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Diabetes is a risk factor for cardiovascular disease. However, even elevated glucose
levels below the diabetic range increase cardiovascular risk. There are several possible
explanations for this relationship. First, glucose and its metabolites have direct toxic
effects on vascular endothelium. Second, abnormal glucose is evidence of absolute or
relative insulin deficiency, which can predispose patients to cardiovascular disease via
endothelial dysfunction, lipid abnormalities, and inflammation. Third, antecedent
factors, such as toxins, abnormal energy storage, and hypertension, may contribute to
the development of both diabetes and cardiovascular disease. Whether glucose lower-
ing can reduce the risk of cardiovascular disease is currently being studied in a number
of large trials.
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glycemia that is associated with a high future risk of cardiovascular

disease (CVD) and other serious health-related consequences. The inci-
dence of CVD in men and women with DM is up to 3 to 4 times higher than
in unaffected individuals.!* Furthermore, DM is associated with a CVD mortal-
ity rate that exceeds 70%, and people with DM are 2 to 3 times more likely to
die from CVD causes than people with no history of DM, even after controlling
for other CVD risk factors.* They are also at high risk of diseases associated with

Diabetes mellitus (DM) is a metabolic disorder characterized by hyper-
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Diabetes and Cardiovascular Disease continued

Table 1
Cardiovascular Event Rates for Various Outcomes by Baseline
Cardiovascular Inclusion Criteria in People With Diabetes

Outcome
M], Angina, MI, Stroke,

Inclusion Stroke/TIA, CHF, Revascularization/ CVD Death, CVD
Criteria Revascularization Amputation MI, Stroke  Death, MI
Prior CVD* N/A N/A 3.7%58 7.2%°

4.1%% 4.3%

4.2%

Prior CVD* or 3.6%53% 5.2%°86 N/A 2.6%5¢
= 1 CVD risk 4.0%8% 1.5%°%
factor'
= 1 CVD risk N/A 6.1%% 4.0%8%* 2.3%°%
factor’
No prior CVD* 2.49%55 N/A N/A N/A
and = 1 CVD
risk factor
No CVD-related N/A N/A 1.3%78 1.1%%
inclusion criteria 1.0%%°

2.1%8

*CVD event or evidence of atherosclerosis/ischemia.

Hypertension, left ventricular hypertrophy, retinopathy, albuminuria, smoking, dyslipidemia.

fRequired 2 or 3 risk factors.

MI, myocardial infarction; TIA, transient ischemic attack; CHE, congestive heart failure; CVD,

cardiovascular disease; N/A, not available.

CVD and atherosclerosis, including
hypertension, renal failure, limb am-
putation, cognitive decline, prema-
ture death, retinal disease leading to
blindness, and erectile dysfunction.
In 2002, DM and its consequences
cost Americans close to $130 billion
in direct and indirect health care
costs, of which at least 20% to 25%
was related to CVD.?

The actual incidence of CVD in
people with diabetes varies depend-
ing on the population studied and
the definition of CVD used. Table 1
summarizes the incidence of CVD
events in the control groups of clini-
cal trials that reported CVD inci-
dence in people with diabetes. The
studies are grouped according to
CVD-related inclusion criteria and
CVD outcomes. The annualized inci-
dence of the composite of CVD
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death, myocardial infarction (MI), or
stroke was 3.7% to 4.1% in people
with previous CVD or at least 2 CVD
risk factors, as compared with 1% to
2.1% in people without CVD or risk
factors.

Dysglycemia and CVD

Epidemiologic evidence indicates
that the diagnosis of diabetes may
not be as relevant to cardiovascular
risk as the degree of abnormal glu-
cose homeostasis. The diagnostic cri-
teria for diabetes—a confirmed fast-
ing plasma glucose (FPG) at least 126
mg/dL (7.0 mmol/L) or plasma glu-
cose at least 200 mg/dL (11.1
mmol/L) 2 hours after an oral glu-
cose load (2-hour glucose)—were
chosen because they identified indi-
viduals at high risk of retinopathy.®
However, typical measurements of
glycemia, including FPG, 2-hour
plasma glucose, and glycated hemo-
globin (A,, which correlates with
mean glucose levels over the previ-
ous 2 to 3 months’), are all associ-
ated with CVD, in a progressive rela-
tionship that extends to individuals
with glucose abnormalities that are
close to the normal range. For exam-
ple, in a meta-regression analysis of
more than 20 prospective studies
comprising 1.2 million person-years
of follow-up, the risk of incident
CVD rose progressively as FPG and
post-load glucose levels rose above
75 mg/dL (4.2 mmol/L).® In 2 recent
meta-regression analyses of studies
including diabetic and nondiabetic
participants, a 1 mmol/L rise in FPG
was associated with an 18% (95%

Epidemiologic evidence indicates that the diagnosis of diabetes may not
be as relevant to cardiovascular risk as the degree of abnormal glucose

homeostasis.

This article will examine dys-
glycemia and CVD, including the di-
rect effect of elevated glucose levels
and the possibility that both dys-
glycemia and CVD could be related
to some antecedent and indepen-
dent determinant. It will also review
approaches to preventing CVD in
diabetes.
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confidence interval [CI], 11-25) rise
in the risk of CVD? and a 23% (95%
CI, 19-27) increase in ischemic heart
disease.'”

The progressive relationship be-
tween glycemia and CVD is also
apparent when hemoglobin A, is
used as a marker of glycemia.'' A re-
cent meta-analysis reported that in
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people with or without diabetes, a
1% rise in hemoglobin A, is associ-
ated with a 17% rise in the risk of
CVD (95% CI, 1-37).° This observa-
tion was supported by a large Euro-
pean cohort study in which a 1%
rise in hemoglobin A,. was associ-
ated with a 20% to 25% increase in
CVD events.!? People with diabetes
were included in this study; how-
ever, hemoglobin A, remained an
independent predictor of CVD
events after controlling for a his-
tory of diabetes as well as for age
and other risk factors. These find-
ings further highlight the impor-
tance of glycemia, rather than the
presence or absence of diabetes per
se, as a CVD risk factor.

These data are also supported by
other observations. People with
double- or triple-artery coronary dis-
ease have a greater than 60% preva-
lence of impaired glucose tolerance.™
At least 2 out of 3 patients who
present with an MI have persistent
evidence of either diabetes, impaired
glucose tolerance, or a fasting glu-
cose level of at least 110 mg/dL
(6.1 mmol/L)."*' In addition, there
is a direct relationship between the
glucose level measured at the time of
an MI, acute coronary insufficiency,
or stroke'®?® and the subsequent risk
of death or disability (regardless of
antecedent diabetes status).

The Relationship Between
Dysglycemia and CVD

Three related explanations may ac-
count for the link between elevated
glucose levels and CVD (Figure 1): a
direct effect of elevated glucose lev-
els; a decreased insulin effect due to
reduced insulin secretion, reduced
insulin action (ie, insulin resistance),
or a combination of these abnormal-
ities; and an underlying genetic
and/or environmental abnormality
that predisposes individuals to both
diabetes and CVD.?!?2

Direct Effect of Elevated
Glucose Levels
Glucose is a key substrate for energy
production in all cells. Upon entry
into the cell, glucose is immediately
phosphorylated by hexokinase to
glucose 6-phosphate, much of which
is shunted through the glycolytic
pathway, where it generates adeno-
sine triphosphate and metabolites.
Exposure of cells to higher levels of
glucose than are needed to satisfy
normal energy requirements leads to
increased concentrations of metabo-
lites and activation of at least 4 meta-
bolic pathways that have been
linked to endothelial cell dysfunc-
tion and atherosclerosis.?®

First, excess glucose increases flux
through the polyol pathway and is

converted to sorbitol, which is subse-
quently oxidized to fructose. This
process depletes intracellular levels
of the antioxidant, reduces glu-
tathione, and increases susceptibility
to oxidative stress.”

Second, excess fructose-6-phos-
phate is converted to glucosamine
6-phosphate and UDP-N-acetylglu-
cosamine by the hexosamine path-
way. This conversion promotes O-
linked glycosylation of transcription
factors,®* nuclear pore proteins,®
and signaling factors,? thereby alter-
ing their function, stability, and/or
activity. It also promotes transcrip-
tion of proinflammatory and pro-
thrombotic factors, including trans-
forming growth factor alpha
(TGF-a), transforming growth factor

Figure 1. Possible pathophysiologic links between diabetes and CVD. Elevated glucose (A) and insufficient insulin
effect (B) promote a variety of processes that are associated with both diabetes and CVD; some or all of these
processes may also cause these 2 conditions. Antecedent or proximal factors (C) may act through glucose eleva-
tion (A), reduced insulin effect (B), or other mechanisms to promote both diabetes and CVD. FFA, free fatty acids;
TG, triglycerides; BP, blood pressure; RAAS, renin-angiotensin-aldosterone system; AGEs, advanced glycation end
products; ER, endoplasmic reticulum; DM, diabetes; CVD, cardiovascular disease. ® www.medreviews.com
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beta (TGF-B), and plasminogen acti-
vator inhibitor 1 (PAI-1).2”?® Of par-
ticular interest is the observation
that activation of the hexosamine
pathway also leads to glucosamine-
induced endoplasmic reticulum stress
in cells that are relevant to atherogen-
esis, including human macrophages,
vascular smooth muscle cells, and
endothelial cells.?3° Endoplasmic
reticulum stress-inducing agents acti-
vate NF-k B, the transcription factor
responsible for promoting inflamma-
tory gene expression.*! In addition,
endoplasmic reticulum stress acti-
vates caspases and promotes apopto-
sis of human aortic endothelial cells
and hepatocytes.3032

Third, excess glyceraldehyde-3-
phosphate increases dihydroxyace-
tone phosphate and production of
diacylglycerol and, subsequently,
protein kinase C. This molecule
activates a variety of processes that
reduce nitric oxide synthase and fib-
rinolysis and increase endothelin,
vascular permeability, inflammatory
gene expression, and the generation
of reactive oxygen species.?

Fourth, the increase in glyceralde-
hyde-3-phosphate also promotes in-
creased production of methylglyoxal
and subsequent intracellular and ex-
tracellular formation of advanced
glycation end products. These in
turn can impair the activity of intra-
cellular, membrane, and plasma pro-
teins (eg, transcription factors, colla-
gen, and lipoproteins), promote
macrophage/scavenger cell activity,
and activate inflammatory pathways
and production of reactive oxygen
species.?

It has recently been suggested that
these 4 cytoplasmic processes are
amplified by a fifth mitochondrial
process. Increased glycolysis, as well
as excess B-cell oxidation of fatty
acids delivered as a consequence of
a reduced insulin effect (that ini-
tially led to the high glucose levels),
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directly increases the flux of elec-
trons through the mitochondrial
electron transport chain. This in-
creases the generation of reactive
oxygen species that are directly
cytotoxic and that reduce the activ-
ity of the glycolytic intracellular
enzyme glyceraldehyde phosphate
dehydrogenase. This process leads
to further accumulation of intracel-
lular metabolites of glycolysis, fur-
ther activation of the pathways dis-
cussed, and further production of
toxic intermediates.?®

The toxic effects of chronic hyper-
glycemia on the vasculature may
lead to permanent changes in
cellular function as a result of dam-
age to mitochondrial or nuclear
DNA,*33 even after hyperglycemia is
corrected.

Reduced Insulin Effect
Insulin is the key hormone involved
in glucose homeostasis and is essen-
tial for the maintenance of normo-
glycemia. Any deficiency in the
amount or activity of insulin at its
key metabolic targets (muscle, fat,
liver, and glucagon-secreting o cells)
leads to some degree of glucose ele-
vation and the metabolic conse-
quences discussed above. This glu-
cose elevation is a powerful stimulus
for insulin secretion and hyperinsu-
linemia, although these processes
may be insufficient to restore glucose
levels to normal. Careful measure-
ment in apparently “normoglycemic”
individuals with substantial insulin
resistance has demonstrated slight
elevations in glucose levels.>* Thus,
what is detected as insulin resistance
may in fact be subtle degrees of 8 cell
dysfunction leading to high insulin
levels that are nevertheless insuffi-
ciently high to maintain a normal
glucometabolic state.

This observation has several impli-
cations. First, a reduced physiologic
effect of insulin due to either absolute
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insulin deficiency and/or relative
insulin deficiency (ie, insulin resis-
tance) causes glucose elevation and
the consequences noted above. Sec-
ond, insulin is a powerful inhibitor
of lipolysis and the lipolytic effect of
stress hormones (especially cortisol
and catecholamines). The increased
free fatty acid (FFA) flux resulting
from a reduced physiologic effect of
insulin can promote further insulin
resistance®’; lead to ectopic fat depo-
sition in islet cells*® and subsequent
B-cell damage (thereby magnifying
insulin deficiency); stimulate the
synthesis of atherogenic lipopro-
teins®*; and inhibit glycolytic metab-
olism and anaerobic energy produc-
tion in ischemic cardiac muscle,
thereby increasing the damage done
by an ischemic insult.?”° Third, in-
sulin reduces inflammation—by re-
ducing TNF-q, the intracellular adhe-
sion molecule 1, monocyte and
macrophage cytokines,***! and su-
peroxide anion—which suggests that
insulin deficiency may be proinflam-
matory. These mediators are thought
to directly contribute to the develop-
ment of the necrotic core of the ath-
erosclerotic lesion. Fourth, insulin
reduces PAI-1 levels; an insufficient
physiologic effect of insulin there-
fore represents a procoagulant stimu-
lus. Fifth, insulin deficiency may re-
duce ischemic preconditioning,
making cardiac muscle more suscep-
tible to ischemic damage.**** Finally,
lack of insulin reduces endothelial
nitric oxide synthesis and vasodila-
tion, especially in response to is-
chemia,***? and insulin may also im-
prove endothelial function.*?

A Predisposition to Both
Dysglycemia and CVD

The possibility that both dys-
glycemia and CVD could be related
to some antecedent and indepen-
dent determinant is very difficult to
study. Environmental toxins, excess
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energy intake, and hypertension are
all potential candidates.

Environmental Toxins
There is limited evidence to suggest
that exposure to certain environ-
mental toxins predisposes the devel-
opment of both diabetes and athero-
sclerosis. Several cross-sectional and
ecologic studies indicate that sub-
jects who were exposed to high lev-
els of arsenic in drinking water or in
occupational settings had a risk of
developing type 2 diabetes that was
up to 6 times higher than that in
unexposed controls. There was evi-
dence of a dose-response relation-
ship. The effect of arsenic may be
mediated by impaired insulin signal-
ing.** Other studies indicate that
chronic arsenic exposure is associ-
ated with ischemic heart disease and
carotid atherosclerosis and may lead
to increased platelet aggregation.*

Cadmium is another environmen-
tal pollutant that accumulates in the
pancreas and is associated with type
2 diabetes in a dose-dependent man-
ner.*® Cadmium has been associated
with endothelial toxicity, hyperten-
sion, and atherosclerosis.*’ Further-
more, cigarette smoking, which is a
strong risk factor for heart disease, is
associated with a 20% to 34% in-
creased risk of developing type 2
diabetes.*®

As research into environmental
toxins and endocrine disruptors
expands, additional associations are
likely to be discovered. The chal-
lenge in this field is to design high-
quality observational studies.

Excess Energy Intake/Abnormal

Storage of Excess Energy

A more ubiquitous environmental
agent is food. Over the past half cen-
tury, there has been an increased avail-
ability of energy-dense, processed
foods, and a proliferation of technol-
ogy that promotes sedentary behav-

ior. There has been a concomitant
increase in the prevalence of obe-
sity—increased and ectopic storage
of consumed energy as fat. As energy
surplus increases, storage shifts in-
creasingly from subcutaneous to vis-
ceral fat, which has a more rapid
turnover of triglycerides and a more
deleterious metabolic and athero-
genic secretory profile.*’ Recently, at-
tention has also focused on epicar-
dial fat, which has similar embryonic
origins and metabolic characteristics
as abdominal visceral fat, and which
is in close proximity to the coronary
arteries and cardiac muscle. This vis-
ceral fat depot has also been associ-
ated with coronary atherosclerosis
measured angiographically.>

Several mechanisms may account
for the link between visceral fat and
both metabolic and cardiovascular
abnormalities. First, FFAs are easily
released from visceral fat stores by
lipolysis, which is resistant to sup-
pression by insulin.’! These FFAs
drain directly into the portal circu-
lation and, from there, into the liver
and pancreas. As described above,
ectopic deposition in the liver leads
to hepatic steatosis, hepatic gluco-
neogenesis, and a rise in hepatic
glucose output.>? Ectopic fat deposi-
tion in the pancreas leads to reduc-
tion in insulin secretion.>® Further-
more, ectopic fat deposition in
muscle reduces insulin sensitivity
and glucose uptake peripherally. All
of these consequences are features
of diabetes. The cardiovascular ef-
fects of excess energy flux include
overproduction of very low-density
lipoprotein and apolipoprotein B
due to increased FFA uptake by the
liver, which results in elevated
triglycerides that are also associated
with low high-density lipoprotein
(HDL) cholesterol and atherogenic
small, dense low-density lipopro-
tein (LDL). Furthermore, excess
FFAs increase the oxygen demands
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of ischemic myocardium and reduce
the use of glucose as a metabolic
fuel by the heart.

Unregulated FFA release has indi-
rect effects as well. Visceral fat is a
source of other hormones and cy-
tokines, collectively called adipokines,
which have various effects on fat,
muscle, the liver, the pancreas, the
endothelium, and reticuloendothelial
tissues. Adipokines likely have a role
in metabolism and inflammation. For
example, macrophages in expanding
visceral fat produce metabolically
harmful inflammatory adipokines,
such as TNF-a and interleukin-6,
which have themselves been associ-
ated with diabetes and insulin resis-
tance in type 2 diabetes.’*>¢ Con-
versely, visceral adipose tissue
secretion of adiponectin, an insulin-
sensitizing adipokine, decreases in
obesity.>” Low adiponectin is a predic-
tor of incident type 2 diabetes®>%5?
and coronary artery disease.®

Hypertension
Another risk factor common to
both diabetes and CVD is hyperten-
sion. High blood pressure is present
in 66% to 74% of people with dia-
betes.®!%* Furthermore, epidemio-
logic evidence suggests that hyper-
tension is a risk factor for the
development of diabetes. One
prospective study found that peo-
ple with hypertension had a 2.4-
fold higher incidence of diabetes
than people without hypertension.®*
In addition, an epidemiologic ana-
lysis of the Antihypertensive and
Lipid-Lowering Treatment to Pre-
vent Heart Attack Trial (ALLHAT)
found a 1% increased risk of inci-
dent diabetes for every mm Hg rise
in systolic blood pressure after ad-
justing for the antihypertensive
regimen.®®

It is well known that hypertension
is a cardiovascular risk factor. One
meta-analysis of observational studies
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including over 12.7 million person-
years of follow-up estimated a dou-
bling of mortality from vascular
causes for every 20 mm Hg increase
in systolic blood pressure or 10 mm
Hg increase in diastolic blood pres-
sure for people ages 40 to 69.°

One explanation for the increased
risk of diabetes in hypertension is ac-
tivation of the renin-angiotensin sys-
tem. Both angiotensin Il-mediated
pancreatic vasoconstriction®” and al-
dosterone-mediated hypokalemia®®
inhibit glucose-induced insulin re-
lease from the B cell. In addition,
blockade of the renin-angiotensin
system with angiotensin-converting
enzyme (ACE) inhibitors reduces the
counterregulatory hormone norepi-
nephrine® and improves peripheral
insulin sensitivity.”” Furthermore, a
large body of evidence suggests that
blocking the renin-angiotensin sys-
tem with ACE inhibitors or an-
giotensin receptor blockers prevents
the development of diabetes in peo-
ple with hypertension, heart disease,
or heart failure,”! and reduces glu-
cose levels (both fasting and after an
oral glucose load in people with im-
paired glucose tolerance or impaired
fasting glucose).”?

Some of the mechanisms by
which high blood pressure may
contribute to vascular disease in-
clude increased sympathetic drive,
endothelial dysfunction, generation
of oxygen free radicals, inflamma-
tion of the vessel wall, and left ven-
tricular hypertrophy—all of which
are at least partially mediated by the
renin-angiotensin system.”? In addi-
tion to the cardiovascular benefit
seen with all blood pressure-lower-
ing drugs,”* ACE inhibition may
have further benefit among high-
risk individuals.”® Particularly in pa-
tients with diabetes, ACE inhibitors
or angiotensin receptor blockers are
often the first-line antihypertensive
agents.
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Preventing CVD in Diabetes
The increased risk of CVD in people
with diabetes has led to aggressive
interventions to modify CVD risk
factors, including lowering of LDL
cholesterol. Smoking cessation is an-
other widely accepted intervention.
Blood pressure lowering has a signif-
icant body of evidence supporting
its cardiovascular benefit’* in this
population.

Conversely, interventions to re-
duce abnormal energy storage and its
effects are not strongly supported at
this time. To date, clinical trials of
weight loss strategies in diabetes, in-
cluding lifestyle modification or the
drugs sibutramine, orlistat, and ri-
monabant, have not evaluated car-
diovascular outcomes. They have,
however, found improvements in
cardiovascular risk factors, including
blood pressure, triglycerides, HDL
cholesterol, and LDL cholesterol.”®
Studies of triglyceride lowering with
fenofibrate provided weak evidence
for cardiovascular benefit in patients
with diabetes.””"’®

Whether glucose lowering (by in-
creasing the insulin effect) has car-
diovascular benefit is an actively
researched question with some posi-
tive supporting data. The Diabetes
Control and Complications Trial in
1441 people with type 1 diabetes
found that a 6-year period of inten-
sive glycemic control (A, 7.2% vs
9.0%) led to a 42% reduction in CVD
outcomes after 11 more years of pas-
sive follow-up. During passive
follow-up, glycemic control was not
different between the groups.”” The
United Kingdom Prospective Dia-
betes Study (UKPDS) showed a trend
toward reduced risk of MI over 10
years (relative risk reduction, 16%;
95% CI, 0-29; P = .052) in 3867 peo-
ple with type 2 diabetes using an in-
tensive intervention that achieved a
median A,. of 7.0% compared with
7.9% in the conventional treatment
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group.®® In the recent Prospective Pi-
oglitazone Clinical Trial in Macrovas-
cular Events (PROactive) study of
5238 patients with type 2 diabetes,
subjects using pioglitazone showed a
trend toward reduction in the pri-
mary composite CVD outcome (rela-
tive risk reduction, 10%; P = .095),
with a 0.6% reduction in A, %!

Several ongoing clinical trials
designed to specifically test the hy-
pothesis of cardiovascular risk re-
duction by glucose lowering are ex-
pected to report results by 2010.%2
The Outcome Reduction with an Ini-
tial Glargine Intervention (ORIGIN)
trial will evaluate a target FPG of 5.3
mmol/L or less using glargine insulin
versus usual care in people with im-
paired fasting glucose, impaired glu-
cose tolerance, or early diabetes. The
Action to Control Cardiovascular
Risk in Diabetes (ACCORD) study
will evaluate the effects of a target
A, of less than 6.0% versus 7.5%,
using all available therapies in sub-
jects with type 2 diabetes. The
Action in Diabetes and Vascular Dis-
ease: PreterAx and DiamicroN Modi-
fied-Release Controlled Evaluation
(ADVANCE) trial will evaluate a sul-
fonylurea-based target of less than
6.5% versus conventional treatment
in people with type 2 diabetes. The
Veteran Affairs Diabetes Trial (VADT)
will evaluate a target A,. of less than
6.0% versus 8% to 9%, using sequen-
tial addition and titration of various
oral agents and insulins.

Conclusion

There is a progressive relationship
between glycemia and cardiovascu-
lar risk. The pathophysiologic expla-
nations are difficult to discern, but
involve high glucose levels, broader
effects of deficient insulin action,
and other environmental and/or ge-
netic factors that predispose patients
to both dysglycemia and CVD. On-
going trials are testing the possibility
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that CVD can be reduced by thera-
peutic strategies targeting these ab-
normalities. u
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