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Stratifying the management of type 2 diabetes (T2D) has
to take into account marked variability in patient pheno-
type due to heterogeneity in its pathophysiology, different
stages of the disease process, and multiple other patient
factors including comorbidities. The focus here is on the
very challenging subgroup of patients with T2D who are
overweight or obese with insulin resistance (IR) and the
most refractory hyperglycemia due to an inability to
change lifestyle to reverse positive energy balance. For
this subgroup of patients with T2D, we question the
dogma that IR is primarily harmful to the body and should
be counteracted at any cost. Instead we propose that IR,
particularly in this high-risk subgroup, is a defense
mechanism that protects critical tissues of the cardio-
vascular system from nutrient-induced injury. Overriding
IR in an effort to lower plasma glucose levels, particularly
with intensive insulin therapy, could therefore be harmful.
Treatments that nutrient off-load to lower glucose are
more likely to be beneficial. The concepts of “IR as an
adaptive defense mechanism” and “insulin-induced met-
abolic stress” may provide explanation for some of the
unexpected outcomes of recent major clinical trials in
T2D. Potential molecular mechanisms underlying these
concepts; their clinical implications for stratification of
T2D management, particularly in overweight and obese
patients with difficult glycemic control; and future re-
search requirements are discussed.

It is now recognized that glycemic management in
patients with type 2 diabetes (T2D) should be stratified
with respect to choice of glucose-lowering agents and
HbA;. targets (1,2). This comes about with increasing
realization of the marked heterogeneity in patients
with T2D with respect to pathophysiology, stage of dis-
ease, and comorbidities (1-4). Importantly, this same
heterogeneity in the phenotype of patients recruited to
major T2D clinical trials must complicate interpretation
of their main outcomes. For example, if a particular ap-
proach to intensively lower blood glucose is harmful to
only one subgroup of patients, then its potential benefit
to all other patient subgroups may be missed. In this
Perspective, we consider the subgroup of patients with
T2D who are overweight and obese with severe insulin
resistance (IR) and difficult-to-control hyperglycemia
due to their inability to reverse a positive energy balance
through lifestyle measures. We propose that IR protects
critical tissues, such as the heart, from nutrient-induced
damage in this subgroup and that “approaches” to in-
tensively lower blood glucose that override IR (e.g.,
high-dose insulin therapy) will cause them harm. We
believe that the concept of “insulin-induced metabolic
stress” provides a plausible explanation for many of
the unexpected outcomes of major T2D clinical trials.
The important implications of this concept for ongoing
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diabetes research, drug development, and clinical care of
patients with T2D are discussed.

IR: OFFENSE OR DEFENSE

IR is nearly always considered to be “harmful” and at the
root of T2D (5). The regulation of insulin sensitivity,
however, is an integral component of normal metabolic
physiology. Diurnal, seasonal, age-related, pregnancy-
associated, and illness-induced fluctuations in food intake
and energy expenditure necessitate homeostatic versatility,
including the capacity to vary insulin sensitivity so as to
optimize partitioning between tissues of a variable nutri-
ent supply. For example, in response to short-term over-
feeding, skeletal and cardiac muscle become transiently
insulin resistant (6,7), a physiological adaptation that favors
the diversion of excess nutrients to adipose tissue for stor-
age. We have proposed, as have others, that this induction
of IR, particularly when an excess nutrient supply becomes
more chronic, protects important tissues from nutrient-
induced dysfunction (8-11).

Thus, to override IR in overnourished patients with
T2D with certain glucose-lowering therapies, such as in-
sulin, may equate to overriding a defense mechanism, as the
tissues will no longer be protected from excess nutrient
entry. In the heart, this could cause metabolic cardiomy-
opathy with greater risk of heart failure, arrhythmias, and
cardiac death, including reduced survival from myocardial
infarction.

Concept of Insulin-Induced Metabolic Stress

and Its Relevance for the Heart

There is normally a reciprocal relationship between plasma
free fatty acids (FFAs) and glucose levels in blood. In the
fasted state, blood glucose is low and FFA levels are
elevated due to their release from adipose tissue. In the
fed state, blood glucose and insulin levels rise and FFA
levels fall due to the suppression of lipolysis by insulin.
The myocardium, with its high-energy needs, adapts to
the predominant nutrient source through complex inter-
actions between glucose and FFA metabolism (12,13).
High FFA levels during fasting inhibit the uptake and
oxidation of glucose by the myocardium, thus sparing glu-
cose for use by the brain (6,12). In poorly controlled T2D,
this reciprocal relationship is lost and circulating glucose
and FFA are simultaneously elevated (6). This places the
myocardium at increased risk of nutrient overload and
myocardial glucolipotoxicity (14,15), a process by which
elevated glucose synergizes with FFAs to induce cellular
damage (16).

Because of the presence of the high K, glucose trans-
porter GLUT?2 that rapidly equilibrates extracellular and
intracellular glucose independently of insulin, the B-cell is
particularly vulnerable to glucolipotoxicity (10,16). Other
tissues, such as heart and skeletal muscle, that express the
insulin-regulated glucose transporter GLUT4 have the ca-
pacity to protect themselves from glucolipotoxicity by de-
veloping IR, which restrains glucose entry into cells and
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therefore the glucose arm of this potentially damaging
process (17). Accordingly, we propose that the myocardium
is “safeguarded” against glucolipotoxicity by IR (Fig. 1).
Consequently, treating patients with poorly controlled
T2D with large amounts of exogenous insulin could over-
ride this block against glucose entry, providing all the
ingredients for glucolipotoxicity (Fig. 1). In support of this
concept, treatment of patients with T2D with 10 days of
exogenous insulin increased the myocardial lipid content by
80%, the level of which was positively associated with the
initial mean glucose concentration (18). Even in normal
subjects, short-term hyperinsulinemia and hyperglycemia
caused an increase in myocardial lipid content, indicative
of how hyperinsulinemia together with hyperglycemia can
contribute to cardiac lipid accumulation (19).

We propose the concept of insulin-mediated metabolic
stress for situations in which IR that protects against
excess nutrient entry into cells is overridden by high
insulin levels (Fig. 1). The combination of high levels of
glucose and FFA entry into cells will overload the electron
transfer chain with reducing equivalents resulting in mi-
tochondrial dysfunction and increased reactive oxygen
species (ROS) production (9,20). The increased glucose
entry will also alter the malonyl-CoA/AMPK metabolic
network to favor the partitioning of the FFA toward syn-
thesis of complex lipids, including cholesterol and ceramide
(21,22), and glucolipotoxicity, contributing to both mito-
chondrial dysfunction and endoplasmic reticulum stress
(22-24) (Fig. 1). The increased FFA levels will also impede
glucose oxidation, particularly at the level of pyruvate de-
hydrogenase, such that glucose flux into pathways above
this step, including glycogen synthesis, the polyol and hexos-
amine pathways, and the production of advanced glycation
end product (AGE) precursors, are likely to be increased
(14,25). Recently, there has been increased interest in the
role of the inflammasome in cardiomyopathy and ischemia/
reperfusion injury (26). Relevant to insulin-induced meta-
bolic stress, the inflammasome can be activated by increased
glucose metabolism, saturated fatty acids, ceramides, and
elevated ROS production (27) (Fig. 1).

With respect to rodent models and the potential
for excessive insulin action to affect cardiac function,
insulin signaling in the heart has been shown to worsen
systolic function in pressure-overloaded rodent hearts
(28). Furthermore, cross talk has been shown to occur
between insulin receptor and ,-adrenergic receptor sig-
naling in the mouse heart, with insulin having an effect
to impair By-adrenergic receptor-regulated cardiac con-
tractility (29).

Tissue Selectiveness in the Development of IR: the
Heart and Skeletal Muscle

The partitioning of nutrient supply to various tissues in
response to insulin is affected by the relative insulin
sensitivities of those tissues. This is potentially important
when using insulin to treat insulin-resistant patients with
T2D, as the least insulin-resistant tissues will be more
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Figure 1—Hypothetical model illustrating the molecular basis of insulin-induced metabolic stress in patients with poorly controlled T2D in
which both blood glucose and FFA levels are persistently elevated. Depicted here is a cell in which (A) IR protects from nutrient overload
and metabolic stress by limiting glucose flux into the cell and (B) the IR protection is overridden by a high dose of exogenous insulin
therapy, which promotes excess glucose uptake and glucolipotoxicity. Excess glucose supply to the mitochondria results in reducing
equivalent overload of the electron transfer chain and enhanced production of ATP and ROS, resulting in oxidative damage. The resulting
increased ATP/AMP ratio inhibits AMPK, which has the effect of decreasing FFA oxidation (limiting nutrient detoxification) favoring fat
deposition. Enhanced glucose uptake can also result in excessive glycogen deposition and increased activities of the toxic polyol, hexos-
amine, and AGE formation pathways. Glucose that is metabolized via the anaplerosis pathway can also increase cytosolic acetyl-CoA
(AcCoA) and malonyl-CoA (MalCoA). AcCoA and MalCoA are then available for cholesterol and fatty acid synthesis, increasing the lipid load
on the cell. MalCoA also inhibits fatty acyl-CoA (FACo0A) entry into the mitochondria such that FACoA is more available for synthesis of
complex lipids, including glycerolipids (phospholipids, diacylglycerols, and triglycerides) and ceramides. This can result in endoplasmic
reticulum stress and the accumulation of lipid droplets (steatosis). Increased ROS production, toxic lipid accumulation, and reduced AMPK
activity are factors that also activate the inflammasome contributing to cardiac injury. The overall effect is nutrient overload and metabolic
stress causing cell dysfunction or death and cardiac inflammation. CD36, free fatty acid transporter; DAG, diacylglycerols; ER, endoplasmic
reticulum; ETC, electron transport chain; GLUT4, facilitative glucose transporter 4; IRc, insulin receptor; MITO DYSF, mitochondrial
dysfunction; OXID STRESS, oxidative stress; Pyr, pyruvate; PL, phospholipids; TG, triglycerides; Tx, treatment.
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prone to insulin-induced metabolic stress. There is some
evidence that IR is easier to override in the myocardium
than in skeletal muscle (30,31), which could relate to the
different signaling pathways by which IR develops in
these two tissues (17,32). The patients with T2D in
both these studies appeared to have quite good myocar-
dial insulin responsiveness once high doses of exogenous
insulin were used (30,31). Of concern, exogenous insulin
tripled myocardial glucose uptake without any compensa-
tory reduction in FFA uptake in one of these studies,
consistent with the capacity of a high dose of exogenous
insulin to override IR to drive excess nutrient entry into
the heart, thus placing the cardiomyocyte at risk for
nutrient-induced damage (30).

Of note, insulin use during cardiac ischemia precondi-
tioning in mice resulted in loss of cardioprotection from
ischemia/reperfusion injury afforded by the precondition-
ing (33). Furthermore, this may have related to an in-
crease in the glycogen content of heart prior to the
prolonged ischemic event, indicative of an effect of exces-
sive insulin to augment cardiac damage through a nutrient
toxicity mechanism (33).
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IR and Consequences of Insulin Therapy for the
Endothelial Cell and Atherosclerosis

The endothelial cell is the most directly exposed cell of the
body to the nutrient and hormonal mix of blood and plays
a key role in the pathogenesis of both micro- and macro-
vascular complications of diabetes (34,35). In considering
mechanisms, insulin signal transduction in the endothelial
cell occurs via the phosphoinositide 3-kinase/AKT (PI3K/
AKT) pathway and the mitogen-activated protein kinase
(MAPK) pathway (32) (Fig. 2). Transduction via the PI3/
AKT pathway is believed to protect against vascular risk
because of its effects to stimulate vasodilatory endothelial
nitric oxide production, reduce the expression of adhesion
molecules, inhibit proliferation of vascular smooth muscle
cells, and prevent adhesion and activation of platelets
(36,37). Signaling via the MAPK pathway is believed to
have contrary effects through the production of the vaso-
constrictor mediator endothelin-1 (34,37) (Fig. 2). Inter-
estingly, nutrient excess has been shown to selectively
cause IR in the PI3K/AKT pathway, such that under these
circumstances insulin action through the “bad” MAPK
pathway predominates (34,38). Thus, successful lowering
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Figure 2—Differential beneficial or adverse effects of insulin therapy on vascular endothelial cells depending on the level of metabolic
control achieved. Insulin signaling in endothelial cells can be via the PI3K (causes vasodilation and is anti-thrombotic) and the MAPK
pathway (causes vasoconstriction and is prothrombotic) such that there is a balance of beneficial and harmful effects. In response to an
excess nutrient supply, as occurs in metabolically uncontrolled T2D, selective IR in the PI3K pathway will occur such that signaling through
the MAPK pathway will be unopposed, increasing the risk of vascular events. Insulin treatment will either improve or worsen vascular health
depending on whether it is effective or not at bringing blood nutrient levels under control. If high exogenous insulin therapy is successful at
improving blood nutrient levels, then insulin signaling through the PI3K pathway will increase such that insulin therapy will be beneficial to
blood vessel health. However, if high dose exogenous insulin therapy fails to control blood nutrients (i.e., in refractory patients), then the IR
in the PI3K pathway will not be relieved and insulin signaling will predominate via the harmful MAPK pathway and increase the risk of
vascular events.
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of blood glucose and FFAs by exogenous insulin should
result in improved endothelial functioning due to a reduc-
tion in nutrient-induced IR of the “good” PI3K/AKT path-
way (35). On the other hand, use of high doses of insulin
therapy in subjects who are refractory to its glucose-lowering
effect (i.e., the subgroup of patients of most interest in
this Perspective) will not improve PI3K/AKT insulin sig-
naling in the endothelium but will have increased harmful
signaling through the MAPK pathway, increasing risk of
atherosclerotic vascular complications (35) (Fig. 2).

Insulin-Induced Metabolic Stress in Noncardiovascular
Tissues

Overriding IR with high-dose insulin in refractory patients
also could have implications for other insulin-responsive
tissues, such as the liver and adipose tissue. In the liver, it
is clear that hyperinsulinemia is a requirement for non-
alcoholic fatty liver disease; however, hyperglycemia is
well known to accelerate its progression to nonalcoholic
steatohepatitis and cirrhosis (39). There is some evi-
dence that hyperglycemia may accentuate the inflamma-
tory phenotype of visceral adipose tissue in obese subjects
(40), such that insulin-induced metabolic stress could also
operate in this tissue. Resultant adipose metabolic injury
could indirectly harm the heart and vasculature through
the increased release of inflammatory mediators (41).

T2D CLINICAL STUDIES AND THE CONCEPT
OF INSULIN-INDUCED METABOLIC STRESS

If our premise is correct—that intensive treatment of T2D
with insulin is harmful to those overweight and obese
patients unable to improve lifestyle to achieve negative
energy balance—then there should be support for the
premise in clinical trials. Here, we review major clinical
trials in patients with T2D of intensive versus conventional
glucose control (Table 1), insulin versus other glucose-
lowering therapies (Table 2), and lifestyle and other
pharmacotherapy cardiovascular outcome trials (Table 3).
Essential considerations in reviewing these trials should
be the degree to which the use of insulin therapy was
intensive and whether the patients were obese and/or
gained weight and were in poor glycemic regulation at study
entry (more likely in the difficult-to-control patients).

Studies of Intensive Versus Standard Glycemic Control
in T2D

The Action to Control Cardiovascular Risk in Diabetes
(ACCORD) study (median duration of diabetes of 10 years,
mean BMI of 32 kg/mz, and mean HbA;. of 8.3% at trial
entry) unexpectedly showed that aggressive intensification
of glycemic control (achieved HbA;. of 6.4%) compared
with standard treatment (achieved HbA;. of 7.5%) in
patients with T2D increased all-cause mortality (hazard
ratio [HR] 1.22 [95% CI 1.01-1.46]), including death
from cardiovascular causes (1.35 [1.04-1.76]) (Table 1)
(42). The ACCORD patients had moderately high rates of
preexisting cardiovascular disease events (35%) and conges-
tive cardiac failure (5%) at baseline (42). A high percentage
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of the intensively treated patients were managed on insulin
(77%) and/or a thiazolidinedione (TZD) (92%), with weight
gain of >10 kg from baseline occurring in 27.8% of the
intensive therapy group compared with 14.1% in the stan-
dard therapy group (Table 1) (42). Post hoc analyses of
ACCORD did not support the hypothesis that increased
hypoglycemia in the intensively treated subjects caused the
excess deaths, but this could not be excluded (43). These
analyses revealed, however, that a higher HbA;_ at baseline
and a failure to improve average HbA;  throughout the
study despite intensive therapy were linked to increased
mortality (44,45).

Intensive therapy in the UK Prospective Diabetes
Study (UKPDS) (newly diagnosed diabetes, mean BMI of
28 kg/m?, and mean HbA; . of 7.1% at trial entry) was less
aggressive (achieved HbA;, of 7.0% compared with 6.4%
in ACCORD), had lower insulin use (38%) and less weight
gain (0.6 kg/year compared with 1.1 kg/year in ACCORD),
and was not associated with an increase in cardiovascular
death (46). In the extended follow-up of the UKPDS sub-
jects, the initial intensive therapy for 10 years had a legacy
effect in maintaining lower rates of myocardial infarction
and all-cause mortality (Table 1) (47). In a relatively small
cohort of overweight patients in the UKPDS, intensive
therapy with metformin compared with conventional
therapy, in which change in weight was negligible in
both groups, metformin was associated with a lower
risk of all-cause mortality (Table 1) (48). In a secondary
analysis of UKPDS overweight patients, intensive therapy
with metformin (negligible weight gain) had better out-
comes than intensive therapy with either sulfonylurea or
insulin (modest weight gain) (48).

The Action in Diabetes and Vascular Disease: Preterax
and Diamicron MR Controlled Evaluation (ADVANCE)
trial (mean duration of diabetes of 8 years, mean BMI of
28 kg/m?, and mean HbA; of 7.5% at trial entry) and the
Veterans Affairs Diabetes Trial (VADT) (mean duration of
diabetes of 11.5 years, mean BMI of 31 kg/m?, and mean
HbA;. of 9.4% at trial entry) were, like ACCORD, more
recent studies of intensive versus less intensive glycemic
control in patients with T2D (Table 1) (42,49,50). The
glucose-lowering approach for the intensive group in
ADVANCE achieved the glycemic target more gradually
than in ACCORD, with much less insulin (41%) and TZD
(17%) use and without weight gain (Table 1) (42,50).
Intensive therapy did not alter macrovascular events or
all-cause mortality in ADVANCE (50). Intensive lowering
of HbA;. in VADT was also less aggressive but, unlike
ADVANCE, with high rates of insulin use in both the in-
tensive (87%) and standard treatment groups (77%) and
substantial weight gain (1.5 kg/year) in the intensive arm
(49,50). Of note, a similar trend to ACCORD of enhanced
cardiovascular death was found in the intensive arm of
VADT (HR 1.32 [95% CI 0.81-2.14]) (Table 1) (49).

Steno-2 was a long-term multifactorial intervention study
in 160 high-risk patients with T2D with microalbuminuria
(median duration of diabetes of 6 years, mean BMI of
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Table 1—Major trials of intensive vs. conventional glucose lowering in subjects with T2D

Insulin-Induced Metabolic Stress
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UKPDS-33 UKPDS-34
(Int-SU or Insulin)  (Int-Metformin) ADVANCE ACCORD VADT
Subjects (n) 3,867 7532 11,140 10,251 1,794
Baseline characteristics
Age (years) 53 53 66 62 60
BMI (kg/m?) 28 32 28 32 31
Diabetes duration (years) 0 0 8 10 11.5
Cardiovascular disease
history (%) NR NR 32 35 40
HbA; . (%) 7.1 7.2 7.5 8.3 9.4
Glucose-lowering therapy use Int vs. Conv Int vs. Conv Int vs. Conv Int vs. Conv Int vs. Conv
Insulin (%) 38 vs. 16 NR 41 vs. 24 77 vs. 55 87 vs. 77°
Metformin (%) 10 vs. 10 NR 74 vs. 67 95 vs. 87 60 vs. 54°
Sulfonylurea (%) 54 vs. 25 NR 92 vs. 59 78 vs. 68 53 vs. 44°
TZD (%) — — 17 vs. 11 92 vs. 58 37 vs. 28°
Results
Duration of follow-up (years) 10.0 10.7 5.0 3.5 5.6
HbA. achieved, Int vs.
Conv (%) 7.0vs. 7.9 7.4 vs. 8.0 6.5vs. 7.3 6.4 vs. 7.5 6.9 vs. 8.4
Change in weight to study
end (kg) 6 vs. 25 1vs. 1 —0.1vs. 1.0 3.5vs. 04 8.2 vs. 4.1
Change in weight, Int vs.
Conv (kg/year of follow-up) 0.6 vs. 0.25 0.1 vs. 0.1 0.0vs. —0.2 1.1 vs. 0.1° 1.5vs. 0.7
Primary cardiovascular outcome
(HR or RR [95% CI]) NR NR 0.94 [0.84-1.06] 0.90 [0.78-1.04] 0.88 [0.74-1.05]
Myocardial infarct (nonfatal)
(HR or RR [95% CI)) 0.79 [0.58-1.09] 0.69 [0.35-1.64] 0.98 [0.78-1.23] 0.76 [0.62-0.92] NR
Myocardial infarct (all)
(HR or RR [95% CI)) 0.84 [0.71-1.00]  0.61 [0.41-0.89] NR NR 0.82 [0.59-1.14]
Myocardial infarct (extended
follow-up) (RR [95% CI]) 0.85 [0.74-0.97]° 0.67 [0.51-0.89]° — — —
Cardiovascular death
(HR or RR [95% CI]) 1.02 [0.66-1.57] NR 0.88 [0.74-1.04] 1.35[1.04-1.76] 1.32 [0.81-2.14]
All-cause mortality
(HR or RR [95% CI]) 0.94 [0.8-1.1] 0.64 [0.45-0.91] 0.93 [0.83-1.06] 1.22 [1.01-1.46] 1.07 [0.81-1.42]
All-cause mortality (extended
follow-up) (RR [95% CI]) 0.87 [0.79-0.96]° 0.73 [0.59-0.92]° — — —
Comments Younger, leaner, Younger, obese, Older, leaner, Older, more Older, obese,
recent-onset recent-onset long duration obese, long long duration
diabetes. Less diabetes. Less of diabetes. duration of of diabetes.
aggressive aggressive High use of SU diabetes. High use
glycemic glycemic and low use High use of of insulin
control and control and low of insulin and insulin and and high
moderate weight weight gain in TZD. No weight TZD and high weight gain
gain in Int group. Int group. gain in Int group.  weight gain in in Int group.
Int group.

UKPDS (46-48), ADVANCE (50), ACCORD (42), VADT (49). Conv, conventional treatment; RR, risk ratio; Int, intensive treatment; NR, not
recorded; SU, sulfonylurea. ACCORD and VADT had intensive glucose lowering involving intensive insulin use and were associated with
weight gain greater than 1.0 kg/year. Bold typeface indicates significant changes. *Metformin-based intensively treated vs. conventionally
treated subjects only. °Glucose-lowering therapy at last recorded study visit. °Measured at 3 years. 2UKPDS 10-year post-trial follow-up.

29-31 kg/m?, and mean HbA,, of 8.4-8.8% at trial entry)
(51). For the 80 patients (63 male, 17 female) randomized
to the intervention, more intensive treatment of blood
glucose, lipids, and blood pressure for a median of 7.8
years with combination of drug therapy and behavior
modification was highly successful in reducing cardiovas-
cular disease events (HR 0.47 [95% CI 0.24-0.73]). A
post-trial follow-up, at a median of 13.3 years from study
initiation, demonstrated a reduction in all-cause mortality
(0.54 [0.32-0.89]) (52). It is not possible to determine

which components of the approach contributed to the im-
proved outcome. Of relevance here, the glucose-lowering
component in the intervention group was not that inten-
sive, as the HbA; . at the end of the intervention period had
only come down from 8.4 to 7.9% and weight gain was
negligible in men (BMI increase of 0.7 kg/m? in 7.8 years)
and moderate in women (BMI increase of 2.3 kg/mz) (52).

A meta-analysis of UKPDS, ADVANCE, ACCORD, and
VADT showed that intensive versus standard glycemic
approaches were associated with a small reduction in
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Table 2—Maijor clinical trials of insulin treatment vs. conventional glucose lowering in subjects with T2D (ACCORD study also

All-cause mortality (extended

follow-up) (HR [95% ClI])

0.72 [0.55-0.92]°

1.17 [0.90-1.52]"

shown)
ACCORD DIGAMI 1 DIGAMI 2 BARI 2D ORIGIN
Subjects (n) 10,251 620 7802 1,944 12,537°
Baseline characteristics
Age (years) 62 68 68 62 64
BMI (kg/m?) 32 27 28 32 30
Diabetes duration (years) 10 10 8.3 10.4 0-5.4
Cardiovascular disease
history (%) 35 100 100 100 59
HbA1¢ (%) 8.1 8.1 7.2 7.7 6.4
Glucose-lowering therapy use Int vs. Conv Insulin vs. Insulin vs. Insulin vs. Insulin vs.
Conv Conv insulin sensitivity Conv
Insulin (%) 77 vs. 55 72 vs. 49° 85 vs. 39 61 vs. 29 80 vs. 119
Metformin (%) 95 vs. 87 NR 6 vs. 22 75 vs. 11' 47 vs. 609
Sulfonylurea (%) 78 vs. 68 NR 7 vs. 33 52 vs. 18! 25 vs. 479
TZD (%) 92 vs. 58 NR — 4 vs. 62' NR
Results
Duration of follow-up (years) 3.5 1.0 21 53 6.2
HbA;. achieved, Insulin
(or Int) vs. Conv (%) 6.4 vs. 7.5 7.3 vs. 7.6° 6.8 vs. 6.89 7.5vs. 7.0 6.2 vs. 6.59
Change in weight, Insulin
(or Int) vs. Conv (kg) 3.5vs. 04 NR 4.7 vs. 0.2 2.1vs.0.3 1.6 vs. —0.5
Change in weight, Insulin
(or Int) vs. Conv (kg/year
of follow-up) 1.1 vs. 0.1 NR 2.2 vs. 0.1 0.7 vs. 0.1 0.3 vs. —0.1
Primary cardiovascular
(HR or RR [95% CI)) 0.90 [0.78-1.04] NR 1.22 [0.95-1.56] 1.03 [0.98-1.08] 1.02 [0.94—1.11]
Myocardial infarct (nonfatal)
(HR or RR [95% CI)) 0.76 [0.62-0.92] 1.30 [0.83-2.04]° NR NR 1.02 [0.94-1.11]
Myocardial infarct (all)
(HR or RR [95% CI)) NR 0.99 [0.70-1.39]°  1.36 [0.91-2.03] — 1.02 [0.88-1.19]
Cardiovascular death
(HR or RR [95% CI)) 1.35 [1.04-1.76]  0.72 [0.53-0.98]° NR NR 1.00 [0.89-1.13]
All-cause mortality
(HR or RR [95% CI)) 1.22 [1.01-1.46]  0.71 [0.49-0.96]° 1.26 [0.92-1.72] 1.00 [0.97-1.03] 0.98 [0.90-1.08]

Comments Obese group. Less obese Less obese Obese group. Obese group.
Aggressive glucose group. Less group. High Less intense Short duration

lowering with intensive glucose weight gain glucose lowering of diabetes,

high insulin lowering in Ins in Ins group. in Ins group. lower HbA;¢

and TZD use group. Weight at baseline.

and high weight gain not Low weight

gain in Int group. recorded. gain in
Ins group.

ACCORD (42), DIGAMI 1 and 2 (55-57), BARI 2D (58), ORIGIN (60). Conv, conventional treatment; Ins, insulin treatment; Int, intensive
treatment; RR, risk ratio of insulin (or intensive therapy) vs. comparator therapy; NR, not recorded. ACCORD and DIGAMI 2 studies had
intensive glucose lowering involving intensive insulin use and were associated with weight gain greater than 1.0 kg/year. Bold typeface
indicates significant changes. *Comparison of group 1 (acute insulin—glucose infusion for 24 h followed by insulin-based long-term
glucose control) vs. group 3 (routine metabolic management). ®Insulin provision vs. insulin sensitization groups. °Insulin glargine vs.
standard care. At djl 2-month and ©°3.4-year time points. At initial discharge from hospital. 9At study end. "DIGAMI 2 follow-up. ‘At 3
years of follow-up. 'Primary cardiovascular in revascularization subgroup (HR 1.24, P = 0.059).

major cardiovascular events, mainly due to a 15% reduction
in myocardial infarction (46,53), whereas all-cause and
cardiovascular-related mortalities were not affected (53).
This meta-analysis highlights the seemingly paradoxical
finding in ACCORD of greater cardiovascular mortality
but a lower rate of nonfatal myocardial infarction (HR
0.78 [95% CI 0.62-0.92]) in the intensively treated group
(42). The increased deaths could have been a consequence
of worsening atherosclerosis in a subset of patients. For

example, the paradox could be explained if intensively treat-
ed patients achieving better glycemic control have reduced
myocardial infarcts and those patients with ongoing poor
control have more fatal events. If not a consequence of wors-
ening atherosderosis, then alternative mechanisms need to
be considered. One alternative mechanism, as discussed
earlier in this Perspective, could be a detrimental effect of
intensive glycemic treatment causing insulin-induced meta-
bolic stress in the heart in some individuals (a metabolic
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Table 3—Other major cardiovascular outcome studies in T2D (ACCORD study also shown)

ACCORD Look AHEAD EXAMINE SAVOR-TIMI 53
Subjects (n) 10,251 5,145 5,380 16,492
Baseline characteristics
Age (years) 62 59 61 65
BMI (kg/m?) 32 36 29 31
Diabetes duration (years) 10 5 7 10
Cardiovascular disease history (%) 35 14 100 79
HbA; (%) 8.1 7.2 8.0 8.0
Glucose-lowering therapy use Int vs. Conv Int lifestyle Alogliptin vs. Saxagliptin vs.
vs. Conv placebo placebo
Insulin (%) 77 vs. 55 33 vs. 40° 29 vs. 30° 43 vs. 469
Metformin (%) 95 vs. 87 67 vs. 67° 65 vs. 67° 70 vs. 709
Sulfonylurea (%) 78 vs. 68 NR 47 vs. 46° 39 vs. 409
TZD (%) 92 vs. 58 NR 2.4 vs. 2.5° 4.7 vs. 4.7°
Results
Duration of follow-up (years) 3.5 9.6 15 2.1
HbA;; achieved (%) 6.4 vs. 7.5 Diff —0.22 Int 7.7 vs. 8.1f 7.5 vs. 7.8°
vs. Conv®
Change in weight (kg) 3.5vs. 0.4 Diff —4 Int 1.1 vs. 1.0° 0.6 vs. 1.09
vs. Conv®
Change in weight, Int or DPP-4

inhibitor vs. Conv or placebo

(kg/year of follow-up) 1.1 vs. 0.1 —0.7 vs. —0.4 0.7 vs. 0.7 0.3 vs. 0.59
Primary cardiovascular

(HR [95% CI)) 0.90 [0.78-1.04] 0.95 [0.83-1.09] 0.96 [= 1.16] 1.00 [0.89-1.12]
Myocardial infarct (nonfatal)

(HR [95% CI)) 0.76 [0.62-0.92] 0.86 [0.69-1.06] 1.08 [0.88-1.33] NR
Myocardial infarct (fatal)

(Event rate or HR [95% CiI)) 0.4% Int vs. 0.3% Conv 0.44 [0.15-1.26] NR NR
Myocardial infarct (all)

(Event rate or HR [95% CI]) 4.0% Int vs. 4.7% Conv 0.84 [0.68-1.04] NR 0.95 [0.8-1.12]
Heart failure (HR [95% CI]) 1.18 [0.93-1.49] 0.80 [0.61-1.04]° NR 1.27 [1.07-1.51]
Cardiovascular death (HR [95% Cl]) 1.35 [1.04-1.76] 0.88 [0.62-1.29] 0.79 [0.60-1.04] 1.08 [0.87-1.22]
All-cause mortality (HR [95% CI]) 1.22 [1.01-1.46] 0.85 [0.69-1.04] 0.88 [0.71-1.09] 1.11 [0.96-1.27]

Comments Obese group.
Aggressive glucose
lowering with
high insulin and
TZD use and high
weight gain
in Int group.

Obese group.
Weight loss
greater with

lifestyle intervention.

Not a study of
intensive glucose

High risk subjects.

Not a study of
intensive glucose
lowering, but
alogliptin group
had lower HbA..

High-risk subjects.
Not a study of
intensive glucose
lowering, but
saxagliptin group
had lower HbA..

Moderate use
of insulin.

lowering.

ACCORD (42), Look AHEAD (64), EXAMINE (73), SAVOR-TIMI 53 (72). Conv, conventional treatment; Int, intensive treatment (glucose
lowering in ACCORD,; lifestyle in Look AHEAD); NR, not recorded. Bold typeface indicates significant changes. ®Fatal and nonfatal heart
failure. At end of study. °Over course of study. ®Hospitalization for heart failure. ®At baseline. At end of study. %At 2 years.

cardiomyopathy) increasing the risk of cardiac failure
and arrhythmias. Furthermore, if hyperinsulinemia in
the face of continuing hyperglycemia impairs ischemic
preconditioning, an effect supported by rodent experi-
mental findings (33), then this could result in a greater
ratio of fatal-to-nonfatal myocardial infarcts in the
category of intensively treated patients with poorly
controlled T2D.

Underpinning this discussion is the importance of
heterogeneity of subjects recruited to major cardiovascu-
lar disease outcomes clinical trials. This was evident in
a subset analysis of VADT (54). Intensive glucose lowering
in VADT patients who had low coronary artery calcium
(CAQ) scores at baseline significantly reduced the rates of

cardiovascular events compared with no effect in those
with a high baseline CAC (54).

Randomized Controlled Trials of Insulin Therapy in T2D

There are few randomized controlled trials of exogenous
insulin use in T2D. The Diabetes Mellitus, Insulin Glucose
Infusion in Acute Myocardial Infarction 1 (DIGAMI 1)
study randomized patients with T2D (mean duration of
diabetes of 10 years, BMI of 27 kg/mz, and HbA;  of 8.1%
at trial entry) admitted with an acute myocardial infarc-
tion to an insulin glucose infusion, followed by insulin
therapy for >3 months compared with standard treat-
ment (55,56). Insulin therapy reduced rates of cardiovas-
cular mortality and all-cause mortality at 1 and 3.4 years
(Table 2) (55,56). The DIGAMI 2 study (mean duration of
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diabetes of 8.3 years, BMI of 28 kg/m® and HbA;. of
7.2% at trial entry) did not confirm the findings of
DIGAMI 1, rather showing the reverse trend in all-cause
mortality with an insulin compared with standard therapy
protocol (HR 1.26 [95% CI 0.92-1.72]) (Table 2) (57). Of
note, the HbA; . achieved in DIGAMI 2 with insulin was
lower than in DIGAMI 1 (6.8% compared with 7.3%),
suggesting a more aggressive approach to glucose lower-
ing, and the insulin-treated group had substantial weight
gain (2.2 kg/year) (not reported in DIGAMI 1) (55-57).
The Bypass Angioplasty Revascularization Investigation in
Type 2 Diabetes (BARI 2D) study demonstrated that in
patients with T2D with coronary artery disease (mean
duration of diabetes of 10.4 years, BMI of 32 kg/m?
and HbA;. of 7.7% at trial entry), enhanced insulin pro-
vision with insulin and/or sulfonylurea over insulin sen-
sitization with metformin and/or TZDs was associated
with worse glycemic control (achieved HbA;. of 7.5%
compared with 7.0%) (i.e., not intensive like ACCORD),
more severe hypoglycemic events, more weight gain (0.7
compared with 0.1 kg/year) (less than ACCORD), and lower
HDL cholesterol levels but not increased cardiovascular
events or death (58). However at 5 years of follow-up,
there was a nonsignificant trend for major cardiovascular
events to be greater in revascularized subjects in the in-
sulin provision compared with the insulin sensitization
arm (P = 0.059) (59). The Outcome Reduction With Initial
Glargine Intervention (ORIGIN) trial investigated early
use of the long-acting insulin analog glargine in subjects
with increased cardiovascular risk factors and impaired
glucose tolerance or early T2D (mean BMI of 30 kg/m?
and median HbA;. of 6.4% at trial entry) (60). After an
average 6.2 years of follow-up, the rates of cardiovascular
outcomes did not differ between the insulin glargine and
standard care groups. Insulin therapy did increase the
risk of serious hypoglycemia and was associated with some
weight gain (0.3 kg/year), albeit much less than in ACCORD
(60). The important difference between ORIGIN and
ACCORD, however, was that patients with T2D with
difficult-to-control glycemia, the ones that did poorly in
ACCORD, were not recruited in the ORIGIN trial (42,60).
The baseline median HbA;. in ORIGIN was very low (6.4%)
compared with a mean of 8.3% in ACCORD (Table 2) (42,60).

Evident in the two series of studies (glycemic control
and insulin therapy) is marked heterogeneity that makes
direct comparison difficult (Tables 1 and 2). However,
whenever intensive use of insulin was associated with
weight gain of greater than 1.0 kg/year (ACCORD, VADT,
DIGAMI 2), cardiovascular and all-cause mortality in-
creased similarly, only reaching statistical significance in
ACCORD given the greater sample size (Tables 1 and 2).

Observational Studies of Insulin Compared With Other
Glucose-Lowering Therapies

Population-based studies in patients with T2D reported
recently from Canada, the U.K.,, and Sweden have shown,
after correction for multiple factors, increased risk of
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mortality in patients with T2D treated with insulin (61-63).
A follow-up analysis of DIGAMI 2, using the total cohort as
an epidemiological database, also showed that insulin ther-
apy from the time of hospital discharge was associated with
a significant increased risk of the composite of death, rein-
farction, or stroke (HR 1.78 [95% CI 1.14-2.40]) (57). These
studies, while observational needing cautious interpretation,
do raise concerns that should be addressed.

Intensive Lifestyle Intervention and Cardiovascular
Outcomes

An alternative approach to overriding IR in the manage-
ment of T2D is to reduce it by an intervention of
intensive lifestyle aimed at weight loss. If our premise is
correct, then reduction in nutrient load should reduce
metabolic stress on tissues and improve cardiovascular
outcomes. The Look AHEAD (Action for Health in
Diabetes) study was a trial of a lifestyle intervention
aimed at promoting weight loss through decreased calorie
intake and increased physical activity compared with
standard therapy in patients with T2D (median duration
of diabetes of 5 years, mean BMI of 36 kg/m?, and HbA;
of 7.2% at trial entry) (Table 3) (64). The intervention,
which had a median follow-up period of 9.6 years, suc-
cessfully reduced weight by an average of 4 kg more than
occurred in the standard care group, and although it was
not a trial of intensive glucose lowering, it lowered the
average HbA;. by 0.22% compared with the comparator
group (64). The lifestyle intervention failed to reduce the
composite primary outcome of death from cardiovascular
causes, nonfatal myocardial infarction, nonfatal stroke, or
hospitalization for angina (HR 0.95 [95% CI 0.83-1.09])
(Table 3) (64). However, death from any cause, which was
the outcome that resulted in early termination of the
glycemic control trial of ACCORD, was reduced by a non-
significant 15% by the lifestyle intervention compared
with control treatment (0.85 [0.69-1.04]) (64). Further-
more, intensive lifestyle intervention showed trends of
a 16% reduction in myocardial infarction (P = 0.11),
56% reduction in fatal myocardial infarction (P = 0.13),
and 20% reduction in heart failure (P = 0.10). There were
no trends for change in rates of hospitalization for angina
(P = 0.79) or stroke (P = 0.78) (Table 3) (64).

Also of note in the Look AHEAD study was the trend
for patients with a history of cardiovascular disease at
baseline who received the lifestyle intervention to do
worse in terms of the composite primary outcome (64).
This observation is similar to that in the subset of VADT
patients who had CAC measurements in whom the inter-
vention did not have a beneficial effect when there were
large amounts of CAC while reducing cardiovascular out-
comes when there was little to no CAC present (54). Both
these sets of data suggest that any intensive method of
glycemia or weight management in T2D is likely not to
benefit those patients with preexisting cardiovascular dis-
ease. What is not discernible from either of these reports
is the actual therapies these higher-risk patients received
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and how many in VADT had difficulty in achieving glyce-
mic control and how many in the Look AHEAD study
failed to lose weight (54,64).

Overall, we believe the Look AHEAD results are more in
support of than against our premise. Clearly, the lifestyle
intervention did not have a detrimental effect on all-cause
mortality as occurred with the intensive glucose-lowering
approach used in ACCORD. It is also important to point
out that the intensive lifestyle intervention in the Look
AHEAD study was associated with an array of noncardio-
vascular event health benefits, including improved glucose
control, blood pressure, and overall lipid control, all with
the use of fewer medications. Further, participants in the
intensive lifestyle arm reported improved quality of life,
mobility, and sleep as examples of additional benefits.

CLINICAL IMPLICATIONS OF THE CONCEPTS OF
IR AS AN ADAPTIVE DEFENSE AND INSULIN-
INDUCED METABOLIC STRESS

The implications of these series of studies and our
premise relating to insulin-induced metabolic stress apply
primarily to patients with T2D with the most difficult-to-
control glycemia as a consequence of their inability to
control an excess energy balance. These patients are
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nearly all overweight or obese and either medically unable
or not motivated to change their lifestyle (Fig. 3). This
subset of patients, for many of whom glycemic manage-
ment targets have recently been relaxed (1,2), may actu-
ally have the most to gain from “appropriate” aggressive
glucose lowering, as uncontrolled excess nutrient supply
to particularly vulnerable cardiovascular tissues is likely to
be harmful. The particular approach to improving the
metabolic control, however, is likely to be pivotal to
whether the outcomes are of benefit or harm. Glycemia
lowering that works by overcoming IR and forcing even
more nutrients into already overloaded tissues may para-
doxically step up the metabolic injury of critical tissues via
insulin-induced metabolic stress. Of note, moderately in-
tensive insulin therapy in overweight or obese patients
with poorly controlled T2D led to a dramatic increase in
myocardial triglyceride content in two of eight subjects
(65). If our premise is substantiated, then alternative ap-
proaches to glucose lowering that involve nutrient off-loading
to the myocardium and endothelium should hold the most
promise to improve cardiovascular outcomes (Fig. 3).

Key here is that “overriding IR” is not the same as
“reducing or improving IR by nutrient off-loading.” Essen-
tially, IR protects against metabolic stress caused by

Therapeutic approaches to obesity-related type 2 diabetes
with refractory glycemic control

Vascular complications eventually
occur unless glycemia is controlled

Insulin resistance provides defense
against nutrient-induced injury of
insulin-sensitive tissues

& Elevated blood nutrients | IR @
Glucose
=
Lipids "
| -~ Amino acids W < f
Nutrient off-loading Overriding insulin resistance in
+/- low-dose insulin refractory patients
Lifestyle Metformin

Bariatric surgery SGLT2 inhibitors
GLP-1R agonists

a-glucosidase inhibitors

\

Reduced metabolic stress in ALL tissues
Reduced short- and long-term complications

DPP-4 inhibitors ?

Thiazolidinediones?

High-dose insulin
Sulfonylureas?

\

Insulin-induced metabolic stress
Short-term injury of insulin-sensitive tissues

Figure 3—The potential benefit of nutrient off-loading approaches compared with the overriding of IR to lower blood glucose in subjects
with poorly controlled T2D. Insulin-responsive tissues, such as the heart, skeletal muscle, adipose tissue, and the liver, are able to protect
themselves from nutrient-induced damage by developing IR. Other tissues, such as nerves, eye, kidney, and the vasculature, are less
protected by IR. The clinician has the choice to 7) treat the hyperglycemia with enough insulin to override IR and reduce nutrient toxicity in
tissues at longer-term risk of microvascular complications but with the risk of increasing insulin-induced metabolic stress in the insulin-
responsive tissues or to 2) use alternative nutrient off-loading approaches to glucose lowering to benefit all tissues. Insulin-induced
metabolic stress is more likely to occur with high-dose insulin therapy in patients who are refractory to improved glycemic regulation.
Sulfonylureas could potentially have similar effects to high-dose insulin as they increase insulin levels without effect to nutrient off-load.
Bariatric surgery, GLP-1 receptor (GLP-1R) agonists, a-glucosidase inhibitors, and SGLT2 inhibitors have well-known mechanisms by
which they nutrient off-load. Metformin likely detoxifies nutrients because it is a mild inhibitor of mitochondrial function that is thought to
activate AMPK in liver and other tissues. TZDs, via promoting nutrient partitioning to adipose tissue, may nutrient off-load other more
critical tissues. DPP-4 inhibitors do not appear to have nutrient off-loading effects.
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exposure to an excessive nutrient load. If therapies reduce
the nutrient load (i.e., off-load nutrients), then there will
be reduced requirement for the protection of IR (Fig. 3).
On the other hand, overriding IR without reducing nutri-
ent load will overcome the protection and aggravate met-
abolic stress (Fig. 3).

IR and the Safety of Insulin Therapy

There will remain many patients with T2D who require
insulin replacement therapy and others in which it could
be harmful (Fig. 4). For patients late in the natural history
of the disease, with severe deficiency in endogenous in-
sulin secretion, insulin replacement becomes necessary as
the only effective approach for lowering blood glucose.
Also for patients who are of normal weight, including
many patients with latent autoimmune diabetes of adults
(3), and are able to achieve healthy energy balance, insulin
therapy is likely to be a safe option. A short course of
insulin may also be of use to achieve rapid glycemic con-
trol and improve B-cell function in patients with new-
onset T2D (66). However, we propose that caution needs
to be exercised in using very high-dose insulin regimens in
overweight or obese individuals if they are unable to
achieve improvements in lifestyle to reverse positive en-
ergy balance (Figs. 3 and 4). If used in such patients,
insulin should not be used with very aggressive glycemic
targets and/or it should be used in combination with

Ny
3 5{
\
) y
- ‘\ L

Lean «—— BMI — Ogése

Low Poor
o O _
2 ES
-3 =
[ o€
2 >3
o o

High Good

Insulin therapy

Figure 4—The appropriateness of insulin therapy in patients with
T2D. The need for insulin therapy depends on whether it is being
used as replacement in insulin-deficient patients (less likely to
cause harm) or to override IR (more likely to cause harm). Insulin-
deficient patients are more likely to be lean and in neutral or neg-
ative energy balance, with low C-peptide levels and poor glycemic
control. Insulin-induced harm is more likely to occur in overweight
and obese subjects with IR and high C-peptide levels and an in-
ability to achieve negative energy balance through lifestyle change.
In these patients, lifestyle and pharmacological therapies aimed at
reversing the excess nutrient imbalance are more advisable than
insulin therapy.
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other agents that have nutrient off-loading mechanisms
of action.

Other Glucose-Lowering Therapies in Difficult-to-
Control Obesity-Related T2D

Excess nutrient off-loading to critical tissues should be
beneficial. Lifestyle measures of increased physical activity
and reduced calorie intake should always be advised, but
these measures usually have failed in overweight or obese
patients with T2D with refractory poor glycemic control.
Bariatric surgery is currently the most effective means to
achieve negative energy balance and is typically associated
with dramatic improvements in glycemic control. Its role
in these most difficult patients needs further assessment.
Use of newer glucose-lowering agents that favor a negative
energy balance, such as the GLP-1 receptor agonists that
reduce food intake and the sodium-glucose cotransporter
2 (SGLT?2) inhibitors that promote glycosuria, is expected
to result in reduction of metabolic stress, as should the
more established a-glucosidase inhibitors that slow the
rate of carbohydrate absorption (Fig. 3) (67). We await clin-
ical trials assessing the longer-term safety and effects on
cardiovascular disease outcomes of such glucose-lowering
agents.

The safety of insulin sensitizers in these high-risk
subjects with T2D needs careful consideration, as their
effects may be beneficial or harmful depending on their
mechanism of action, patient factors such as metabolic
control, and interactions with other agents such as
insulin. TZD drugs are the most effective insulin sensi-
tizers, and from what we know of their mechanism of
action, they should protect tissues such as the heart and
skeletal muscle from nutrient-induced toxicity. They
increase partitioning of excess fuel to “inert” triglyceride
stores in adipose tissue and should also promote intracel-
lular nutrient detoxification by activating AMP kinase
(AMPK) and consequently fuel oxidation (65,68,69). If
successful in controlling glycemia, these effects should
reduce metabolic injury to cardiovascular tissues (70).
However, the majority of subjects in ACCORD were on
TZDs and those that had poor outcomes had poorly con-
trolled glycemia and were also highly likely to be on in-
sulin (45). It might be that the TZDs in poorly controlled
patients can synergize with insulin to increase glucose
entry into cardiomyocytes to accentuate insulin-induced
metabolic stress in the heart (metabolic cardiomyopathy).
Clearly, the combination of TZDs and insulin needs to be
used with caution in patients with a positive energy bal-
ance. Metformin, although often referred to as being an
insulin sensitizer, has its main glucose-lowering effect via
reducing hepatic glucose production (1). It should thus
help to reduce the glycemic nutrient load on peripheral
tissues and be beneficial. Unclear, however, is the signif-
icance of the unexpected increase in all-cause mortality
in UKPDS when metformin was added to sulfonylurea
in subjects poorly controlled on sulfonylurea therapy
alone (48). The development of new insulin sensitizer
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medications that do not have a mechanism of action that
involves nutrient off-loading may not be advisable. Fur-
thermore, tissue selectivity of agents that improve insulin
action via promoting nutrient clearance via their oxidative
metabolism may be important for safety. For example, an
agent that specifically “browns the fat,” increasing its oxi-
dative capacity (71), is likely to be safer than an agent that
works in critical tissues, such as the heart and skeletal
muscle, to dispose of excess energy (Fig. 3).

The first two cardiovascular outcome trials of the
incretin-enhancing dipeptidyl peptidase-4 (DPP-4) inhib-
itors, alogliptin in the Examination of Cardiovascular
Outcomes with Alogliptin versus Standard of Care
in Patients with Type 2 Diabetes Mellitus and Acute
Coronary Syndrome (EXAMINE) and saxagliptin in Sax-
agliptin Assessment of Vascular Outcomes Recorded in
Patients with Diabetes Mellitus-Thrombolysis in Myo-
cardial Infarction 53 (SAVOR-TIMI 53), were recently
reported (Table 3) (72,73). Neither showed improvement
or worsening in the primary cardiovascular disease out-
comes. However, concern was raised by the unexpected
outcome of an increase of hospitalization for heart failure
with the use of saxagliptin in SAVOR-TIMI 53 (3.5% vs.
2.8%; HR 1.27 [95% CI 1.07-1.51]) (72). Of note, the use
of insulin therapy was relatively high in the participants
in this study (43.8% and 46.4% in saxagliptin-treated and
placebo-treated subjects, respectively), while TZD use was
minimal (Table 3) (72). The reason for the increased heart
failure with saxagliptin is unknown; however, the possi-
bility that the DPP-4 inhibitors promote a greater degree
of hyperinsulinemia favoring cardiac glucolipotoxicity,
particularly in subjects also receiving exogenous insulin,
should be given consideration.

Perspective and Future Directions

The concept of insulin-induced metabolic stress needs to
be further explored through studies of insulin therapy in
obese T2D patients with varying levels of metabolic
control. Of particular interest will be the effects of insulin
on nutrient uptake and storage, as well as tissue function,
in the myocardium, skeletal muscle, endothelium, adipose
tissue, and liver of the more difficult-to-control patients.
Attention needs also be focused on how insulin interacts
with other glucose-lowering agents as well as how insulin-
induced metabolic stress in skeletal muscle might induce
metabolic myopathy and influence a patient’s ability to
exercise. An improved understanding of this pathophysi-
ological process may also be valuable to clinicians for
counseling and motivating patients with T2D on the crit-
ical importance of a healthy lifestyle. Finally, carefully
designed randomized clinical trials of pathophysiologically
well-defined subgroups of patients with T2D with compa-
rable frequencies of cardiovascular complications at study
entry aiming for long-term outcome data are of utmost
importance for assessing the safety of intensive insulin
therapy, including how best to use it, in the highly het-
erogeneous disorders of T2D.
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