicates how pioglitazone can ameliorate insulin sensitivity
through multiple mechanisms, including an improved balance of por- and anti-inflammatiory
cytokines and a redistribution of lipid storage depots.

6.3. Pramlintide, Weight Control and Long-Term Glycemic Control
Pramalitide is a synthetic analog of human amylin, a pancreatic islet cell hormone colocalized
within the beta cells with insulin. Amylin complements the influence of insulin on the
regulation of postprandial glucose concentrations (Weyer et al. 2001), contributes to the
suppression of glucagon secretion (Gedulin et al. 1997), and reduces rates of gastric emptying
(Young et al. 1995). Due to the β-cell dysfunction that occurs in later in the progression of
T2D, amylin availability may be also compromised, and the beneficial amylin-derived effects
may be lost.

Administraion of pramlintide in humans with T2D, therefore, has significantly improved
postprandial glycemia (Buse et al. 2002; Edelman & Weyer 2002; Weyer et al. 2001), abated
hyperglucagonenmia (Fineman et al. 2002), and decreased the rate of gastric empyting (Vella
et al. 2002). Studies utilizing a 6-week dose of this medication also suggest that this compound
may decrease 24-hour caloric intake and binge eating (Smith et al. 2007b). Additional studies
incorporating a longer treatment periods found even greater weight loss, significant reductions
in waist circumference, improvements in appetite control (Aronne et al. 2007; Hollander et al.
2004), and a proportionate decline in the daily insulin requirement (Hollander et al. 2004).
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Among the subjects for these studies, patients with a BMI of >40 kg/m2 or those also treated
with metformin experienced the greatest reductions in body weight (Hollander et al. 2004).
Therefore, an additional benefit of pramlintide treatment as an adjunctive therapy is its potential
ability to prevent the weight gain commonly associated with other classes of andti-diabetic
drugs, such as sulfonylureas (Group 1998).

6.4. Exenatide, Body Weight, and Insulin Sensitivity
As mentioned previously, oral insulin secretagogues or sensitizers are associated with weight
gain (Aviles-Santa et al. 1999; Lewitt et al. 1989). This is important since the risk of diabetes
is increased by 9% for every 1-kg increase in body weight (Mokdad et al. 2000). Due to a need
for pharmacological approaches for diabetes that do not exacerbate the problems of weight
gain, the incretin mimetic exenatide has gained in popularity as an adjunctive treatment for
T2D. Exanatide has also been demonstrated to enhance β-cell proliferation and islet neogenesis
in rodents but not yet in humans (Nielsen et al. 2004). Similar to glucagon-like peptide-1,
exanatide helps to suppress excess glucagon secretion, slows gastric emptying, and reduces
food intake (Buse et al. 2004; Defronzo et al. 2005; Degn et al. 2004; Kendall et al. 2005;
Kolterman et al. 2005). In fact, exanatide therapy has effectively reduced HbA1c levels to ≤%
7 in ~40% of patients when maximal doses of metformin and/or sulfonylureas were not
effective (Buse et al. 2004; Defronzo et al. 2005; Kendall et al. 2005). A longer term (ie., 2
years) study has also demonstrated significant improvements in HbA1c paralleled by a
reduction in body weight of ~4.7 kg (Buse et al. 2007).

It is interesting to note that exanatide-treated rodents, even if fed a high-fat diet, displayed
significant weight loss, due exclusively to fat mass loss (Mack et al. 2006). Additional effect
of exeatide may include activation of phosphatidylinositol-3-kinase (PI-3 kinase) (Idris et al.
2002), and increase insulin sensitivity, as documented by a 224% increase following 6 weeks
of exenatide administration (Gedulin et al. 2005), accompanied by a β-cell mass reduction
proportional to the reduced insulin demand (Gedulin et al. 2005). Therefore, the results of
clinical studies that demonstrate exenatide as a effective adjunctive therapy towards achieving
weight loss and improving long term glycemic control are coupled with data from animal
studies suggesting beneficial effects on insulin sensitivity and islet function.

7. Summary
The epidemic proportions of T2D have become an increasing problem in terms of its influence
on public health and the cost of healthcare in the US. Despite the efforts and resources that
have been allocated towards the prevention and treatment of T2D and its co-morbidities, the
widespread trends of increased obesity and decreased physical activity have overwhelmed our
population with a debilitating and deadly disease. We have learned that adipose tissue is no
longer considered an inert depot but serves as an organ capable of secreting inflammatory
cytokines into the bloodstream that may exacerbate the development of insulin resistance and
lead to the progression of T2D. In fact, the reciprocal relationship between pro-inflammatory
cytokines (ie., TNF-∝ and IL-6), and adiponectin and leptin may largely control the
progression of insulin resistance in hepatic and muscle tissue, and ultimately beta-cell
failure. [p9]

While poor lifestyle choices are largely to blame for the development of T2D in the
overwhelming majority of the population, interventions such as diet and exercise as well as
the utilization of natural products may help reduce the risk of metabolic disease. Even short-
term exercise and dietary interventions have yielded various degrees of positive results, with
the greatest improvement in insulin sensitivity of skeletal muscle reported when exercise is
combined with weight loss. Unfortunately, however, the vast heterogeneity in the methods of
assessment and subject populations has resulted in considerable inconsistencies across studies
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in this regard. In addition, the effects of lifestyle interventions on hepatic and pancreas tissue
are not clear. Lastly, at least 50 natural product interventions (Table 1) have been proposed to
facilitate therapeutic outcomes. Of these, gingseng and ∝-liopic acid seem to provide relatively
promising results, but like many natural product interventions, the required amounts and
frequency of administration for these supplements has not been well charcaterized. On the
contrary, excessive of consumption of alcohol may have an underappreciated negative
influence on glucose metabolism.

Several newly advocated pharmaceutical alternatives and/or adjunct therapies are also
available. For example, the combination of pramlintide therapy with the administration of
sulfonylureas may minimize weight gain and lessen the associated cardiovascular risk. Also,
metformin may help facilitate greater reductions in body weight and lessen systemic insulin
resistance. Similar to pramlintide, exanatide may enhance β-cell function and prevent
unnecessary weight gain, and in turn, help to improve glycemic control. From a different angle,
pioglitazone seems to divert lipids away from muscle and reduce the chronic inflammatory
state aasociated with insulin resistance.

Therefore, poor lifestyle choices such as obesity and lack of physical activity, can be held
largely responsible for the development of insulin resistance, and ultimately lead to T2D.
Treatment of insulin resistance through lifestyle change represents an efficacious alternative
in terms of prevention but interventions must be aggressive in nature and serve to promote
weight loss. In addition, other medications and/or excess alcohol consumption may also
negatively contribute to the pathogenesis of insulin resistance and T2D. Lastly, novel
medications, in conjunction with existing therapies, may moderate the onset and progression
of insulin resistance in population at increased risk to develop T2D, or slow the evolution of
the disease in already diagnosed T2D patients.

References
Abate N, Garg A, Peshock RM, Stray-Gundersen J, Grundy SM. Relationships of generalized and

regional adiposity to insulin sensitivity in men. Journal of Clinical Investigation 1995;96:88–98.
[PubMed: 7615840]

Althuis MD, Jordan NE, Ludington EA, Wittes JT. Glucose and insulin responses to dietary chromium
supplements: a meta-analysis. Am J Clin Nutr 2002;76:148–155. [PubMed: 12081828]

Andreelli F, Foretz M, Knauf C, Cani PD, Perrin C, Iglesias MA, Pillot B, Bado A, RTronche F, Mithieux
G, Vaulont S, Burcelin R, Viollet B. Liver adenosine monophosphate-activated kinase-alpha2 catalytic
subunit is a key target for the control of hepatic glucose production by adiponectin and leptin but not
by insulin. Endocrinology 2006;147:2432–2441. [PubMed: 16455782]

Arner P. Insulin resistance in type 2 diabetes: role of fatty acids. Diabet Metab Res Rev 2002;18:S5–S9.
Aronne L, Fujioka K, Aroda V, Chen K, Halseth AE, Kesty NC, Burns C, Lush CW, Weyer C. Progressive

reduction in body weigh tfollowing treatment with the amylin analog pramlintide in obese subjects: a
phase 2, randomized, placebo-controlled, dose-escalation study. J Clin Endocrinol Metab. 2007 May
15;Epub ahead of print

Association, A.D. Position of the American Dietetic Association: integration of medical nutrition therapy
and pharmacotherapy. J Am Diet Assoc 2003;103:1363–1370. [PubMed: 14520260]

Association, A.D. Unproven therapies. Diabetes Care 2004;27:S135. [PubMed: 14693951]
Aviles-Santa L, Sinding J, Raskin P. Effects of metformin in patients with poorly controlled, insulin-

treated type 2 diabetes mellitus. A randomized, double-blind, placebo-controlled trial. Ann Intern Med
1999;131:182–188. [PubMed: 10428734]

Bajaj M, Suraamornkul S, Hardies LJ, Glass L, Musi N, Defronzo RA. Effects of peroxisome proliferator-
activated receptor (PPAR)-alpha and PPAR-gamma agonists on glucose and lipid metabolism in
patients with type 2 diabetes mellitus. Diabetologia 2007;50:1723–1731. [PubMed: 17520238]

Barnes, PM.; Powell-Griner, E.; McFann, K.; Nahin, RL. N. C. f. H. Statistics. Advance data from vital
and health statistics. 343. US Department of Health and Human Services, Centers for Disease Control

Hays et al. Page 13

Pharmacol Ther. Author manuscript; available in PMC 2009 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and Prevention; 2004. Complementary and alternative medicine use among adults: United States,
2002.

Barroso I. Genetics of Type 2 diabetes. Diabet Med 2005;22:517–535. [PubMed: 15842505]
Barzilai N, She L, Liu BQ, Vuguin P, Cohen P, Wang J, Rossetti L. Surgical removal of visceral fat

reverses hepatic insulin resistance. Diabetes 1999;48:94–8. [PubMed: 9892227]
Bastard JP, Jardel C, Bruckert E, Blondy P, Capeau J, Laville M, Vidal H, Hainque B. Elevated levels

of interleukin a6 re reduced in serum and subcutaneous adipose tissue of obese women after weight
loss. J Clin Endocrinol Metab 2000;85:3338–3342. [PubMed: 10999830]

Bergman RN. Toward physiological understanding of glucose tolerance. Minimal model approach.
Diabetes 1989;38:1512–1527. [PubMed: 2684710]

Bergman RN, Ader M. Free fatty acids and pathogenesis of Type 2 diabetes mellitus. Trends Endocrinol
Metab 2000;11

Beulens JW, Stolk RP, Van der Schouw YT, Grobbee DE, Hendriks HF, Bots ML. Alcohol consumption
and risk of type 2 diabetes among older women. Diabetes 2005;28:2933–2938.

Boden G. Role of fatty acids in the pathogenesis of insulin resistance in NIDDM. Diabetes 1997;46:3–
10. [PubMed: 8971073]

Boden G, Chen X, Ruiz J, White JV, Rossetti L. Mechanisms of fatty acid-induced inhibition of glucose
uptake. J Clin Invest 1994;93:2438–2446. [PubMed: 8200979]

Bodles A, Banga A, Rasouli N, Ono F, Kern PA, Owens RJ. Pioglitazone increases secretion of high
molecular weight adiponectin from adipocytes. Am J Physiol Endocrinol Metab. 2006a Jun 27;Epub
ahead of print

Bodles AM, Varma V, Yao-Borengasser A, Phanavanh B, Peterson CA, McGehee RE, Rasouli N,
Wabitsch M, Kern PA. Pioglitazone induces apoptosis of macrophages in human adipose tissue.
2006b;47(9):2080–2088.

Borkman M, Chisholm DJ, Furler SM, Storlien LH, Kraegen EW, Simons LA, Chesterman CN. Effects
of fish oil supplementation on glucose and lipid metabolism in NIDDM. Diabetes 1989;38:1314–
1319. [PubMed: 2676659]

Boushel R, Gnaiger E, Schjerling P, Skovbro M, Kraunsoe R, Dela F. Patients with type 2 diabetes have
normal mitochondrial function in skeletal muscle. Diabetologia 2007;50:790–796. [PubMed:
17334651]

Bruun JM, Lihn AS, Madan AK, Pedersen SB, Schiott KM, Fain JN, Richelsen B. Higher production of
IL-8 in visceral vs. subcutaneous adipose tissue: implication of nonadipose cells in adipose tissue.
Am J Physiol Endocrinol Metab 2004;286:E8–E13. [PubMed: 13129857]

Bruun JM, Lihn AS, Pedersen SB, Richelsen B. Monocyte chemoattractant protein-1 release is higher in
visceral than subcutaneous human adipose tissue (AT): implication of macrophages resident in the
AT. J Clin Endocrinol Metab 2005;90:2282–2289. [PubMed: 15671098]

Bruun JM, Lihn AS, Verdich C, Pedersen SB, Toubro S, Astrup A, Richelsen B. Regulation of adiponectin
by adipose tissue derived cytokines: in vivo and in vitro investigations in humans. Am J Physiol
Endocrinol Metab 2003;285:E527–E533. [PubMed: 12736161]

Bucher HC, Hengstler P, Schindler C, Meier G. N-3 polyunsaturated fatty acids in coronary heart disease:
a meta-analysis of randomized controlled trials. Am J Med 2002;112:298–304. [PubMed: 11893369]

Buse JB, Henry RR, Han JftE-CSG. Effects of exenatide (exendin-4) on glycemi control over 30 weeks
in sulfonylurea-treated patients with type 2 diabetes. Diabetes Care 2004;27:2628–2635. [PubMed:
15504997]

Buse JB, Klonoff DC, Nielsen LL, Guan X, Bowlus CL, Holcombe JH, Maggs DG, Wintle ME. Metabolic
effects of two years of exenatide treatment on diabetes, obesity and hepatic biomarkers in patients
with type 2 diabetes: an interim analysis of data from the open-label, uncontrolled extension of three
double blind, placebo-controlled trials. Clinical Therapeutics 2007;29:139–153. [PubMed:
17379054]

Buse JB, Weyer C, Maggs DG. Amylin replacement with pramlintide in type 1 and type 2 diabetes: a
physiological approach to overcome barriers with insulin therapy. Clinical Diabetes 2002;20:137–
144.

Butler AE, Janson J, Bonner-Weir S, Ritzel R, Rizza RA, Butler PC. Beta-cell deficit and increased beta-
cell apoptosis in humans with type 2 diabetes. Diabetes 2003;52:102–110. [PubMed: 12502499]

Hays et al. Page 14

Pharmacol Ther. Author manuscript; available in PMC 2009 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Carey AL, Bruce CR, Sacchetti M. Interleukin-6 and tumor necrosis factor-alpha are not increased in
patients with type 2 diabetes; evidence that plasma interleukin-6 is related to fat mass and no insulin
responsiveness. Diabetologia 2004;47:1029–1037. [PubMed: 15168015]

Carlsson S, Hammar N, Efendic S, Persson PG, Ostenson CG, Grill V. Alcohol consumption, Type 2
diabetes mellitus and impaired glucose tolerance in middle-aged Swedish men. Diabet Med
2000;17:776–781. [PubMed: 11131102]

Cawthorn WP, Sethi JK. TNF-alpha and adipocyte biology. FEBS Lett. 2007
Cherrington AD. Banting Lecture 1997. Control of glucose uptake and release by the liver in vivo.

Diabetes 1999;48:1198–1214. [PubMed: 10331429]
Christiansen T, Richelsen B, Bruun JM. Monocyte chemoattractant protein-1 is produces in isolated

adipocytes, associated with adiposity and reduced after weight loss in morbid obese subjects. Int J
Obes Relat Metab Disord 2005;29:146–150.

Coker RH, Williams RH, Brown AD, Sullivan DH, Kortebein PM. Exercise-induced changes in insulin
action and glycogen metabolism in elderly adults. Med Sci Sports Exerc 2006a;38:433–438.
[PubMed: 16540829]

Coker RH, Yeo SE, Williams RH, Kortebein PM, Evans WJ. Exercise training- versus caloric restriction-
induced weight loss: effects on hepatic and peripheral insulin sensitivity. The Physiologist. 2006b;
(suppl)

Committee W. H. O. E.. Definition, diagnosis and classification of diabetes mellitus and its complications.
Report of a WHO consultation; Geneva. 1999;

Conigrave KM, Hu FB, Camargo CA, Stampfer MJ, Willett WC, Rimm EB. A prospective study of
drinking patterns in relation to risk of type 2 diabetes among men. Diabetes 2001;50:2390–2395.
[PubMed: 11574424]

Crawford V, Scheckenbach R, Preuss HG. Effects of niacin-bound chromium supplementation on body
composition in overweight African-American women. Diabetes Obes Metab 1999;1:331–337.
[PubMed: 11225649]

Crespy V, Williamson G. A review of the health effects of green tea catechins in in vivo animal models.
J Nutr 2004;134:3431S–3440S. [PubMed: 15570050]

Dahlman I, Forsgren M, Sogren A, Nordstrom EA, Kaaman M, Naslund E, Attersand A, Arner P.
Downregulation of electron transport chain genes in visceral adipose tissue in type 2 diabetes
independent of obesity and possibly involving tumor necrosis factor-alpha. Diabetes 2006;55:1792–
1799. [PubMed: 16731844]

Defronzo RA, Ratner RE, Han J. Effects of exenatide (exendin-4) on glycemic control and weight over
30 weeks in metformin-treated patients with type 2 diabetes. Diabetes Care 2005;28:1092–1100.
[PubMed: 15855572]

Degn KB, Brock B, Juhl CB. Effect of intravenous infusion of exenatide (synthetic exendi-4) on glucose-
dependent insulin secretion and counterregulation during hypoglycemia. Diabetes 2004;53:2397–
2403. [PubMed: 15331551]

Dela F, Larssen JJ, Mikines KJ, Ploug T, Petersen LN, Galbo H. Insulin-stimulated muscle glucose
clearance in patients with NIDDM. Effects of one-legged physical training. Diabetes 1995;44:1010–
1020. [PubMed: 7657022]

Devlin JT, Hirshman M, Horton ED, Horton ES. Enhanced peripheral and splanchnic insulin sensitivity
in NIDDM Men after single bout of exercise. Diabetes 1987;36:434–439. [PubMed: 3102297]

Dey L, Xie JT, Wang A, Wu J, Maleckar SA, Yuan CS. Anti-hyperglycemic effects of ginseng:
comparison between root and berry. Phytomedicine 2003;10:600–605. [PubMed: 13678250]

DiGregorio GB, Yao-Borengasser A, Rasouli N, Varma V, Miles LM, Ranganathan G, Peterson CA,
McGehee RE, Kern PA. Expression of CD68 and macrophage chemoattractant protein-1 genes in
human adipose tissues; association with cytokine expression, insulin resistance, and reduction by
pioglitazone. Diabetes 2005;54:2305–2313. [PubMed: 16046295]

Dyck DJ, Heigenhauser GJF, Bruce CR. The role of adipokines as regulators of skeletal muscle fatty acid
metabolism and insulin sensitivity. Acta Physiol 2006a;186:5–16.

Dyck DJ, Heigenhauser GJF, Bruce CR. The role of adipokines as regulators of skeletal muscle fatty acid
metabolism and insulin sensitivity. Acta Physiol 2006b;186:5–16.

Hays et al. Page 15

Pharmacol Ther. Author manuscript; available in PMC 2009 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Ebeling P, Bourey R, Koranyi L, Tuominen JA, Groop LC, Henriksson J, Mueckler M, Sovijarvi A,
Koivisto VA. Mechanism of enhanced insulin sensitivity in athletes Increased blood flow, muscle
glucose transport protein (GLUT-4) concentration, and glycogen synthase activity. Journal of
Clinical Investigation 1993;92:1623–31. [PubMed: 8408617]

Edelman SV, Weyer C. Unresolved challenges with insulin therapy in type 1 and type 2 diabetes: a
potential benefit of replacing amylin, a second B-cell hormone. Diabetes Technol Ther 2002;4:175–
189. [PubMed: 12079621]

Egede LE, Ye X, Zheng D, Silverstein MD. The prevalence and pattern of complementary and alternative
medicine use in individuals with diabetes. Diabetes Care 2002;25:324–329. [PubMed: 11815504]

Faculty, TR. Natural Medicines Comprehensive Database. Jellin, JM., editor. Stockton, CA: 2006.
Feskens EJ, Bowles CH, Kromhout D. Inverse association between fish intake and risk of glucose

intolerance in normoglycemic elderly men and women. Diabetes Care 1991;14:935–941. [PubMed:
1797505]

Fineman M, Weyer C, Maggs DG, Strobel S, Kolterman OG. The human amylin analog, pramlinitide,
reduces postprandial hyperglucagonemia in patients with type 2 diabetes mellitus. Horm Metab Res
2002;34:504–508. [PubMed: 12384827]

Fisher RM, Eriksson P, Hoffstedt J, Hotamisligil GS, Thorne A, Ryden M, Hamsten A, Arner P. Fatty
acid binding protein expression in different adipose tissue depots from lean and obese subjects.
Diabetologia 2001;44:1268–1273. [PubMed: 11692175]

Freemark M, Bursey D. The effects of metformin on body mass index and glucose tolerance in obese
adolescents with fasting hyperinsulinemia and a family history of type 2 diabetes. Pediatrics
2001;107:E55. [PubMed: 11335776]

Gabriely L, Ma XH, Y XM. Removal of visceral fat prevents insulin resistance and glucose intolerance
of aging. Diabetes 2002;51:2951–2958. [PubMed: 12351432]

Garg A. Regional adiposity and insulin resistance. J Clin Endocrinol Metab 2004;89:4206–4210.
[PubMed: 15356007]

Gastaldelli A, Ferrannini E, Miyazaki Y, Matsuda M, Mari A, Defronzo RA. Thiazolidinediones improve
beta cell function in type 2 diabetic patients. Am J Physiol Endocrinol Metab 2007;292:E871–E833.
[PubMed: 17106061]

Gastaldelli A, Toschi E, Pettiti M, Frascerra S, Quinones-Galvan A, Sironi AM, Natali A, Ferrannini E.
Effect of physiological hyperinsulinemia on gluconeogenesis in nondiabetic subjects and in type 2
diabetic patients. Diabetes 2001;50:1807–1812. [PubMed: 11473042]

Gedulin BR, Nikoulina SE, Smith PA, Gedulin G, Nielsen LL, Baron AD, Parkes DG, Young AA.
Exanatide (exendin-4) improves insulin sensitivity and B-cell mass in insulin-resistant obese fa/fa
Zucker rats independent of glycemia and body weight. Endocrinology 2005;146:2069–2074.
[PubMed: 15618356]

Gedulin BR, Rink TJ, Young AA. Dose response for glucagonostatic effect of amlyin in rats. Metabolism
1997;46:67–70. [PubMed: 9005972]

Goodpaster BH. Intramuscular lipid content is increased in obesity and decreased by weight loss.
American Journal of Physiology 1999;277:E1130–41. [PubMed: 10600804]

Goodpaster BH, Kelley DE, Wing RR, Meier A, Thaete FL. Effects of weight loss on regional fat
distribution and insulin sensitivity in obesity. Diabetes 1999;48:839–47. [PubMed: 10102702]

Greer F, Hudson R, Ross R, Graham T. Caffeine ingestion decreases glucose disposal during a
hyperinsulinemic-euglycemic clamp in sedentary humans. Diabetes 2001;50:2349–2354. [PubMed:
11574419]

Groop LC, Tuomi T. Non-insulin dependent diabetes mellitus-a collision between thrifty genes and an
affluent society. Ann Med 1997;29:37–53. [PubMed: 9073323]

Group, U.P. D. S. U. Intensive blood-glucose control with sulphonylureas or insulin compared with
conventional treatment and risk of complications in patients with type 2 diabetes (UKPDS). Lancet
1998;352:837–853. [PubMed: 9742976]

Grundt H, Nilsen DW, Hetland O, Aarsland A, Baksaas I, Grande T, Woie L. Improvement of serum
lipids and blood pressure during intervention with n-3 fatty acids was not associated with changes
in insulin levels in subjects with combined hyperlipidaemia. J Intern Med 1995;237:249–259.
[PubMed: 7891046]

Hays et al. Page 16

Pharmacol Ther. Author manuscript; available in PMC 2009 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Hamdy O, Goodyear LJ, Horton ES. Diet and exercise in type 2 diabetes mellitus. Endocrinology and
Metabolism Clinics of North America 2001;30:883–907. [PubMed: 11727404]

Hays NP, Starling RD, Sullivan DH, Fluckey JD, Coker RH, Williams RH, Evans WJ. Effect of an ad
libitum, high carbohydrate diet and aerobic exercise training on insulin action and muscle metabolism
in older men and women. J Gerontol A Biol Sci Med Sci 2006;61:299–304. [PubMed: 16567381]

Henriksen EJ. Exercise training and the antioxidant a-lipoic acid in the treatment of insulin resistance
and type 2 diabetes. Free Radic Biol Med 2006;40:3–12. [PubMed: 16337874]

Hogan P, Dall T, Nikolov P. Economic costs of diabetes in the US in 2002. Diabetes 2003;26:917–932.
Hollander P, Maggs DG, Ruggles JA, Fineman M, Shen L, Kolterman OG, Weyer C. Effect of pramlintide

on weight in overweight and obese insulin treated type 2 diabetes patients. Obes Res 2004;12:661–
668. [PubMed: 15090634]

Holman RR. Assessing the potential for alpha-glucosidase inhibitors in prediabetic states. Diabetes Res
Clin Pract 1998;(Suppl):S21–S25. [PubMed: 9740498]

Hotamisligil GS, Budavari A, Murray D, Spiegelman BM. Reduced tyrosine kinase activity of the insulin
receptor in obesity-diabetes. Central role of tumor necrosis factor-alpha. J Clin Invest 1994;94:1543–
1549. [PubMed: 7523453]

Hughes VA, Fiatarone MA, Fielding RA, Kahn BB, Ferrara CM, Shepherd P, Fisher EC, Wolfe RR,
Elahi D, Evans WJ. Exercise increases muscle GLUT 4 levels and insulin action in subjects with
impaired glucose tolerance. Am J Physiol 1993;264:E855–E862. [PubMed: 8333511]

Idris I, Patiag D, Gray S, Donnelly R. Exendin-4 increases insulin sensitivity via a P-3-kinase dependent
mechanism: contrasting effects of GLP-1. Biochem Pharmacol 2002;63:993–996. [PubMed:
11911852]

Iso H, Date C, Wakai K, Fukui M, Tamakoshi A. JACC Study Group. The relationship between green
tea and total caffeine intake and risk for self-reported type 2 diabetes among Japanese adults. Ann
Intern Med 2006;144:554–562. [PubMed: 16618952]

Jacob S, Ruus P, Hermann R, Tritschler HJ, Maerker E, Renn W, Augustin HJ, Dietze GJ, Rett K. Oral
administration of RAC-a-lipoic acid modulates insulin sensitivity in patients with type-2 diabetes
mellitus: a placebo-controlled pilot trial. Free Radic Biol Med 1999;27:309–314. [PubMed:
10468203]

Joseph LJ, Farrell PA, Davey SL, Evans WJ, Campbell WW. Effect of resistance training with or without
chromium picolinate supplementation on glucose metabolism in older men and women. Metabolism
1999;48:546–53. [PubMed: 10337851]

Joseph LJ, Trappe TA, Farrell PA, Campbell WW, Yarasheski KE, Lambert CP, Evans WJ. Short-term
moderate weight loss and resistance training do not affect insulin-stimulated glucose disposal in
postmenopausal women. Diabetes Care 2001;24:1863–9. [PubMed: 11679448]

Kanda H, Tateya S, Tamori Y, Kotani K, Hiasa KI, Kitazawa R, Kitazawa S, Miyachi H, Maeda S,
Egashira K, Kasuga M. MCP-1 contributes to macrophage infilitration into adipose tissue, insulin
resistance, and hepatic steatosis in obesity. J Clin Invest 2006;116:1494–1505. [PubMed: 16691291]

Kaprio J, Tuomilehto J, Koskenvuo M, Romanov K, Reunanen A, Eriksson J, Stengard J, Kesaniemi YA.
Concordance for type (insulin-dependent) and type 2 (non-insulin dependent) diabetes mellitus in a
population-based cohort of twins in Finland. Diabetologia 1992;35:1060–1067. [PubMed: 1473616]

Keijzers GB, De Galan BE, Tack CJ, Smits P. Caffeine can decrease insulin sensitivity in humans.
Diabetes Care 2002;25:364–369. [PubMed: 11815511]

Kelley DE, Goodpaster BH. Skeletal muscle triglyceride. An aspect of regional adiposity and insulin
resistance. Diabetes Care 2001;24:933–41. [PubMed: 11347757]

Kelley DE, Goodpaster BH, Wing RR, Simoneau JA. Skeletal muscle fatty acid metabolism in association
with insulin resistance, obesity, and weight loss. Am J Physiol 1999;277:1130–1141.

Kelley DE, Kuller LH, McKolanis TM, Harper P, Mancino J, Kalhan S. Effects of moderate weight loss
and orlistat on insulin resistance, regional adiposity, and fatty acids in type 2 diabetes. Diabetes Care
2004;27:33–40. [PubMed: 14693963]

Kelley DE, Mokan M, Simoneau JA, Mandarino LJ. Interaction between glucose and free fatty acid
metabolism in human skeletal muscle. J Clin Invest 1993a;92:91–98. [PubMed: 8326021]

Hays et al. Page 17

Pharmacol Ther. Author manuscript; available in PMC 2009 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Kelley DE, Wing R, Buonocore C, Sturis J, Polonsky K, Fitzsimmons M. Relative effects of calorie
restriction and weight loss in noninsulin-dependent diabetes mellitus. Journal of Clinical
Endocrinology & Metabolism 1993b;77:1287–93. [PubMed: 8077323]

Kendall DM, Riddle MC, Rosenstock J. Effects of exenatide (exendin-4) on glycemic control over 30
weeks in patients with type 2 diabetes treated with metformin and Sulfonylurea. Diabetes Care
2005;28:1083–1091. [PubMed: 15855571]

Kern PA, DiGregorio GB, Lu T, Rasouli N, Ranganathan G. Adiponection expression from human
adipose tissue: relation to obesity, insulin resistance, and tumor necrosis factor-alpha expression.
Diabetes 2003;52:1779–1785. [PubMed: 12829646]

Kern PA, Ranganathan S, Li C, Wood L, Ranganathan G. Adipose tissue tumor necrosis factor and
interleukin-6 expression in human obesity and insulin resistance. Am J Physiol Endocrinol Metab
2001;280:E745–E751. [PubMed: 11287357]

Kern PA, Simsolo RB, Fournier M. Effect of weight loss on muscle fiber type, fiber size, capillarity, and
succinate dehydrogenase activity in humans. J Clin Endo Metab 1999;84:4185–4190.

Kiechl S, Willeit J, Poewe W, Egger G, Oberhollenzer F, Muggeo M, Bonora E. Insulin sensitivity and
regular alcohol consumption: large, prospective, cross sectional population study (Bruneck study).
BMJ 1996;313:1040–1044. [PubMed: 8898593]

Klein S, Fontana L, Young VL. Absence of an effect of liposuction on insulin action and risk factors for
coronary heart disease. N Engl J Med 2004;350:2549–2557. [PubMed: 15201411]

Kolterman OG, Kim DD, Shen L. Synthetic exendin-4 (exenatide) significantly reduces post-prandial
and fasting plasma glucose in subjects with type 2 diabetes. J Clin Endocrinol Metab 2005;88:3082–
3089. [PubMed: 12843147]

Koppes LLJ, Dekker JM, Hendriks HFJ, Bouter LM, Heine RJ. Moderate alcohol consumption lowers
the risk of type 2 diabetes. Diabetes Care 2005;28:719–725. [PubMed: 15735217]

Lam TKT, Carpentier A, Lewis GF, Werve Gvd, Fantus IG, Giacca A. Mechanisms of the free fatty acid-
induced increase in hepatic glucose production. Am J Physiol Endocrinol Metab 2003;284:E863–
E873. [PubMed: 12676648]

Larson-Meyer DE, Heilbronn LK, Redman LM, Newcomer BR, Frisard MI, Anton S, Smith SR, Maplstat
AA, Ravussin E. Effect of calorie restriction with or without exercise on insulin sensitivity, beta-
cell function, fat cell size and ectopic lipid in overweight subjects. Diabetes Care 2006;29:1337–
1344. [PubMed: 16732018]

Lewis MC, Phillips ML, Slavotinek JP, Kow L, Thompson CH, Toouli J. Change in liver size and fat
content after treatment with Optifast very low calorie diet. Obes Surg 2006;16:697–701. [PubMed:
16756727]

Lewitt MS, Yu YK, Rennie GC. Effects of combined insulin-sulfonylurea therapy in type II patients.
Diabetes Care 1989;12:379–383. [PubMed: 2499443]

Lonnqvist F, Arner P, Nordsfors L, Schalling M. Overexpression of the obese (ob) gene in adipose tissue
of human obese subjects. Nat Med 1995;1:950–953. [PubMed: 7585223]

Machann J, Haring H, Schick F, Stumvoll M. Intramyocellular lipids and insulin resistance. Diabetes
Obes Metab 2004;6:239–248. [PubMed: 15171747]

Mack CM, Moore CX, Jodka CM, Bhavsar S, Wilson JK, Hoyt JA, Roan JL, Vu C, Laugero KD, Parkes
DG, Young AA. Antiobesity action of peripheral exenatide (exendin-4) in rodents: effects of food
intake, body weight, metabolic status, and side effect measures. Int J Obes 2006;30:1332–1340.

Meyer KA, Kushi LH, Jacobs DR, Folsom AR. Dietary fat and incidence of type 2 diabetes in older Iowa
women. Diabetes Care 2001;24:1528–1535. [PubMed: 11522694]

Minokoshi Y, Kim YB, Peroni OD, Fryer LG, Muller C, Carling S, Kahn BB. Leptin stimulates fatty
acid oxidation by activating AMP-activated protein kinase. Nature 2002;415:339–343. [PubMed:
11797013]

Miyazaki Y, Mahankali A, Matsuda M, Manhankali S, Hardies LJ, Cusi K, Mandarino LJ, Defronzo RA.
Effect of pioglitazone on abdominal fat distribution and insulin sensitivity in type 2 diabetic patients.
J Clin Endocrinol Metab 2002;87:2784–2791. [PubMed: 12050251]

Mokdad AH, Ford ES, Bowman BA. Diabetes trends in the U.S. Diabetes Care 2000;23:1278–1283.
[PubMed: 10977060]

Hays et al. Page 18

Pharmacol Ther. Author manuscript; available in PMC 2009 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Montague CT, O’Rahilly S. The perils of porliness: causes and consequences of visceral adiposity.
Diabetes 2000;49:883–888. [PubMed: 10866038]

Napoli R, Cozzolino D, Guardasole V, Angelini V, Zarra E, Matarazzo M, Cittadini A, Saccà L, Torella
R. Red wine consumption improves insulin resistance but not endothelial function in type 2 diabetic
patients. Metabolism 2005;54:306–313. [PubMed: 15736107]

Nara M, Takahashi M, Kanda T, Shimomura Y, Kobayashi I. Running exercise improves metabolic
abnormalities and fat accumulation in sucrose-induced insulin-resistant rats. Obes Res 1997;5:348–
353. [PubMed: 9285843]

Nettleton JA, Katz R. n-3 long-chain polyunsaturated fatty acids in type 2 diabetes: a review. J Am Diet
Assoc 2005;105:428–440. [PubMed: 15746832]

Nielsen LL, Young AA, P DG. Pharmacology of exenatide (synthetic exendin-4): a potential therapeutic
for improved glycemic control of type 2 diabetes. Regul Pept 2004;117:77–88. [PubMed:
14700743]

O’Leary VB, Jorett AE, Marchetti CM, Gonzalez F, Phillips SA, Ciarldi TP, Kirwan JP. Enhanced
adiponectin multimer ratio and skeletal muscle adiponectin receptor expression following exercise
training and diet in older insulin resistant adults. Am J Physiol Endocrinol Metab 2007;293:E421–
E427. [PubMed: 17488807]

O’Leary VB, Marchetti CM, Krishnan RK, Stetzer BP, Gonzalez F, Kirwan JP. Exercise-induced reversal
of insulin resistance in obese elderly is associated with reduced visceral fat. J Appl Physiol
2006;100:1584–1589. [PubMed: 16373444]

Oakes ND, Cooney GJ, Camilleri M, Chisholm DJ, Kraegen EW. Mechanisms of liver and muscle insulin
resistance induced by chronic high-fat feeding. Diabetes 1997;46:1768–1774. [PubMed: 9356024]

Owen KR, McCarthy MI. Genetics of type 2 diabetes. Curr Opin Genet Dev 2007;17:239–244. [PubMed:
17466512]

Pasman WJ, Westerterp-Plantenga MS, Saris WHM. The effectiveness of long-term supplementation of
carbohydrate, chromium, fibre and caffeine on weight maintenance. Int J Obes 1997;21:1143–1151.

Pereira MA, Parker ED, Folsom AR. Coffee consumption and risk of type 2 diabetes mellitus. Arch Intern
Med 2006;166:1311–1316. [PubMed: 16801515]

Petersen KF, Dufour S, Befroy D, Lehrke M, Hendler RE, Shulman GI. Reversal of nonalcoholic hepatic
steatosis, hepatic insulin resistance, and hyperglycemia by moderate weight reduction in patients
with type 2 diabetes. Diabetes 2005;54:603–608. [PubMed: 15734833]

Pratley RE, Weyer C. The role of impaired early insulin secretion in the pathogenesis of type II diabetes
mellitus. Diabetologia 2001;44:929–945. [PubMed: 11484070]

Rasouli N, Kern PA, Reece EA, Elbein SC. Effects of pioglitazone and metformin on beta-cell function
in nondiabetic subjects at risk for type 2 diabetes. Am J Physiol Endocrinol Metab 2007;292:E359–
E365. [PubMed: 16968813]

Rasouli N, Raue U, Miles LM, Lu T, DiGregorio GB, Elbein SC, Kern PA. Pioglitazone improves insulin
sensitivity through reduction in muscle lipid and redistribution of lipid into adipose tissue. Am J
Physiol Endocrinol Metab 2005;288:E930–E934. [PubMed: 15632102]

Rattarsan C, Leelawattana R, Soonthompun S, Setasuban W, Thamprasit A. Gender differences of
regional abdominal fat distribution and their relationships with insulin sensitivity in healthy and
glucose-intolerant Thais. J Clin Endocrinol Metab 2004;89:6266–6270. [PubMed: 15579787]

Rodnick KJ, Haskell WL, Swislocki AL, Foley JE, Reaven GM. Improved insulin action in muscle, liver
and adipose tissue in physically trained human subjects. Am J Physiol 1987;253:E489–E495.
[PubMed: 3318492]

Rollins BJ. Chemokines. Blood 1997;90:909–928. [PubMed: 9242519]
Ross RR, Dagnone D, Jones PJ, Smith H, Paddags A, Hudson R, Janssen I. Reduction in obesity and

related comorbid conditions after diet-induced weight loss or exercise-induced weight loss in men.
A randomized, controlled trial. Ann Intern Med 2000;133:92–103. [PubMed: 10896648]

Ruderman NB, Saha AK, Vavvas D, Kurowski T, Laybutt DR, Schmitz-Peiffer C, Biden T, Kraegen
EW. Malonyl CoA as a metabolic switch and a regulator of insulin sensitivity. Advances in
Experimental Medicine & Biology 1998;441:263–70. [PubMed: 9781332]

Hays et al. Page 19

Pharmacol Ther. Author manuscript; available in PMC 2009 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Saengsirisuwan V, Perez FR, Kinnick TR, Henriksen EJ. Effects of exercise training and antioxidant R-
ALA on glucose transport in insulin-sensitive rat skeletal muscle. J Appl Physiol 2002;92:50–58.
[PubMed: 11744642]

Saengsirisuwan V, Perez FR, Sloniger JA, Maier T, Henriksen EJ. Interactions of exercise training and
α-lipoic acid on insulin signaling in skeletal muscle of obese Zucker rats. Am J Physiol Endocrinol
Metab 2004;287:E529–E536. [PubMed: 15068957]

Saenz A, Fernandez-Esteban I, Mataix A, Roque M, Moher D. Metformin monotherapy for type 2 diabetes
mellitus. Cochrane Database Syst Rev 2005;20:CD00296.

Salazar-Martinez E, Willett WC, Ascherio A, Manson JE, Leitzmann MF, Stampfer MJ, Hu FB. Coffee
consumption and risk for type 2 diabetes mellitus. Ann Intern Med 2004;140:1–8. [PubMed:
14706966]

Satoh H, Nguyen MT, Miles PD, Imamura T, Usui I, Olefsky JM. Adenovirus-mediated chronic
‘hyperresistinemia’ leads to in vivo insulin resistance in normal rats. J Clin Invest 2004;114:224–
231. [PubMed: 15254589]

Segal KR, Edano A, Abalos A, Albu J, Blando L, Tomas MB, Pi-Sunyer FX. Effect of exercise training
on insulin sensitivity and glucose metabolism in lean, obese, and diabetic men. Journal of Applied
Physiology 1991;71:2402–11. [PubMed: 1778939]

Sell H, Dietze-Schroeder D, Kaiser U, Eckel J. Monocyte chemotactic protein-1 is a potential player in
the negative cross-talk between adipose tissue and skeletal muscle. Endocrinology 2006;147:2458–
2467. [PubMed: 16439461]

Seppala-Lindroos A, Vehkavaara S, Hakkinen AM. Fat accumulation in the liver is associated with
defects in insulin suppression of glucose production and serum free fatty acids independent of
obesity in normal men. J Clin Endocrinol Metab 2002;87:3023–3028. [PubMed: 12107194]

Shimbukuro M, Koyama K, Chen G, Wang MY, Trieu F, Lee Y, Newgard CB, Unger RH. Direct
antidiabetic effect of leptin through triglyceride depletion of tissues. Proc Natl Acad Sci USA
1997;94:4637–4641. [PubMed: 9114043]

Sievenpiper JL, Arnason JT, Leiter LA, Vuksan V. Variable effects of American ginseng: a batch of
American ginseng (Panax quinquefolius L.) with a depressed ginsenoside profile does not affect
postprandial glycemia. Eur J Clin Nutr 2003;57:243–248. [PubMed: 12571655]

Sievenpiper JL, Arnason JT, Leiter LA, Vuksan V. Decreasing, null and increasing effects of eight popular
types of ginseng on acute postprandial glycemic indices in healthy humans: the role of ginsenosides.
J Am Coll Nutr 2004;23:248–258. [PubMed: 15190050]

Simoneau JA, Kelley DE, Neverova M, Warden CH. Overexpression of muscle uncoupling protein 2
content in human obesity associates with reduced skeletal muscle lipid utilization. FASEB Journal
1998;12:1739–45. [PubMed: 9837864]

Sirtori CR, Crepaldi G, Manzato E, Mancini M, Rivellese A, Paoletti R, Pazzucconi F, Pamparana F,
Stragliotto E. One-year treatment with ethyl esters of n-3 fatty acids in patients with
hypertriglyceridemia and glucose intolerance. Reduced triglyceridemia, total cholesterol and
increased HDL-C without glycemic alterations. Atherosclerosis 1998;137:419–427. [PubMed:
9622285]

Smith AC, Mullen KL, Junkin KA, Nickerson J, Chabowski A, Bonen A, Dyck DJ. Metformin and
exercise reduce FAT/CD36 and lipid accumulation and blunt the progression of high fat induced
hyperglycemia. Am J Physiol Endocrinol Metab. 2007a Mar 20;Epub ahead of print

Smith SR, Blundell J, Burns C, Ellero C, Schroeder BE, Kesty NC, C K, Halseeth AE, Lush CW, Weyer
C. Pramlintide treatment reduces 24 hr caloric intake and meal sizes, and improves control of eating
obese subjects: a 6-week translational research study. Am J Physiol Endocrinol Metab. 2007b May
15;Epub ahead of print

Song S, Andrikopoulos S, Filippis C, Thorburn AW, Chan D, Proietto J. Mechanism of fat-induced
hepatic gluconeogenesis: effect of metformin. Am J Physiol Endocrinol Metab 2001;281:E275–
E282. [PubMed: 11440903]

Sotaniemi EA, Haapakoski E, Rautio A. Ginseng therapy in non-insulin-dependent diabetic patients:
effects on psychophysical performance, glucose homeostasis, serum lipids, serum
aminoterminalpropeptide concentration, and body weight. Diabetes Care 1995;18:1373–1375.
[PubMed: 8721940]

Hays et al. Page 20

Pharmacol Ther. Author manuscript; available in PMC 2009 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Steinberg GR, Dyck DJ. Development of leptin resistance in rat soleus muscle in response to high-fat
diets. American Journal of Physiology - Endocrinology & Metabolism 2000;279:E1374–82.
[PubMed: 11093926]

Stoecker, BJ. Chromium. In: Shils, ME.; Shike, M.; Ross, AC.; Caballero, B.; Cousins, RJ., editors.
Modern Nutrition in Health and Disease. Lippincott Williams & Wilkens; Philadelphia, PA: 2006.

Stumvoll M, Goldstein BJ, van Haeften TW. Type 2 diabetes: principles of pathogenesis and therapy.
Lancet 2005;365:1333–1345. [PubMed: 15823385]

Stumvoll M, Tataranni A, Stefan N, Vazorova B, Bogardus C. Glucose allostasis. Diabetes 2003;52:903–
909. [PubMed: 12663459]

Thomas EL, Hamilton G, Patel N, O’Dwyer R, Dore CJ, Bell JD, Taylor-Robinson SD. Hepatic
triglyceride content and its relation to body adiposity: a magnetic resonance imaging and proton
magnetic resonance spectroscopy study. Gut 2005;54:122–127. [PubMed: 15591516]

Tindle HA, Davis RB, Phillips RS, Eisenberg DM. Trends in use of complementary and alternative
medicine by US adults; 1997-2002. Altern Ther Health Med 2005;11:42–49. [PubMed: 15712765]

Toledo FG, Menshikova EV, Ritov VB, Azuma K, Radikova Z, DeLany J, Kelley DE. Effects of physical
activity and weight loss on skeletal muscle mitochondria and relationship with glucose control in
Type 2 diabetes. Diabetes 2007;56:2142–2147. [PubMed: 17536063]

Tsuneki H, Ishizuka M, Terasawa M, Wu JB, Sasaoka T, Kimura I. Effect of green tea on blood glucose
levels and serum proteomic patterns in diabetic (db/db) mice and on glucose metabolism in healthy
humans. BMC Pharmacol 2004;4electronic source

van Dam RM, Hu FB. Coffee consumption and risk of type 2 diabetes. JAMA 2005;294:97–104.
[PubMed: 15998896]

van Dam RM, Willett WC, Rimm EB, Stampfer MJ, Hu FB. Dietary fat and meat intake in relation to
risk of type 2 diabetes in men. Diabetes Care 2002;25:417–424. [PubMed: 11874924]

Vella A, Lee JS, Camilleri M, Szarka LA, Brton DD, Zinsmeister AR, Rizza RA, Klein PD. Effects of
pramlintide, an amylin analogue, on gastric emptying in type 1 and type 2 diabetes mellitus.
Neurogastroenterol Motil 2002;14

Ventre J, Doebber T, Wu M, MacNaul K, Stevens K, Pasparakis M, Kollias G, Moller DE. Targeted
disruption of the tumor necrosis factor-alpha gene: metabolic consequences in obese and nonobese
mice. Diabetes 1997;46:1526–1531. [PubMed: 9287059]

Vidalpuig AJ, Considine RV, Jimenezlinan M, Werman A, Pories WJ, Caro JF, Flier JS. Peroxisome
proliferator-activated receptor gen expression in human tissues-effects on obesity, weight loss, and
regulation of by insulin and glucocorticoids. J Clin Invest 1997;99:2416–2422. [PubMed: 9153284]

Viollet B, MForetz M, Guigas B, Horman S, Dentin R, Bertrand L, Hue L, Andreelli F. Activation of
AMP-activated protein kinase in the liver: a new strategy for the management of metabolic hepatic
disorders. J Physiol 2006;574:41–53. [PubMed: 16644802]

Vuksan V, Sievenpiper JL, Koo VYY, Francis T, Beljan-Zdravkovic U, Xu Z, Vidgen E. American
ginseng (Panax quinquefolius L) reduces postprandial glycemia in nondiabetic subjects and subjects
with type 2 diabetes mellitus. Arch Intern Med 2000;160:1009–1013. [PubMed: 10761967]

Wajchenberg BL. Beta-cell failure in diabetes and preservation by clinical treatment. Endocr Rev
2007;28:187–218. [PubMed: 17353295]

Wang J, Obici S, Morgan K, Barzilai N, Feng Z, Rossetti L. Overfeeding rapidly indcues leptin and
insulin resistance. Diabetes 2001;50:2786–2791. [PubMed: 11723062]

Wannamethee SG, Camargo CA, Manson JE, Willett WC, Rimm EB. Alcohol drinking patterns and risk
of type 2 diabetes mellitus among younger women. Arch Intern Med 2003;163:1329–1336.
[PubMed: 12796069]

Weiss EC, Galuska DA, Kettel-Khan L, Serdula MK. Weight control practices among U.S. adults,
2001-2002. Am J Prev Med 2006;31:18–24. [PubMed: 16777538]

Weyer C, Bogardus C, Mott DM, Pratley RE. The natural history of insulin secretory dysfunction and
insulin resistance in the pathogenesis of type 2 diabetes mellitus. J Clin Invest 1999;104:787–794.
[PubMed: 10491414]

Weyer C, Maggs DG, Young AA, Kolterman OG. Amylin replacement with pramalintide as an adjunct
to insulin therapy in type 1 and type 2 diabetes mellitus: a physiological approach toward improved
metabolic control. Curr Pharm Des 2001;7:1353–1373. [PubMed: 11472273]

Hays et al. Page 21

Pharmacol Ther. Author manuscript; available in PMC 2009 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Xie JT, Mehendale S, Yuan CS. Ginseng and diabetes. Am J Chin Med 2005;33:397–404. [PubMed:
16047557]

Xu H, Barnes GT, Yang Q, Tan G, Yang D, Chou CJ, Sole J, Nichols A, Ross J, Tartaglia LA, Chen H.
Chronic inflammation in fat plays a crucial role in the development of obesity-related insulin
resistance. J Clin Invest 2003;112:1821–1830. [PubMed: 14679177]

Yamaji T, Mizoue T, Tabata S, Ogawa S, Yamaguchi K, Shimizu E, Mineshita M, Kono S. Coffee
consumption and glucose tolerance status in middle-aged Japanese men. Diabetologia
2004;47:2145–2151. [PubMed: 15662555]

Yamauchi T, Kamon J, Minokoshi Y, Ito Y, Waki H, Uchida S, Yamashita S, Noda M, Kita S, Ueki K,
Eto K, Akanuma Y, Froguel P, Ferre P, Carling D, Kimura S, Nagai R, Kahn BB, Kadowaki T.
Adiponectin stimulates glucose utilization and fatty-acid oxidation by activating AMP-activated
protein kinase. Nature Medicine 2002;8:1288–1295.

Yang R-Z, Lee M-J, Hu H, Pollin TI, Ryan AS, Nicklaus BJ, Snitker S, Horenstein RB, Hull K, Goldberg
NH, Goldberg AP, Shuldiner AR, Fried SK, Gong D-W. Acute-phase serum amyloid A: An
inflammatory adipokine and potential link between obesity and its metabolic complications. PLOS
Med 2006;3:0884–0894.

Yazdani-Biuki B, Stelzl H, Brezinschek HP, Hermann J, Mueller T, Krippl P, Graninger W, Wascher
TC. Improvement of insulin sensitivity in insulin resistant subjects during prolonged treatment with
the anti-TNF-alpha antibody. Eur J Clin Invest 2004;34:641–642. [PubMed: 15379764]

Yeo SE, Kortebein PM, Williams RH, Evans WJ, Coker RH. Inverse relationship between visceral fat
and hepatic insulin action in obese adults. Diabetes. 2006;(Suppl)

Young AA, Gedulin BR, Vine W, Percy A, Rink TJ. Gastric emptying is accelerated in diabetic BB rats
and is slowed by subcutaneous injections of amylin. Diabetologia 1995;38:642–648. [PubMed:
7672483]

Zhou G, Myers R, Li Y, Chen Y, Shen X, Fenyk-Molody J, Wu M, Ventre J, Doebber T, Fujii N, Musi
N, Hirshman MF, Goodyear LJ, Moller DE. Role of AMP-activated protein-kinase in mechanism
of metformin action. J Clin Invest 2001;108:1167–1174. [PubMed: 11602624]

Zhou HZ, Karliner JS, Gray MO. Moderate alcohol consumption induces sustained cardiac protection
by activating PKC-ε and Akt. Am J Physiol Heart Circ Physiol 2002;283:H165–H174. [PubMed:
12063287]

Hays et al. Page 22

Pharmacol Ther. Author manuscript; available in PMC 2009 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Hays et al. Page 23

Table 1
Putative natural therapeutic products for T2D

Effectiveness rating (1)
Product Possibly Effective Possibly Ineffective Likely Ineffective Insufficient Data

Alcohol X
Aloe gel X
Alpha-lipoic acid X
Ascorbic acid X
Banaba X
Beta-carotene X
Biotin X
Bitter melon X
Branched-chain amino acids X
Buckwheat X
Caffeine X
Calcium X
Cinnamomum cassia X
Chromium X
Coenzyme Q10 X
Cranberry X
Diacylglycerol X
Docosahexaenoic acid X
Eicosapentaenoic acid X
Eugenia jambolana X
Fenugreek X
Fig X
Fish oil X
Garlic X
Ginseng X
Ginkgo biloba X
Glucomannan X
Guar gum X
Gymnema sylvestre X
Holy basil X
Ivy gourd X
Lutein X
Lycopene X
Magnesium X
Maitake mushroom X
Milk thistle X
Niacin / niacinamide X
Oat bran X
Olive X
Prickly pear cactus X
Psyllium seed husk (blonde) X
Salacia X
Table X continued
Soy X
Stevia X
Tomato X
Vanadium X
Vitamin D X
Vitamin E X
Wheat bran X
Xanthan gum X

Note:

(1)
Ratings are defined as follows: possibly effective = reputable references suggest that the product might work for the given indication based on one or

more clinical trials giving positive results for clinically relevant end-points; possibly ineffective = reputable references suggest that the product might not
work for the given indication based on one human study giving negative results for clinically relevant end-points; likely ineffective = reputable references
generally agree that the product is not effective for the given indication, based on two or more randomized, controlled, clinical trials giving negative results
for clinically relevant end-points and published in established, refereed journals.

The effectiveness ratings come from the Natural Medicines Comprehensive Database (www.naturaldatabase.com) accessed on 29 July 2006, copyright
© 1995-2006, Therapeutic Research Faculty (all rights reserved). Used with permission.
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