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Diabetes: Have We Got It All Wrong?
Insulin hypersecretion and food additives: cause of obesity and
diabetes?
BARBARA E. CORKEY,

PHD

The problemdDiabetes is prevalent
and chronic (1). A meta-analysis of studies published between 1990 and 2006
showed that in adults, obesity prevalence
increased from 13 to 32% between the
1960s and 2004. Currently, 66% of U.S.
adults are overweight or obese.
The incidence of diabetes is increasing
and afﬂicting new populations including
children and developing societies. Changes
in obesity prevalence among children and
teens tripled, from nearly 5% to approximately 15% since the 1960s (2). Type 2
diabetes mellitus (T2DM) is a global health
problem. In particular, Asia is at the epicenter of the epidemic as these populations
develop diabetes at younger ages and at
lower BMI levels than people of European
origin (3).
Diabetes does not usually diminish
over time despite standard treatment. It
is a lifelong illness that generally worsens
with time and often leads to debilitating
complications including cardiovascular
disease, neuropathy, retinopathy, and
nephropathy (4).
These realities indicate that both our
understanding of the disease and our
treatment of the disease are inadequate.
Current approaches are not working.
Current disease modeldIt is
widely believed that overeating caloriedense food, particularly a high-fat diet,
together with an inactive lifestyle causes
obesity. A consequence of obesity is increased circulating lipids and cytokines,
indicators of inﬂammation and inducers
of insulin resistance. Obesity and insulin
resistance are believed to be the precursors of diabetes in about 20% of subjects.

The current standard treatment for
diabetes includes diet, exercise, and a
biguanide together with agents that increase circulating insulin in an effort to
overcome insulin resistance (5).
The term Insulin Resistance Syndrome
is used to describe the combination of
insulin resistance and compensatory hyperinsulinemia (HI). It is assumed, without evidence, that insulin resistance
precedes and causes HI. Insulin resistance
purportedly stimulates increased insulin
secretion, interpreted as the body’s attempt
to overcome the resistance, however, there
is no satisfactory explanation for how insulin resistance might stimulate insulin
secretion. In addition, there are few naturally occurring or genetic models of primary insulin resistance and few diabetes
genes are implicated in insulin resistance.
Although this has been the prevalent model
under investigation by basic scientists and a
major focus for drug development, we have
no viable drugs to improve long-term
metabolic health. Perhaps the model is
not viable and we need to look elsewhere.
It is well documented that average
food consumption has increased and that
activity has decreased and both correlate
with insulin resistance, however, this
does not prove or infer causation. There
is no evidence that overeating and inactivity are the initiating causes of obesity
and diabetes in our population. They may
simply coexist or be caused by other yet
unidentiﬁed factors. Where in the multiple tissue/metabolic interactions shown
in Fig. 1 does the trigger lie? Is there only
one trigger?
Not all overweight/obese individuals
are insulin resistant nor are all insulin
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resistant individuals overweight/obese
(6). Furthermore, there is evidence that
alterations in food consumption do not
cause sustained weight change. An elegant study by Sims et al. (7) in the
1970s found that experimentally overfed
volunteers required nearly 6,000 calories
per day to maintain a 20% increase in
their body weight and most of these subjects rapidly returned to their normal
lower weight at the end of the study.
Abundant evidence documents the failure
of most dieters to sustain weight loss. In a
review of studies of the long-term outcomes of diets to determine if dieting is
an effective therapy for obesity, it was
found that one-third to two-thirds of dieters regain more weight than they lost on
their diets (8). These studies also did not
provide consistent evidence that dieting
results in signiﬁcant long-term health improvements (8). Furthermore, the prevalent focus on the evils of dietary fat and
their implied causative role in obesity are
not well documented by scientiﬁc evidence. Indeed, the decrease in fat consumption that has resulted from abundant
(nonevidence-based) medical and governmental advice against fat consumption has
not decreased the burden of metabolic disease in our society (9).
An alternative perspective is that insulin resistance is not the cause of diabetes, but is rather a beneﬁcial adaptive
mechanism to HI and/or hyperlipidemia.
Insulin functions to store all fuels. Excess
circulating lipids and amino acids can
increase insulin secretion in the presence
of normal circulating glucose levels. Thus,
in the setting of normal blood glucose,
insulin elevation caused by fat or amino
acids would result in hypoglycemia. This
does not happen because glucose transport into muscle and fat is diminished,
because it is resistant to the normal ability
of insulin to promote glucose transport.
Finding the right model is crucial to
ﬁnding the right treatment. The therapeutic approach to further increase insulin, as often recommended to T2DM
patients, may actually be exacerbating the
disease. Resistance may prove to be secondary to another defect or even beneﬁcial by facilitating excess fat storage
care.diabetesjournals.org
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perchlorate were detected in 99–100% of
pregnant women (12).

Figure 1dPotential initiating defects and
interactions in obesity/diabetes. Illustration of
the interconnectedness among insulin secretion, fat mass, insulin resistance, and ingestive
behavior such that a primary defect in any one
could lead to the observed alterations in each
of the others that occur in the development of
T2DM. To illustrate: A b-cell defect that initially caused inappropriate hypersecretion of
insulin at basal glucose would lower blood
glucose, thereby stimulating eating that would
increase fat mass and lead to insulin-induced
downregulation of peripheral insulin receptors with ensuing insulin resistance. Alternatively, a defect in sensing hunger or
satiety would promote overeating resulting in
insulin secretion and increased fat mass with
ensuing insulin resistance. On the other hand,
excessive fat mass would increase circulating
lipids and cytokines to cause insulin resistance
and hyperinsulinemia. CNS, central nervous
system.

without causing hypoglycemia that could
ensue from “curing” resistance. Pharmacologic attempts to abolish this mechanism have largely failed as metabolic
regulatory mechanisms appear able to
overcome our efforts, suggesting that the
body’s metabolic wisdom trumps ours.
Alternative considerations
Environmental agents
Almost nothing has remained constant
during the several decades of the evolution of the diabetes epidemic: environmental temperature, altered chemicals in
agricultural practice, the use of drugs in
our food animals, and the processing
and packaging of our foods (10). These
include pesticides, hormones, drugs, food
additives, plasticizers, etc. (11). In a study
of pregnant woman in the National Health
and Nutrition Examination Survey
(NHANES), blood levels of a number of
environmental pollutants were measured.
It was found that certain polychlorinated
biphenyls, organochlorine pesticides, perﬂuorinated chemicals, phenols, polybrominated diphenyl ethers, phthalates,
polycyclic aromatic hydrocarbons, and
care.diabetesjournals.org

Diabetogenic agents
Some environmental pollutants have
been shown to alter b-cell function, although it has not yet been determined
whether prevailing environmental concentrations of these types of compounds
can be a risk factor for diabetes. An intimation that the general population is exposed to concentrations that may cause
diabetes is derived from epidemiological
studies (13). However, clear causality between human exposure to pollutants and
diabetes has not been established. In contrast to most agents studied, a particularly
good case has been made for BPA (bisphenol
A) as a potential cause of diabetes (14).
BPA is a compound that has been
considered a weak estrogen based on its
lower binding afﬁnity to nuclear estrogen
receptors. It is commonly used in food and
beverage container manufacturing. Animal studies have demonstrated that it
can interfere with endocrine signaling
pathways at low doses during fetal, neonatal, or perinatal periodsdas well as in
adulthooddand cause impaired b-cell
function (14).
Advanced glycation end products,
strongly associated with the complications of diabetes, can be formed in vivo
but importantly are also derived from
dietary components and are known to
contribute to increased oxidant stress and
inﬂammation in humans (15).
A new approach
The lack of solid evidence linking environmental pollutants, antibiotics, and
growth stimulants present in food
animals and food additives to metabolic
health is due for the most part to
the absence of data evaluating these
possibilities.
In the absence of evidence proving
that the current focus on overindulgence
and idleness as causes of insulin resistance
(blaming patients for their disease) is
valid, it is suggested that we increase our
focus on the thousands of factors that
have changed during this epidemic and
evaluate alternative models.
There is general consensus that the
cause of the epidemic increase in diabetes
and obesity involves environmental
rather than genetic changes since this
has occurred only in the past 50 years.
However, the susceptibility to environmental factors may be genetically determined, explaining the variable susceptibility

among populations and families. It should
be noted that the majority of genes associated with diabetes are b-cell genes (16)
whereas many of the obesity genes point
toward a role for central neuronal signaling
pathways, adipogenesis, or energy metabolism (17).
Alternative modelsdIn the absence of proof of a primary role for
insulin resistance in the development
of diabetes, what alternative hypotheses
are worth testing? It seems rational to
focus on modiﬁable elements in our
environment that have changed during
the time of the epidemic. There are
several broad primary mechanisms, in
addition to insulin resistance, that could
cause obesity leading to diabetes and are
consistent with available data. Each of
these mechanisms has the potential to
theoretically be the primary cause and
lead to the other characteristics of T2DM
(Fig. 1).
1. Defective hunger or satiety signals
Excess nutrient ingestion stimulates insulin secretion, fat storage, and consequent insulin resistance. Excess nutrient
ingestion can be stimulated through the
use of common psychotropic drugs (18),
gold thioglucose (19), and also has been
documented in genetic defects in leptin or
leptin receptor signaling (20).
Excess nutrient ingestion as a target
for obesity treatment has been the focus of
pharmacological research attempting to
identify agents that decrease hunger or
increase satiety. The side effects of many
centrally acting psychotropic drugs on
weight gain (21) prompted the development of drugs to speciﬁcally impact eating
behavior. This effort has not resulted in a
major useful drug (22). Even successful
drugs that modulate appetite or satiety
have had only modest effects (23) that
disappear upon cessation of therapy. In
addition, many problems have arisen
due to misuse or side effects of these
agents.
The possibility that the gut plays a
major role in appetite regulation has not
been investigated as thoroughly (24). In
the clinical narrative of this Bench to
Clinic Symposia that follows this “preclinical” perspective (25), the cure of diabetes following gastric bypass surgery
supports the possibility of an important
and hitherto unrecognized role for the gut
in diabetes. Interestingly, ghrelin receptornull mice eat less food, store less of their
consumed calories as fat, use more fat as
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an energy substrate, and accumulate less
body weight than control mice (26). Again,
environmental changes that affect secreted
gut peptides have not yet been identiﬁed,
however, there has also been little investigation of environmental agents on gut
function or the microbiome (27).
Nevertheless, the possibility that environmental agents that we have not yet
studied or identiﬁed have a primary effect
to increase ingestive behavior or decrease
satiety via central or peripheral mechanisms cannot be eliminated.
2. Excessive increase in body fat
accumulation
Obesity is strongly associated with hypersecretion of insulin and insulin resistance.
Free fatty acids (FFAs) have emerged as an
important link between insulin secretion
and insulin resistance. FFAs are elevated
in obesity. Decreasing FFAs decrease insulin secretion and increase insulin sensitivity implying that FFAs or lipids from
excessive adipose tissue mass may explain
the increasing incidence of HI and T2DM.
Increases in plasma FFAs can account
for a large part of HI and insulin resistance
in obese patients with T2DM. The mechanisms by which plasma FFAs cause HI
and insulin resistance include increased
generation of lipid metabolites, reactive
oxygen species (ROS), and proinﬂammatory cytokines (28).
In obese individuals, does the increase of fat mass play a causative role in
HI? It would seem not. For example,
thiazolidinediones increase adipogenesis
and fat mass but actually decrease HI and
improve insulin sensitivity (5). In addition, recent studies reveal no improvement in metabolic parameters as a
consequence of surgical fat removal diminishing the likelihood of increased fat
mass as a primary lesion (29). Other
mechanisms are possible, though, such
as altered adipokine production induced
by environmental agents that have not yet
been identiﬁed or studied.
3. Mitochondrial DNA and
epigenetic changes
Metabolic disease is frequently associated
with mitochondrial defects (30,31). Despite this, mitochondrial DNA in diabetes
and obesity has been studied in considerably fewer subjects than nuclear DNA,
with the exception of rare instances of maternally transmitted diabetes (32). In addition to regulation of mitochondrial
function, nuclear DNA expression is
modulated by histone phosphorylation
2434

and acetylation requiring ATP and acetylCoA generated by mitochondria to facilitate increased speciﬁc gene expression
when energy sources are abundant. Phosphorylation, acetylation, and cellular redox
state also regulate most signal transduction
pathways and activities of multiple transcription factors involved in many common diseases of aging, including heart
disease, diabetes, Parkinson disease, and
dementia (33).
In addition, a role for epigenetics
cannot be ruled out since DNA methylation
and histone modiﬁcation, both of which
serve to regulate gene expression without
altering the underlying DNA sequence,
may respond to environmental factors
(34). Such dysregulation or posttranscriptional modiﬁcations of histones in chromatin, including histone lysine methylation,
have been implicated in aberrant gene regulation associated with the pathology of
diabetes and its complications, and genomewide studies have shown cell-speciﬁc
changes in histone methylation under diabetic conditions (35).
Thus, both mitochondrial DNA and
epigenetic changes could play a role in the
etiology of diabetes through any of the
organ systems considered here.
4. A defect in the insulin-secreting
b-cell
The hypothesis favored in this perspective
is that HI causes obesity leading to diabetes
and is induced by exposure to environmental b-cell toxins (Fig. 2). There is published evidence for this, and it is a testable
alternative to insulin resistance.
Supporting evidencedHypersecretion of insulin (HI) by the b-cell in the
absence of a stimulatory fuel can increase
ingestive behavior through decreased
blood glucose. Increased food consumption leads to increased fat stores. HI also
can cause insulin resistance through
insulin-induced receptor downregulation both in the periphery (36) and in
the brain where HI-induced insulin resistance may abbrogate its normal role as a
satiety signal (37,38).
Rodents overexpressing the human
insulin gene or treated with exogenous
insulin develop insulin resistance secondary to HI (39). In contrast, lowering insulin levels with diazoxide increases
insulin sensitivity in rodents and humans
(40–42).
Screening in our laboratory has
identiﬁed a number of environmental compounds that increase insulin secretion
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Figure 2dModel of environmental agent–
induced hypersecretion of insulin. In this model,
an environmental agent such as monoglyceride
or saccharin increases basal insulin secretion.
This stimulates food consumption and insulin
resistance leading to increased fat mass. Increased fat mass generates fatty acids and cytokines that further enhance both insulin
resistance and secretion. In the defect modeled
here, the best way to cure the metabolic disease
is to prevent HI.

in b-cells at a nonstimulatory glucose concentration. These include food preservatives, such as monoacylglycerides (43),
the artiﬁcial sweetener saccharin, and excess iron (10). There have also been reports
of other environmental agents that stimulate insulin secretion at basal glucose levels.
These include estrogenic compounds including bis-phenol A (14,44), plant extracts (45,46), and certain viruses (47).
Thus, agents that cause primary HI
are readily identiﬁed and are potential
participating initiators of the current diabetes epidemic. The b-cell as the site of
primary lesion is consistent with available clinical data since the appearance
of HI and insulin resistance are always
present together and have not been temporally separated. They each cause the
other to occur and each is deﬁned by
the other.
There are examples of situations
where HI precedes insulin resistance, including studies showing that artiﬁcially
increasing insulin in the circulation in
man and rodents causes insulin resistance
and weight gain (39,48,49). In addition,
patients with insulinomas are often normoglycemic and insulin resistant, except
when fasted (50). Furthermore, inhibition of insulin secretion in HI does not
cause hyperglycemia and actually improves weight loss during dieting in obese
humans (40,41,51). Further evidence
that HI can precede and predict diabetes
is derived from studies in which high
plasma insulin concentrations predict
T2DM in the Pima Indians (52).
It is also well established that gastric
bypass surgery, dieting, and exercise all
decrease HI although it is not known
care.diabetesjournals.org
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whether HI or insulin resistance changes
ﬁrst, except following surgery where the
decrease in HI precedes the resolution of
insulin resistance (53).
Possible mechanismdThe initial
three agents studied in our laboratoryd
monoglycerides, artiﬁcial sweeteners, and
irondwere found to increase insulin secretion at basal glucose through the production of ROS such as superoxide, nitric
oxide, and peroxides (10). We determined that ROS could directly stimulate
insulin secretion (10,54). We also found
that increasing the mitochondrial redox
state (NADH/NAD) increased both ROS
generation and insulin secretion (43)
(Fig. 3).
ROS, NADH, and thiol redox systems
in the mitochondria are integrated by the
nicotinamide nucleotide transhydrogenase (NNT) that interconverts NADH
and NADPH (55), which is a cofactor for
reduction of oxidized glutathione and
thioredoxin (Fig. 4).
Furthermore, the redox state established by the thiol ratios, cysteine-tocystine and reduced-to-oxidized glutathione (GSH/GSSG), correlates with aging,
diabetes, heart disease, and some cancers
and regulates intracellular signal transduction and mitochondrial ROS production (56,57). Since the intramitochondrial
NADH-to-NAD ratio inﬂuences the

NADP-to-NADPH ratio and thiol redox
states in both mitochondria and cytosol
(55), further testing is needed to determine the molecular mechanisms
for ROS-mediated insulin secretion as
well as the target proteins or transcription
factors that are impacted by changes in
ROS.
Consistent with an essential and sufﬁcient role for ROS in HI, we also determined that scavenging ROS completely
prevented both basal and stimulated insulin secretion (43,54). ROS production
and removal are in dynamic balance and
both are necessary for secretion. It is
highly unlikely that ROS removal would
be a viable therapy for HI: It would
require a balance sufﬁcient to prevent HI
but allow glucose-induced insulin secretion. Environmental agents that have a direct effect within the b-cell can be tested
for their effect on ROS production and
insulin secretion. It is possible that this
knowledge will lead to identiﬁcation
and elimination of causes of the obesity/
diabetes epidemic.

suggest possible means of reversing HI
without impairing fuel-induced insulin
secretion. The limited experiments with
humans treated with diazoxide to inhibit
insulin secretion (41) suggest that it might
be feasible to decrease HI without causing
hyperglycemia as long as the liver is able
to respond with decreased glucose production. This might not be achievable in
patients with impaired liver function although it might be possible to inhibit nocturnal HI. Limited evidence supports the
concept that blood glucose can be maintained at a wide variety of basal insulin
values, but this needs to be rigorously
evaluated in humans.

Inhibition of insulin secretion
In addition to essential studies to identify
causes of excess ROS production, there
are several interesting observations that

Inhibition of basal HI
Studies with rimonabant, a cannabinoid
receptor antagonist, in Zucker rats have
documented an interesting ability of this
drug to decrease HI without inhibiting the
fold increase induced by stimulatory glucose under certain conditions (58). Islets
from lean littermates and obese Zucker
and Zucker diabetic fatty rats were incubated for 24-h in vitro and exposed to 11
mmol/L glucose and 0.3 mmol/L palmitate (high fat, high carb) with or without
rimonabant. Insulin secretion was determined at basal (3 mmol/L) or stimulatory
(15 mmol/L) glucose concentrations. As
expected, basal secretion was signiﬁcantly
elevated in islets from obese or high fat-, high

Figure 3dMechanism of ROS-induced hypersecretion. Redox increases mitochondrial NADH in
response to stimulatory fuels. NADH donates electrons to the respiratory chain to make ATP via
oxidative phosphorylation. An increase in ROS production accompanies increased ﬂux through
the respiratory chain that stimulates exocytosis of insulin containing secretory granules. Several
environmental agentsdmonoglycerides and saccharin–also generate ROS either directly or
through a change in redox, but without a stimulatory fuel. Increasing ROS by either mechanism
stimulates insulin secretion.

Figure 4dCommunication among cellular
redox and ROS systems. NADH, generated
from metabolism, can be used to regulate
the NADPH/NADP and GSH/GSSG redox
states via the NNT. The proton-translocating
NNT reduces NADP by NADH and is an
inner membrane protein utilizing the electrochemical proton gradient for NADPH generation. This enzyme has an important
physiological role in the maintenance of reduced glutathione, essential for scavenging reactive oxygen. ROS stimulates scavenging
activities using NADPH and increasing ﬂux
through NNT.

care.diabetesjournals.org
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carb–treated lean rats whereas the fold increase in glucose-stimulated insulin secretion (GSIS) was diminished. Rimonabant
decreased basal hypersecretion in islets
from obese rats and high fat-, high carb–
treated lean rats without decreasing the
fold increase in GSIS. However, it
decreased GSIS in islets from lean rats
without affecting basal secretion. These
ﬁndings indicate that rimonabant had direct effects on islets to reduce insulin secretion when secretion was elevated above
normal levels by diet or in obesity. The
observation that it decreased stimulated
secretion in islets from lean animals did
not translate to any abnormalities in glucose handling in humans (59). The mechanism for this effect has not been
established so it is not known whether rimonabant inﬂuences basal hypersecretion
by decreasing ROS generation in islets or
even if it acts via islet cannabinoid receptors. However, it is known that the main
effect of rimonabant in humans is to decrease food intake through neural cannabinoid receptors (60). Unfortunately, the
drug failed to receive U.S. Food and Drug
Administration approval because of depressive side effects. However, it is conceivable that future drugs could be
developed with similar mechanisms without central nervous system effects and
with greater b-cell speciﬁcity.
The arguments presented here support the possibility of improving metabolic health by suppressing HI. A major
and most important task is to identify
any environmental agents, alone or in
combination, that cause HI. It will then
be necessary to determine whether
blood levels of such compounds are
sufﬁcient to explain HI and whether
their removal is able to reverse or prevent diabetes.
ConclusionsdThe problem of continuing increases in obesity and diabetes
and their associated comorbidities and
societal costs are sufﬁciently important to
encourage serious endeavors to identify
the causative agents.
There are alternative models and many
environmental changes that have not been
investigated but should be. It is our opinion that HI is a likely possible initiating
event and determination of its cause and
mechanism could identify a means to a
cure. However, we cannot rule out other
potential mechanisms involving regulation
of ingestion or adipocyte mass that provide
valid alternative explanations. Further, we
cannot rule out simultaneous effects of
2436

past or future environmental agents on
all of the candidate systems (61).
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