Hyperglycemia: a bad signature on the vascular system
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Abstract: Experimental work has clearly demonstrated that hyperglycemia is able to derail molecular

pathways favouring oxidative stress, inflammation and endothelial dysfunction. Consistently, pooled analyses

from prospective studies provide strong evidence that glycemic markers, namely glycated haemoglobin

(HbA,,), predict cardiovascular risk, with an increase of about 18% in risk for each 1% absolute increase

in HbA,, concentration, regardless of classical risk factors. Although the importance of hyperglycemic

burden on cardiovascular phenotype, normalization of blood glucose levels in patients with long-standing

hyperglycemia does not seem to reduce macrovascular complications. These data suggest that hyperglycemia

may exert long-lasting detrimental effects on the cardiovascular system. This emerging phenomenon

is defined metabolic or hyperglycemic memory to indicate a long-term persistence of hyperglycemic

stress, even after blood glucose normalization. Here, we discuss clinical evidence and potential molecular

mechanisms implicated in metabolic memory and, hence, diabetes-related cardiovascular complications.

Keywords: Diabetes; glycemic control; metabolic memory; epigenetics; cardiovascular disease

Submitted Apr 23, 2015. Accepted for publication Apr 27, 2015.

doi: 10.3978/j.issn.2223-3652.2015.05.02

View this article at: http://dx.doi.org/10.3978/j.issn.2223-3652.2015.05.02

Hyperglycemia and cardiovascular disease (CVD)

Type 2 diabetes (12D) is characterized by long-standing
hyperglycemia which results from defective insulin
sensitivity and secretion (1). Environmental factors as well
as genetic background significantly concur to determine
the diabetic phenotype and its detrimental effect on the
vascular system. Nowadays, 382 million people are affected
by 12D, with a global age-adjusted prevalence of 10% (2).
Alarmingly, a substantial proportion of affected people are
unaware of their condition and do not receive treatment.
The incidence of CVD is two- to eight-fold higher in
subjects with T2D than in those without and accounts for
the majority of deaths (3). Seminal epidemiological work
indicates that hyperglycemia is still considered the major
risk factor implicated in the development and progression of
diabetic vascular complications. In people with established
diabetes, pooled analyses from a number of prospective
studies provide strong evidence that glycated haemoglobin
(HbA,,) predicts CVD risk, with an increase of about 18% in
risk for each 1% absolute increase in HbA,, concentration,
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regardless of classical risk factors (4). Interestingly, a very
recent study conducted on individuals without known CVD
or diabetes, additional assessment of HbA,, values provided
incremental benefit for prediction of CVD risk (5). Although
the importance of hyperglycemic burden on cardiovascular
phenotype, normalization of blood glucose levels in patients
with long-standing hyperglycemia does not seem to reduce
macrovascular complications. By contrast, intensive glycemic
control is associated with clear cardiovascular benefits in
patients with newly-diagnosed diabetes (6).

Early intervention studies

The landmark diabetes complications and control trial
(DCCT) (7) demonstrated that early intensive glycemic
control (goal of HbA,. 6.5%, mean achieved HbA,.
7%) in subjects with type 1 diabetes (T'1D) reduced the
risk and progression of microvascular complications
as compared to conventional therapy. A clinically
relevant observation extrapolated from this study
was that the relationship between glucose control (as
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reflected by the mean on-study HbA,, value) and risk
of complications was almost linear and extended to the
normal HbA,, range (<6%), with no threshold noted (6).
The observational follow-up of DCCT, known as the
Epidemiology of Diabetes Interventions and Complications
(EDIC) study (8), was the first large-scale clinical trial to
demonstrate the persistent benefit among patients who
were initially randomized to intensive control compared to
conventional treatment, despite converging HbA,, values
between the two groups. Emerging data from the EDIC
also suggest that the influence of early glycemic control
on eventual progression of macrovascular complications
may become more evident with longer follow-up. Indeed
9 years after DCCT termination, participants previously
randomized to the intensive arm had a 42% reduction
(P=0.02) in CVD outcomes and a 57% reduction (P=0.02)
in the risk of nonfatal myocardial infarction (MI), stroke,
or CVD death compared with those previously in the
standard arm. Data from the United Kingdom prospective
diabates study (UKPDS) appear to be consistent with this
evidence. UKPDS, a randomized, prospective, multicenter
trial, showed that intensive glucose therapy (median HbA,,
7.0%) in patients with newly diagnosed T2D was associated
with a reduced risk of microvascular complications (9).
Taken together, the studies examined so far suggest that
intensive glycemic control reduces the risk of microvascular
complications whereas its impact on macrovascular disease
remains not clearly defined.

Late intervention studies

The Action to Control Cardiovascular Risk in Diabetes
study group (ACCORD) (10), Action in Diabetes and
Vascular Disease-Preterax and Diamicron modified release
Controlled Evaluation (ADVANCE) (11), and the Veterans
Affairs Diabetes Trial (VADT) (12), sought to determine
the effect of glucose lowering to near-normal levels on CV
risk. These studies included a large number of participants
with complete follow-up for a median of 3.5-5.6 years.
The baseline characteristics were typical for adults with
T2D: mean age of 60-66 years and duration of diabetes
mellitus (DM) ranging from 8 to 11 years. Approximately
one-third of patients in each study had a history of CVD,
so these trials assessed the effect of intensive glycemic
control in patients with and in those without pre-existing
atherosclerotic vascular disease. In ADVANCE (11), the
microvascular, but not macrovascular complications were
improved during 5 years follow-up. Indeed, intensive
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glycemic control significantly reduced the primary end point
[HR 0.90 (95% CI, 0.82-0.98), P=0.01], but this result was
mostly driven by a significant reduction in the microvascular
outcome [occurrence of macroalbuminuria, 0.86 (0.77-0.97),
P=0.01], with no effects on macrovascular endpoints [0.94
(0.84-1.06), P=0.32]. In line with these negative results,
the ACCORD trial (10) was even prematurely stopped
after 3.4 years due to increased mortality in the intensive
treatment arm. Despite many authors have attributed these
findings to the aggressive control of hyperglycemia, sub-
analyses of the mortality findings in ACCORD (considering
variables such as weight gain, use of drug combination, and
hypoglycemia) were unable to explain the excess mortality
observed in the intensive arm (10). Yet, glycemic control
achieved in the VADT trial (12) had no significant effect
on the rates of major CV events, death, or microvascular
complications. During a median 5.6-year follow-up period,
the cumulative incidence of the primary outcome was not
significantly lower in the intensive arm [HR 0.88 (95% CI,
0.74-1.05), P=0.12]. There were more CVD deaths in the
intensive group than in the standard arm (38 vs. 29), but
such difference was not statistically significant.

Albeit in all these studies patients were aggressively treated
for all other CV risk factors, DM subjects remained exposed
to a substantial risk of CV events and mortality. Indeed, a tight
control of glycemia together with a multifactorial approach was
not able to prevent the development of coronary artery disease
in these patients. Possible explanations for these negative
results—as previously shown by the DCCT and UKPDS
investigators—may be a too short follow-up to demonstrate an
effect on macrovascular complications and/or long-standing
duration of DM beyond the stage where tight glycemic
control could exert any protective effect (6). Another possible
explanation is that in T2D, where other CVD risk factors are
highly prevalent, the additive benefits of intensive glycemic
control might be difficult to demonstrate. It is likely that a
real benefit of glucose lowering on CVD in T2D, even if it
could be proven, is modest compared with and incremental
to treatment of other CVD risk factors.

The metabolic memory

Collectively, clinical data suggest that hyperglycemia may
exert long-lasting detrimental effects the cardiovascular
system (13,14). This phenomenon is defined “metabolic”
or “hyperglycemic memory” to indicate a long-term
persistence of hyperglycemic stress even after blood
glucose normalization (Figure 1) (15). Molecular studies
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Figure 1 Schematic representing the link between hyperglycemia,
epigenetic changes and ROS-driven metabolic memory in diabetic

patients. ROS, reactive oxygen species; CVD, cardiovascular disease.

have recently demonstrated that oxidative stress is strongly
implicated in this phenomenon (1,16). Accumulation of
oxygen-derived free radicals in mitochondria is one of
the main pathophysiological mechanisms underpinning
DM-related vascular and cardiac complications (17).
The mitochondrial adaptor p66™ is a key redox enzyme
implicated in ROS generation, mitochondrial disruption,
and cellular death (18). Genetic deletion of p66™ protects
against hyperglycemia-induced endothelial dysfunction and
oxidative stress in mice (18). The potential impact of this
gene is supported by the clinical observation that p66°™
expression is increased in peripheral blood mononuclear
cells obtained from patients with T2D and correlates
with oxidative stress levels (19). We have recently posited
that p66°™
memory, in a ROS-dependent manner. Our experimental

might contribute to vascular hyperglycemic

work demonstrated that hyperglycemia-induced p66°™
upregulation is not reverted by intensive glycemic control
in diabetic mice and contributes to persistent oxidative
damage and vascular dysfunction (20). These detrimental
effects were explained by an intricate vicious cycle involving
p66™, ROS, epigenetic changes and activation of protein
kinase C (20). Interestingly enough, in vive gene silencing of
p66™™ at the time of normoglycemia restoration suppressed
persistent endothelial dysfunction, indicating that p66°™
is an important source of free radicals involved in the
“metabolic memory” phenomenon (13). Mechanistically,
we have demonstrated that epigenetic changes occurring
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on p66°™ promoter are critically involved in persistent
protein expression and, hence, vascular damage (20). In
conditions of hyperglycemia, epigenetic modifications are
emerging as a key player altering the expression of oxidant
and inflammatory genes (21). The major mechanisms of
epigenetic regulation are represented by DNA methylation
of cytosine-paired-with-guanine (CpG) dinucleotide
sequences as well as methylation or acetylation of histone
proteins (22). Mapping the human epigenome in diabetic
subjects may provide important insights on gene-activating
events which are not erased by intensive glycemic control.
A better molecular definition of the epigenetic cues is
invaluable for the development of future therapeutic
approaches to restore vascular homeostasis and reduce
CVD complications in people with diabetes (23).

Conclusions

Despite clear advances in developing effective glucose-
lowering drugs, clinical trials have recently shown that
intensive glycemic control failed to reduce CVD burden in
the diabetic population. These findings support the concept
that the hyperglycemic environment may be remembered in
the vasculature. This phenomenon has been recently defined
“metabolic” or “hyperglycemic memory” and may contribute
to explain the progression of diabetic vascular complications
despite normoglycemia restoration. Recent experimental
studies have unravelled putative molecular mechanisms
involved in the persistence of CV damage despite glycemic
control. Specifically, epigenetic changes of DNA/histone
complexes are emerging as important modulators of
oxidant and inflammatory genes, thus leading to persistent
oxidative stress and vascular dysfunction. Future studies
will be instrumental to understand the impact of epigenetic
variations of vascular risk in patients with diabetes.
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