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ABSTRACT

Metabolic syndrome and type 2 diabetes are progressive, indolent, multi-organ diseases. Un-
derstanding the abnormalities of heat shock proteins (HSPs) in these diseases is paramount
to understanding their pathogenesis. In insulin resistant states and diabetes, heat shock fac-
tor 1(HSF-1) is low in insulin sensitive tissues, resulting in low Hsp 60, 70, and 90 levels. We
propose that low Hsps levels are the result of decreased insulin action leading to less phos-
phorylation of PI3K, PKB, and glycogen synthase kinase-3 (GSK-3). Importantly, less GSK-3
phosphorylation (and thus more GSK-3 activity) will lower HSF-1. Low Hsps make organs
vulnerable to injury, impair the stress response, accelerate systemic inflammation, raise islet
amyloid polypeptide, and increase insulin resistance. Feeding this cycle is excess saturated
fat and calorie consumption, hypertension, inactivity, aging, and genetic predisposition- all
of which are a associated with high GSK-3 activity and low Hsps. Support for the proposed
“vicious” cycle is based on the observation that GSK-3 inhibition and Hsp stimulation re-
sult in increased insulin sensitivity, reduced accumulation of degenerative proteins with in
the cell, improved wound healing, decreased organ damage and improved recovery from vas-
cular ischemia. Recognizing GSK-3 and Hsps in the pathogenesis of insulin resistance, the
central common feature of the metabolic syndrome, and type 2 diabetes will expand our un-
derstanding of the disease, offering new therapeutic options.

What are HSPs?

he unabated global increase in the preva-
lence of metabolic syndrome and type 2 di-
abetes mellitus adds urgency and challenge to
researchers and health care providers. New in-
sights are needed in order to treat these pro-
gressive, indolent, multi-organ diseases. In this
review we propose a previously undescribed
progressive cycle that promotes insulin resis-
tance, inflammation, and cell-organ-host vul-
nerability. Novel elements of the cycle are
HSPs, HSF-1, and GSK-3.
Heat shock proteins (HSPs) are proteins that

protect the cell from stress. HSP functions in-
clude helping refold proteins that have lost
their functional conformation, aiding intracel-
lular protein transport, clearing irreversibly
damaged proteins or unneeded proteins for li-
posomal disposal, delaying apoptosis, serving
as immune modulators (both stimulating and
suppressing inflammation), acting as antioxi-
dants, performing chaperone functions, and
maintaining the integrity of cellular compo-
nents (mitochondria, membrane, and nuclei).
HSPs are primarily found intracellularly, but
they also function in the extracellular com-
partment. Evolutionarily, these proteins are re-
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markably conserved; the genome sequence
coding HSPs in fruit flies is 85% shared with
equivalent molecules in humans. Thought to
have originated 2.5 billion years ago, these pro-
teins are found in all prokaryotes and eukary-
otes and are essential for survival. The major
heat shock proteins are HSP 60, 70, and 90.
Within the 70 kDa family of HSPs there are two
isoforms—HSP 70 and heat shock cognate 70
(HSC70). HSC 70 is constitutively expressed
and mildly induced during stress. HSP 70 (also
called HSP 72) is highly induced by stress. Both
are cytoprotective and anti-inflammatory. Oth-
ers mentioned in this review are heme-oxyge-
nase (also known as HSP 32), HSP 27, glucose-
regulated proteins (grp 78 and grp 94), and
oxygen-regulated protein (orp150).

Importantly, HSF-1 is the major transcrip-
tional factor for HSPs. HSF-1 monitors the struc-
tural integrity of intracellular proteins and also
negatively regulates cytokine transcription in re-
sponse to inflammation. In order to be activated
and able to bind to HSP gene promoters, HSF-1
must go from its inactive monomeric form to a
phosphorylated trimer. HSF-1 is negatively reg-
ulated at specific serine phosphorylation sights
by glycogen synthase kinase-3 (GSK-3).!

HOW ARE HSPS ALTERED IN INSULIN
RESISTANCE AND DIABETES?

Diabetes and insulin resistance are inflam-
matory states with elevated cytokines, height-
ened free radical formation, and increased ox-
idation state, all of which should induce an
HSP response. In tissues that are responsive to
insulin with increased glucose uptake (skeletal
muscle, adipose tissue, liver, and heart), HSP
levels and their expression are paradoxically
and inappropriately low. Studies in both hu-
mans and experimental animals uniformly find
reduced HSP expression and/or levels in these
insulin sensitive tissues. The first study to re-
port a defect in HSPs in diabetes was by Ku-
rucz and coworkers, who observed remarkably
low expression of HSP 72 in skeletal muscle of
patients with type 2 diabetes, subjects with im-
paired glucose tolerance, and nondiabetic iden-
tical twins whose twin had type 2 diabetes. Ku-
rucz noted that the low HSP expression
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correlated positively with insulin-stimulated
glucose uptake and glucose and lipid oxida-
tion. Although the nondiabetic twin siblings
had low HSP expression, these subjects also
had insulin resistance and perhaps the meta-
bolic syndrome, making it difficult to differen-
tiate a genetic defect versus an acquired defect.
Furthermore, as the metabolic abnormality
progressed from insulin resistance, to impaired
glucose tolerance (IGT), to diabetes, the HSP
expression fell further, suggesting an acquired
abnormality, rather than simply an inherited
one. See Figures 1 and 2 .2 Bruce and colleagues
found that both hemeoxygenase and HSP 72
expression were low in type 2 diabetes patients
and that these levels positively correlated with
insulin sensitivity.? A genetic expression study
of people with and without diabetes found
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FIG.1. HSP-72 mRNA levels in muscle biopsies of con-
trol subjects and identical monozygotic twins discordant
for type 2 diabetes. The amount of HSP-72 messenger
RNA was determined using the competitive RT-PCR. In-
dividual data are shown, using log scale, as copies of
HSP-72 mRNA in 1 pug = micrograms total RNA. Statis-
tical differences between the different groups were cal-
culated with the nonparametric Mann-Whitney U test.
Comparison of the expression of HSP-72 mRNA between
nondiabetic and diabetic individuals in twin-pairs: twins
with type 2 diabetes; twins with IGT; twins with NGT.
Statistical differences (Wilcoxon-paired test) between
nondiabetic and diabetic twins: P = .0431 for type 2 dia-
betes vs. NGT; P = .1755 (NS) for type 2 diabetes vs. IGT;
P =.028 for type 2 diabetes vs. NGT+IGT. *106 copy/n,g
total RNA. Tw, twin; T2DM, type 2 diabetes. (Reproduced
with permission from the author).?
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FIG. 2. Correlation between muscle HSP-72 mRNA ex-
pression and rates of glucoseturnover, as determined in
protocol 2 (n = 36). All of the values are expressed as mil-
ligrams per kilogram FFM per minute. control subjects; non-
diabetic twins; , twins with type 2 diabetes. Insulin-stimu-
lated total glucose uptake (RdI): control subjects: R = 0.531,
P = .078 NS; nondiabetic subjects: R = 0.581, P = .0053;
twins: R = 0.519, P =.0128; twins with type 2 diabetes: R =
0.441, NS. (Reproduced with permission from the author).?

lower HSP70 expression in the skeletal muscle
of subjects with diabetes. The same study also
noted that HSP 70 expression negatively cor-
related with fasting blood glucose levels.*

Studying type 1 diabetic animal models is
relevant to understanding type 2 diabetes be-
cause it demonstrates the effect of loss of in-
sulin action on HSPs. HSF-1 activation and HSP
72 expression are reduced in liver, heart, and
skeletal muscle of diabetic animals in the strep-
tozotocin-induced animal model. The normal
exercise-induced rise in HSP expression and
HSEF-1 activation is blunted in the diabetic an-
imal.® Similarly, hyperthermia-induced activa-
tion of HSP 72 is attenuated in the hearts of
animals that have streptozotocin-induced dia-
betes.® In a study of both streptozotocin-in-
duced diabetes and Zucker Fatty rats, HSP 60
levels are lower in the heart and adipose tissue.
However, in the kidney, a non-insulin sensi-
tive organ, HSP 60 expression is higher.”

In addition to contributing to the progression
of type 2 diabetes and insulin resistance, the di-
abetic consequence of low HSPs increases vul-
nerability of tissues to injury from harmful stim-
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uli, including from the inflammatory-oxidative
aggression of diabetes itself.8 Clinically, low HSP
72 serum levels of trauma patients upon admis-
sion to the emergency room predict subsequent
mortality during the period of hospitalization.’
Relevantly, diabetic trauma patients have
markedly higher mortality, ICU length of stays,
and ventilatory-assisted days when compared to
similar trauma patients without diabetes.!® To
our knowledge, study of serum levels of HSPs in
patients with type 2 diabetes has not been done.

INSULIN ACTION RESULTS IN A RISE
IN HSP LEVELS

Insulin administration increases myocardial
HSP 70 expression and protein levels and po-
tentiates HSP synthesis in response to heat
shock. The HSP response to a physiological
dose of insulin is independent of nitric oxide
signaling and is secondary to HSF-1 activa-
tion.!! Additionally, with a glucose-insulin in-
fusion, HSP 72 expression in skeletal muscle
rises four-fold in nondiabetic and diabetic sub-
jects; while, hemeoxygenase rises 70 fold, but
only in diabetic patients.®> Thus, through in-
sulin action, HSP expression rises. Specifically,
we propose that insulin induces the cascade of
tyrosine phosphorylation of the insulin recep-
tor, activation of phosphatidylinositol 3-kinase
(PIBK), phosphorylation of protein kinase B
(PKB), and GSK-3 phosphorylation, which then
activates HSF-1 and HSP expression.

BACKGROUND OF GSK-3 AND ITS
ROLE IN DISEASES

As both a highly conserved and ubiquitous
protein, GSK-3 has diverse roles that include
propagating insulin signaling, determining cell
fate through Wnt and hedgehog signaling, reg-
ulating cell proliferation and death, and pulsing
circadian rhythm.'213 Importantly, GSK-3 also
modulates heat shock protein expressionthrough
HSF-1. More specifically, phosphorylation of
HSF-1 by GSK-3 results in HSF-1 deactivation
with a subsequent drop in HSP expression.!4

With regard to insulin signaling, the insulin
cascade leads to PKB phosphorylation of GSK-3
and its deactivation, making it unable to phos-
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phorylate and inactivate glycogen synthase,
thereby stimulating glycogen synthesis.!®> Unlike
most kinases, GSK-3 is largely activated in rest-
ing, unstimulated cells. Its substrates are there-
fore highly phosphorylated in the absence of
agonists. Thus, the effect of GSK-3’s phosphory-
lation of substrate proteins often leads to inacti-
vation—as is the case with glycogen synthase.
Activation of GSK-3 is found in a number of
degenerative diseases including Alzheimer’s
disease, Parkinson’s disease, Huntington’s dis-
ease, schizophrenia, and diabetes. In the neu-
rological diseases, impaired insulin signaling
and GSK-3 activation is associated with abnor-
mal phosphorylation of Tau, amyloid accumu-
lation, abnormal cell function, and premature
cell death.'?1¢ In the case of diabetes and the
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metabolic syndrome, activated GSK-3 itself
contributes to insulin resistance. In fact, when
muscle GSK-3 is overexpressed in transgenic
mice, insulin resistance, glucose intolerance,
and elevated free fatty acid and triglyceride
levels occur.'”

HYPOTHESIS

Our hypothesis is that failure to inactivate
GSK-3, as a result of insulin deficiency and im-
paired insulin signaling (insulin resistance), re-
sults in phosphorylation and deactivation of
HSEF-1. The reduced level of active HSF-1 pro-
duces lower HSP levels, increased cytokine
activity, progressive interference with insulin
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FIG. 3. The insulin signaling pathway with no insulin resistane.
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FIG. 4. Type 2 diabetes with decreased insulin, insulin signaling, HSPs, and increased inflammation and beta cell

destruction.

signaling, and subsequent organ damage—
including loss of beta-cell function. Thus, a vi-
cious, progressive cycle is initiated that is fed
by excessive caloric and saturated fat diet, in-
activity, hypertension, aging, and genetic pre-
disposition. Potential spin offs of this cycle are
premature aging, atherosclerosis, organ failure,
and death. The cycle is decelerated (treated) by
factors that either improve insulin signaling,
inactivate GSK-3, raise HSP levels, or reduce
inflammation. Figure 3 demonstrates how
“healthy” insulin signaling activates HSF-1 and
thus reduces inflammation and preserves beta
cells. On the other hand, Figure 4 shows how
disruption of insulin action lowers HSF-1 and
thus promotes inflammation which further im-
pairs insulin signaling and beta cell survival.
The vicious cycle is shown in Figure 5 with
detrimental environmental and genetic factors

driving the pin wheel and with disease pro-
gression as a spin off. Diet restriction and ex-
ercise can slow or block the deleterious spin.

HSPS, INFLAMMATION,
AND DIABETES

The result of lower HSPs in diabetic tissues
will increase cytokine action and inflammation.
Inflammation plays a major role in the metabolic
syndrome and insulin resistance type 2 diabetes:
not only are cytokines and acute phase reactants
elevated in type 2 diabetes but proinflammatory
cytokines (TNF-«, IKK-B, NF-«B) themselves in-
duce insulin resistance.!®! Additionally, the
serine/threonine kinase, JNK, plays a role in in-
sulin resistance propagation as well as B-cell
dysfunction and mitochondrial dysfunction. In-
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FIG. 5. Type 2 diabetes- the progressive cycle is driven by environmental and genetic factors, results in morbidity

and mortality, and reversed by diet and exercise.

deed, IRS-1 Ser307 phosphorylation by JNK me-
diates the inhibitory effect of TNF-a on insulin
signaling.2’

Intracellular HSPs are anti-inflammatory. The
loss of anti-inflammatory activity of intracellu-
lar HSPs in type 2 diabetes may play a direct
role in the induction of insulin resistance and di-
abetes. In vitro and in vivo studies observe that
induction of HSF-1 activity and expression of
HSP 70 suppress NF-IL6— and NF-«kB-mediated
transcription. NF-«B activation is further sup-
pressed by HSP inhibition of IKK-S. Addition-
ally, HSP 70 protects against TNF-induced IL-6
production, apoptosis, shock, and death. Finally,
HSP 70 blocks JNK activation, and deficiency of
HSP 70 activates it.21"2® Thus, activation of cy-
tokines as a result of low HSPs impairs insulin
signaling and sets in motion the development of
insulin resistance and type 2 diabetes.

ENDOPLASMIC RETICULUM STRESS
AND B-CELL SURVIVAL

With diabetes, ER stress in the B-cell has been
implicated as one mechanism leading to its
ultimate failure. Certainly with the high de-
mands for protein synthesis, B-cell viability is
vulnerable to any perturbation in its ER. Oxida-
tive stress and increased insulin production de-

mand from diabetes contribute to endoplasmic
reticulum stress, protein misfolding, and induc-
tion of the unfolded protein response. As the
cell's quality control system becomes over-
whelmed, conformational changes occur to islet
amyloid polypeptide intermediates (IAPP), cre-
ating oligomers that are toxic to the B-cell, pro-
moting apoptosis.?* The HSPs of the ER,
BiP/grp78, grp 94, and orp 150, respond to both
ER stress and increased protein folding activity.
The HSPs’ actions prevent protein aggrega-
tion. 22 When GSK-3 fails to be inactivated
through reduced insulin signaling in ER-stressed
B-cells, apoptosis occurs?” 28 —which we propose
is a consequence of impaired HSP response.

GSK-3 INHIBITORS, CARBOHYDRATE
METABOLISM, AND B-CELL SURVIVAL

Proof of concept for our hypothesized self-
sustained cycle is substantiated by the obser-
vation that inhibition of GSK-3 improves both
insulin resistance and glucose metabolism in
type 2 diabetes, provides cytoprotection of both
B-cells and neurons, and raises HSP levels.
Presently, more than thirty inhibitors of GSK-
3 are in drug development. Many are small
molecules that can be administered orally and
appear to be well tolerated.!3
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The beneficial therapeutic effect of GSK-3 in-
hibitors on insulin resistance is well substantiated
by recent studies. Acute exposure to a GSK-3 in-
hibitor rapidly lowers blood glucose levels and
improves glucose disposal after oral or intra-
venous glucose challenges without causing hy-
poglycemia or markedly elevating insulin levels
in Zucker Diabetic Fatty rats and db/db mice.?

With the specific GSK-3 inhibitor, L803-mts,
in ob/ob mice chronic administration is asso-
ciated with increased hepatic and muscle
glycogen content, increased muscle GLUT 4
expression, reduced blood glucose levels, im-
proved glucose tolerance, and prevention of
age-associated hyperglycemia. The drug has no
effect on body weight and no toxicity (Figure
6).30 Similarly, another specific GSK-3 inhibitor
administered long-term (CT118637) improves
glucose intolerance, insulin resistance, and re-
duces free fatty acid levels in obese Zucker
rats.3! Finally, a new insulin sensitizer, BGP-15,
that exhibits GSK-3 inhibition,?? has been stud-
ied in insulin resistant nondiabetic human sub-
jects. Four weeks of BGP-15 increases insulin
sensitivity assessed by hyperinsulinemic eug-
lycemic clamp. In Goto-Kakizaki rats, long
term therapy with the drug (15 weeks) also im-
proves insulin sensitivity and glucose tolerance
with no weight gain. In diabetic rats, BGP-15
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raises tissue HSP levels and improved mito-
chondrial function in the endothelium.3® Pre-
vious studies with drugs in the same class as
BGP-15 observed that the rise in HSP levels is
stimulated by increases in HSF-1 acivity.3*

Regarding B-cell survival, knockdown of
GSK-3 by RNAi protects B-cells from ER stress
induced death.?” Additionally, a recent study of
cultured B-cells observes that GSK-3 inhibitors
stimulate B-cell replication and protects the cells
from toxic effects of high concentrations of glu-
cose and saturated fatty acids.®®

GSK-3 INHIBITORS—NEURO-
CYTOPROTECTION AND HSPS

As mentioned earlier, diabetes is recognized
as a conformational disease with B-cell failure
that in many ways mirrors the neuronal death
in a number of neuron-degenerative diseases.
GSK-3 inhibitors reduce ER stress and reduce
toxic amyloid intermediates and apoptosis in
the brain, which reduces GSK-3 expression and
results in lower ER-stress induced apoptosis.!?

Few studies have recognized that GSK inhibi-
tion in vivo will raise HSF-1 and HSP levels and
thus yield a cytoprotective milieu. Two GSK-3
inhibitors, lithium and valproic acid, have been
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FIG. 6. A, Mean of non-fasting blood glucose levels determined at indicated days. Filled circles, L803-mts treated;
open circles, control (n= 19-22 SEM; *, P < .05 treated versus controls). B, GTT experiments performed after 3 weeks
of treatment with L803-mts. Filled circles, L803—mts treated; open circles, control (n= 12-14 S EM.; *, P < .05 treated
versus control), Time=0; administration of glucose (1g/kg). (Reproduced with permission from the author).>
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studied in a stroke animal model. Both drugs re-
duce brain tissue damage after a one hour cere-
bral artery occlusion. The reduction in tissue
damage directly correlates with rises in HSP 70
expression and protein levels in brain tissue in
response to therapy.33” More recently, in a cell
culture study, two different GSK-3 inhibitors
raise HSF-1 levels and protect against oxidative
stress induced neuronal death.”

HEAT SHOCK AND DM

Kurucz’s interest in studying HSPs, insulin
resistance, and type 2 diabetes was, in part,
stimulated by our work on heat shock in pa-
tients with diabetes (personal communication,
Kurulzl IVAX Drug Research Institute, Bu-
dapest, Hungary). In our study on patients
with type 2 diabetes, immersion in a hot tub six
days a week for three weeks dropped their fast-
ing glucose levels and hemoglobin Alc levels.
The hot water raised the subjects” oral temper-
ature. Diet, exercise, and medication were con-
trolled during the study.?® HSP expression was
not measured but similar heat exposure in an-
imals raises HSP expression.*® Recently, a rat
study found that weekly exposure to 15 min-
utes of heat shock with elevated core tempera-
ture to 41°C was able to block high fat diet in-
duction of insulin resistance, glucose
intolerance, and JNK activation.?® Interestingly
and relevantly, heat shock itself activates the
PI3K/AKT pathway yielding GSK-3 inhibition
and a rise in HSP expression.*!

While our study of diabetes was prompted by
the hypothesis that hot tub immersion would
simulate exercise and improve insulin resistance,
for more than a century spa therapy for type 2
diabetes was embraced in Russia and Eastern Eu-
rope. Numerous studies published in the non-
English literature documented major glycemic
improvements with spa therapy.*?#3 Unfortu-
nately, most of the studies included changes in
diet and exercise while bathing in hot waters. On
the other hand, a recent study of people with car-
diovascular risk factors found that daily sauna-
warm blanket therapy that raised body temper-
ature by 1° C reduces fasting glucose levels
significantly over a two week period. Diet and
exercise were unaltered during that trial.**
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AGENTS OR CONDITIONS THAT ALTER
HSPS AND DIABETES

Drugs, lifestyles, and genetic factors that raise
HSP levels are associated with reduced insulin
resistance; conversely, the opposite is the case
with those that lower HSP levels. The ingestion
of saturated fat is associated with low HSP lev-
els and unsaturated fat with higher HSP levels.*
He proposes that Vigh#©4” has hypothesized
that membrane fluidization stimulates HSP syn-
thesis via a signal similar to a heat shock hy-
perfluidization of mammalian cell membranes
acts as a signal to initiate the heat shock protein
response. On the other hand, stiffer membranes
resulting from saturated fat ingestion result in
reduced HSP levels.#>#¢ Furthermore, high free
fatty acids (FFAs) and their toxic metabolites
(like ceramide) can produce loss of insulin sig-
naling, activate GSK-3, and, we propose, lower
HSF-1 and HSPs.*” In addition, exercise that
raises body temperature increases HSP levels,
whereas sedentary behavior reduces them.*®
Low caloric diets stimulate HSP production and
are associated with improved mitochondrial
function, insulin sensitivity, and longer life
span.*” Presumably, high calorie diets and obe-
sity would correspondingly have the opposite
effect of low calorie diets. With aging, the HSP
response to stress is blunted while the propen-
sity to develop diabetes increases.>®

Hypertension is associated with insulin re-
sistance and impaired insulin signaling.>! An-
giotensin II increases inflammatory cytokines,
particularly NF-«kB, which can impair insulin
signaling. Relevantly, heat shock, through ac-
tivating HSPs, reduces hypertension-induced
inflammation.>? In patients with hypertension,
Pockley and coworkers found that carotid in-
tima-media thickness progression was in-
versely related to their serum HSP 70 levels.>®

Some genetic predisposition to type 2 dia-
betes may arise from alteration in HSP gene ex-
pression. Diseases with HSP gene alterations®
that are associated with type 2 diabetes include
Williams Syndrome,® Charcot-Marie-Tooth
disease,”® Alstrom Syndrome, and Bardet-Biedl
Syndrome.”” The Pima Indians, who are un-
usually prone to the development of diabetes,
have polymorphisms of orp 150 that are asso-
ciated with insulin resistance.>® Sense orp 150
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overexpression in the liver of obese diabetic
mice significantly improved insulin resistance
and ameliorated glucose tolerance. Conversely,
expression of antisense orp 150 in the liver of
normal mice decreased insulin sensitivity.>

Mestril and Dillmann have developed an
HSP 70 transgenic mouse line that is resistant
to ischemic as well as to traumatic insults.006!
When these overexpressing HSP 70 mice are
fed a high fat diet, they remain insulin sensi-
tive with no diet-induced progression to glu-
cose intolerance and no JNK activation.?3

A number of agents block GSK-3, raise HSPs,
improve insulin resistance and, in some cases,
improve diabetic complications. The definitive
mechanisms by which many of these agents im-
prove glucose metabolism have not been iden-
tified. A possible mechanism for their action may
be due to a rise in the anti-inflammatory, cyto-
protective HSPs. The list includes thiazolidine-
diones, losartan, statins, carvedilol, bimoclomol,
and resveratrol.®? Full discussion of these agents
is beyond the scope of this paper. On a final note,
the ability of insulin to induce higher HSP lev-
els may at least partially explain the remarkable
improvements observed in morbidity and mor-
tality when insulin is infused in critically ill pa-
tients with or without known diabetes.5?
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CONCLUSION

We have presented here a description of a self-
perpetuating cycle that accelerates with high fat,
high calorie diets, hypertension, sedentary be-
havior, genetic predisposition, and aging. Re-
sults of the cycle include insulin resistance,
diabetic complications, organ failure, premature
aging, neurodegenerative diseases, and vulnera-
bility to premature death. Impaired insulin sig-
naling, activation of GSK-3, and reduced HSP
levels are central defects associated with meta-
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bolic syndrome and type 2 diabetes. Interven-
tions such as exercise, low fat and calorie diets,
and HSP raising agents (like GSK-3 inhibitors)
decelerate the cycle and result in improved clin-
ical outcomes, in part because they positively
modify core pathophysiologic defects of type 2
diabetes and the metabolic syndrome.
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