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Abstract

Introduction—Hypoglycemia occurs commonly in insulin requiring individuals with either Type
1 or Type 2 Diabetes.

Areas Covered—This article will review recent information on the pro-inflammatory and pro-
atherothrombotic effects of hypoglycemia. Additionally, effects of hypoglycemia on
arrhythmogenic potential and arterial endothelial dysfunction will be discussed. Effects of
hypoglycemia on cardiovascular morbidity and mortality from large clinical studies in Type 1 and
Type 2 DM will also be reviewed.

Expert Commentary—The relative and absolute risk of severe hypoglycemia leading to death
and serious adverse events in both cardiovascular and other organ systems has been highlighted
following the publication of recent large clinical trials focused on glucose control and outcomes. It
would be helpful if future studies could develop broader end points to include minor and moderate
hypoglycemia as well as more robust methods for capturing hypoglycemia contemporaneously
with adverse events. In addition, perhaps consideration of including hypoglycemia as a primary
outcome, may help identify the possible cause and effect of hypoglycemia on cardiovascular
morbidity and mortality.
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1. Introduction

Cardiovascular (CV) disease is the leading cause of death for patients with either Type 1
(T1DM) or Type 2 Diabetes Mellitus (T2DM).1 A substantial body of work indicates that
insulin resistance, hypertension, obesity, dyslipidemia which are all associated with TLDM
and/or T2DM play a role in the increased cardiovascular disease occurring in Diabetes.?:3
Recently, evidence suggests that hypoglycemia also contributes to the pathophysiology of
CV disease in both TIDM and T2DM.*

Hypoglycemia is a common complication of patients with diabetes who receive insulin or
insulin secretagogues. A prospective study reveals that over 85% of T1DM patients suffer at
least one confirmed hypoglycemic episodes over 30 days.> Multiple studies demonstrate that
T1DM patients experience an average of 0.5 to 5 severe hypoglycemic events every year.5789
Hypoglycemia is less frequent for T2DM patients, but T2DM patients treated intensively
with insulin can also experience hypoglycemic episodes with a prevalence of >80%.10 The
incidence of severe hypoglycemia in intensively treated Type 2 DM is less than T1IDM but is
still relatively common, approaching parity with TLDM individuals with disease duration
less than 5 years and 50% with disease duration over 15 years.1112 Severe hypoglycemia can
occur in Type 2 DM following insulin secretagogue therapy.8 The risk is exacerbated in the
elderly and may result in severe cardiovascular, neurologic sequelae and even death. Of note,
recent observational trials suggest that HbAlc is not predictive of hypoglycemia.
Emphasizing that severe hypoglycemia can and does occur at HBALc levels representing
moderate to frankly sub-optimal glucose control. 29 In addition to the association of severe
cardiac events with hypoglycemia per se there is also evidence that certain sulfonylureas
may increase the risk of cardiac disease by inhibiting ischemic preconditioning. (Please see
reference for review of this topic.)13 Overall, due to the greater number of individuals with
T2DM, the burden of hypoglycemia is actually greater in T2DM as compared to TIDM.14

Additionally, inpatient, ambulatory care and epidemiologic studies have reported the
association of hypoglycemia with increased mortality.1516 It should be noted that there is no
evidential cause and effect that hypoglycemia was responsible for all the deaths reported in
these studies. It is possible that hypoglycemia occurred because of accompanying severe
underlying co-morbid condition(s) (e.g. organ failure) and was therefore a secondary
phenomenon and not directly responsible for death but a marker of serious illness in a
vulnerable population. Given the high incidence of CV mortality in patients with diabetes
mellitus and the clinical frequency of hypoglycemia, this article aims to first review the
pathophysiological changes caused by hypoglycemia that may lead to CV disease and then
discuss the findings of multicenter trials that have investigated the effects of improved
glucose control (with attendant hypoglycemia) on cardiovascular outcomes in DM patients.
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2. Pathophysiology

Hypoglycemia causes a sympathetic nervous system response, altered t-wave morphology,
an increased pro-coagulant state, inflammation, pro-atherothrombotic responses as well as
endothelial dysfunction. All of which may explain the associative link between
hypoglycemia and cardiovascular disease.

2.1 Sympathetic Nervous System Response

Hypoglycemia induces several homeostatic responses aimed at preventing and defending
against a falling plasma glucose. Paramount in the acute defense against a falling glucose is
the release of glucagon and catecholamines.1” In Type 1 DM individuals with duration
longer than five years and severely insulin deficient Type 2 DM, the glucagon response to
hypoglycemia is either lost or significantly reduced. Thus, the acute defense against a falling
glucose occurs only with an intact epinephrine (sympathoadrenal) response. Of note,
although both the duration of diabetes and improved metabolic control may reduce
epinephrine responses to hypoglycemia, work by Amiel et al has demonstrated that rate of
fall of plasma glucose does not affect catecholamine release in response to hypoglycemia.l8
The release of catecholamines (both sympathoadrenal and sympathetic neural combined
with direct sympathetic activation), in response to hypoglycemia, has profound
hemodynamic changes such as increased myocardial contractility, stroke volume, and
cardiac output. Collectively, these effects including the release of epinephrine and
norepinephrine into the circulation increase cardiac workload and may worsen an already
compromised heart in patients with coronary vessel disease, or those with existing impaired
endothelial function and atherosclerotic disease.1920 The sympathoadrenal response, which
acts in a gluco-protective role to increase circulating glucose levels (by increasing glucose
production by the liver, inhibiting glucose uptake by muscle and elevating lipolysis to raise
NEFA levels which also restrict peripheral glucose utilization), can be paradoxically
detrimental for diabetic patients who already deal with significant cardiovascular stress.
Epinephrine can also prompt hypokalemia, which can induce fatal cardiac arrhythmias.2122
There exists widespread evidence for a hypokalemic effect of catecholamines mediated
through p receptors. Brown et al. infused epinephrine at substantial rates into normal
subjects to reach concentrations of around 9 nmol/l, equivalent to those reached during acute
myocardial infarction. These epinephrine levels lowered plasma potassium by around 0.8
mmol/1.23 In order to test the hypothesis that the sympathoadrenal response increases risk of
fatal cardiac arrhythmias during severe hypoglycemia, Reno et al. infused adrenergic
receptor blockers into rats during a hyperinsulinemic/severe hypoglycemic clamp. Severe
hypoglycemia—induced mortality was 33% in control rats, while combined a/B-blocker
infusion and B-blocker infusion alone completely prevented death.2* It was therefore
concluded that the hypoglycemia-induced sympathoadrenal response, mediated primarily
through p-adrenergic receptors, acts in a proarrythmic fashion. However, it should be noted
that studies performed in animals using a profoundly deep model of hypoglycemia often
below 1 mmol/L are not readily applicable to clinical situations.
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2.2 T Wave Morphology and Hypoglycemia

A hypoglycemic state is known to affect cardiac electrical properties. QT interval is a
commonly used measure of cardiac repolarization and predictor of arrhythmia risk and
sudden death. Several studies have shown that hypoglycemia is associated with a significant
lengthening of the corrected QT interval (QTc) in subjects with and without diabetes.25:26.27
QT prolongation can occur as a result of compromised cardiac autonomic regulation,
increased catecholamine release during hypoglycemia, and lower serum potassium levels.
Robinson et al. measured cardiac repolarization, specifically QTc, during experimental
hypoglycemia with and without B-blockade and potassium infusion to uncover possible
mechanisms.28 Their data confirmed that acute experimental hypoglycemia leads to
abnormal cardiac repolarization with an increase of QTc from baseline of 75 ms; such an
increase is able to cause severe cardiac arrhythmias in certain illnesses.29:30:31.32 Thijs
pronounced increase in QTc was reduced only by p-blockade rather than potassium
replacement. Researchers thus concluded that sympathoadrenal activation is largely
responsible for abnormal cardiac repolarization during hypoglycemia through a direct effect
on the myocardium. While it has been shown that the episodes of severe hypoglycemia seen
most notably in patients with T1D are independently associated with a lengthened QTc
interval,33 it should be noted, however, that it was also suggested that hypoglycemia has
only slight effects on QTc and that repolarization analyses have produced somewhat
ambiguous results.3* It is also important to note that in clinical practice insulin levels and
changes in potassium and catecholamines are much less than the above reported
experimental models.3°

2.3 Inflammation and endothelial dysfunction during hypoglycemia

The effects of acute hypoglycemia on the upregulation and release of inflammatory
cytokines and vasoactive substances has been studied to elucidate possible mechanisms of
hypoglycemia-induced vascular injury. There is increasing evidence that acute hypoglycemia
induces a pro-inflammatory environment that may contribute to cardiovascular
complications. During episodes of hypoglycemia, TIDM individuals had increases of both
CDA40 expression (a soluble marker of inflammation) on monocytes and plasma sCD40L
concentrations.36 In addition pro-atheromatous biomarkers such as ICAM, VCAM, E-
selectin and VEGF37-38 and pro-inflammatory cytokines, such as C-reactive protein,
interleukin (IL)-6, IL-8 and tumor necrosis factor (TNF)-a have been shown to be elevated
during acute hypoglycemia. The increase in inflammatory markers, resultant on acute
hypoglycemia, may cause endothelial dysfunction and ultimately lead to vascular
dysfunction due to pro-atherogenic actions of the cytokines.3940 Recent studies suggest that
endothelial function is impaired during hypoglycemia, and worsened by repeated episodes
of hypoglycemia. Joy et al. demonstrated in healthy individuals that hyperinsulinemic-
hypoglycemia, compared with hyperinsulinemic-euglycemia, reduced endogenous nitric
oxide (NO)-mediated endothelial vasodilation, stimulated pro-inflammatory responses,
diminished fibrinolytic balance, and increased pro-atherothrombotic mechanisms. Repeated
episodes of hypoglycemia on two successive study days resulted in greater endothelial
dysfunction by reducing both endogenous and exogenous NO-mediated vasodilation
compared with a single episode of hypoglycemia.#! Additionally, Gimenéz M et al.
demonstrated in TIDM patients that repeated hypoglycemic episodes are associated with
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flow-mediated endothelial dysfunction, increased intima-media thickness in the carotid and
femoral arteries and increases of von Willebrand factor, fibrinogen, leukocyetes and
ICAM-1.%2 Furthermore, Ceriello et al. have reported that rebound hyperglycemia following
hypoglycemia (which often occurs in clinical practice) produces even greater endothelial
dysfunction and thrombosis activation in Type 1 DM and healthy individuals.3

These results demonstrate that both of the protective endothelial nitric oxide vasodilator
mechanisms are reduced by hypoglycemia. Arterial vasodilation is an important in vivo
homeostatic adaptive mechanism and lack of responsiveness is a risk factor for future
arterial and cardiovascular disease. Arterial vasodilation can occur by activating arterial wall
smooth muscle (endogenous nitric oxide pathways) or by exogenous nitric oxide (NO)
donors activating vasodilator mechanisms. Hypoglycemia appears to be the only physiologic
stress that can impair both NO mediated protective mechanisms. Additionally troubling is
the finding that acute, moderate hypoglycemia of only 2.9 mmol/L can produce a pro-
coagulant state in Type 1 DM, Type 2 DM and non-diabetic individuals. Acute
hypoglycemia can produce increased platelet activation (as measured by increased p-
selectin), diminished fibrinolytic balance (increased PAI-1) and elevated hemostatic
mechanisms (increased thrombin-anti-thrombin complexes, von Willebrand factor.)3!

Therefore, as can be determined from the above, hypoglycemia can activate multiple
putative pathways that can result in adverse cardiovascular events. Hypoglycemia’s ability to
increase pro-inflammatory, pro-atherothrombotic, pro-coagulant responses while reducing
in-vivo endothelial function and increasing dysrhythmic potential makes it a potent and
unique pathophysiologic cardiovascular stress.

3. “Dead in Bed” Syndrome

“Dead in bed” is a tragic consequence occurring in TADM Patients in which death occurs
overnight despite seeming well prior to sleeping. “Dead in Bed” is believed to account for
up to 27% of all unexplained deaths in TLDM patients.”#* The exact mechanism for “Dead
in Bed” syndrome has not been elucidated however it has been speculated that severe,
nocturnal hypoglycemia leads to fatal cardiac arrhythmias in these patients. Supporting this,
Bougneres et al performed hypoglycemic clamps in 16 adolescent patients with TLDM and
demonstrated an average increase in QTc of 146ms correlated with increased heart rate
(P=0.02) and urinary metanephrine levels (P=0.003) all of which have pro-arrhythmic
potential.*> Reno et a/ explored the pathophysiology of this hypothesis in rats and found that
mortality due to severe hypoglycemia was mediated by central neuroglycopenia which
activated a vigorous sympathoadrenal response leading to cardiac arrhythmias, resultant
cardiac failure and eventually respiratory arrest.20 Interestingly, the study also revealed that
although diabetes per se worsened severe hypoglycemia-induced mortality, paradoxically
recurrent antecedent hypoglycemia had a protective effect to mitigate the damaging effects
of subsequent severe hypoglycemia.

Recently, post-mortem studies have deepened our understanding of the genetic factors
underpinning “Dead in Bed” syndrome. A review of 22 cases in Australia identified 3 silent
polymorphisms in the SNC5A gene- A29A, E1061E and D1819D and a protein-changing
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variant H558R as possible pathogenic mechanisms.#8 Another post-mortem case from New
Zealand presents an individual with TLDM who died suddenly at night but with a glucose
level of 7 mmol/L- excluding hypoglycemia as a direct cause of the sudden death. The
individual had a missense mutation ¢.370A>G in the GPD1L gene which is associated with
the SCN5A ion channel. Mutations in this gene are associated with Brugada syndrome as
well as sudden infant death syndrome.*’

4. Multicenter Trials

Recently, a number of large multicenter trials have studied the effect of glucose control on
cardiovascular outcomes. Rates of severe hypoglycemia were measured in these studies
which allowed the risk association of hypoglycemia and the occurrence of severe
cardiovascular events and death to be estimated.

4.1 DCCT/EDIC

The Diabetes Control and Complications Trial (DCCT) ran from 1983 to 1993 and sought to
examine the effect of glycemic control on microvascular complications (retinopathy,
nephropathy and neuropathy) in 1441 T1DM patients. Important secondary outcomes
included CVD and quality of life. The study found significant beneficial effects of intensive
treatment on reducing microvascular complications (retinopathy, nephropathy, and
neuropathy) as well as a non-significant trend of cardiovascular disease reduction (P =
0.059). Additionally, the study found an increased prevalence of severe hypoglycemia and
increased weight in the intensive treatment group.8 The subsequent EDIC follow-up study
determined that after at least seven years with equivalent standard of care and identical
glycemic control in the two groups, the overall risk of CVD decreased by 42 percent (P =
0.02) and the risk of nonfatal myocardial infarction, stroke or death from CVD decreased by
57% (P = 0.02.)*° At year 27 follow up, severe hypoglycemia was associated with increase
mortality within the overall EDIC group. The previously intensively treated group did suffer
increased severe hypoglycemia and thus may have been predicted to have an increased
mortality risk compared to the conventionally treated group. Indeed, severe hypoglycemia
did increase the risk of mortality in the intensive group but not enough to prevent an overall
reduction in all-cause mortality (Hazard ratio = 0.67 95% Cl, 0.46-0.99; P = .045) as well as
fewer cardiovascular deaths when compared to the conventional group (9 vs 15).50 Taken
together, these results reveal that a period of intensive glycemic control has beneficial long
term effects on microvascular, macrovascular, and mortality outcomes in middle-aged
T1DM patients that can outweigh the potential serious adverse events associated with severe
hypoglycemia.

The DCCT/EDIC investigators studied the progression of Coronary Artery Calcification
(CAC) as a marker of atherosclerotic coronary artery disease. Overall, there was less
increase in CAC in the intensive group compared to the conventionally treated group.3® This
was despite a significant increase of severe hypoglycemia occurring in the intensive group.
Thus, this may appear to suggest that hypoglycemia does not result in increased coronary
artery atherosclerosis. However, it should be noted that the number of patients with
potentially clinically relevant CAC scores were relatively low, thus reducing the predictive
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power of the observation. Secondly, a more recent study by Fahrmann at a/ have determined
that the role of severe hypoglycemia in intensively treated DCCT participants with an
HBA ¢ of less than 7.5% was significantly associated with increased CAC score after
adjusting for baseline albuminuria, smoking status, body mass index, blood pressure, LDC-
cholesterol, diabetes duration, and DCCT-HBA;¢.52 Thus, as discussed above, it would
appear that severe hypoglycemia per se did increase the risk of cardiovascular disease in the
DCCT/EDIC but was less of a risk as compared to the more traditional macrovascular
cardiovascular risk factors.

The UK Prospective Diabetes study (UKPDS) was a multi-center study examining the effect
of glycemic control on complications, morbidity and mortality in 5102 newly-diagnosed
T2DM patients running from 1977 to 1997.53 The study found that intensive blood glucose
control with an average HbAlc of 7.0% compared to a conventionally treated group (HbAlc
7.9%) resulted in primarily a decrease of microvascular complications (25% decrease in
microvascular risk, 95% CI 7-40, p-0.0099). There was a very strong trend but no
significant difference overall between the groups for macrovascular risk. Of note patients in
the intensive group had significantly more hypoglycemic episodes (p<0.0001) as compared
to the conventionally treated group.>* What role, if any, severe hypoglycemia could have
played in reducing the benefits of intensive control on macrovascular disease is unknown
and speculative.

Similar to the DCCT, a 10 year follow-up of the UKPDS indicated that the differences of
HbA1c between the intensive and conventionally treated groups shrank as glycemic control
stabilized after the first post study year. However, reductions of risks from diabetes related
tissue complications persisted for 10 years in the intensively treated group; microvascular
disease was reduced 24% (p=0.001), risk of myocardial infarction was reduced 15%
(p=0.01), and there was a 13% decrease in overall death from any cause (p=0.007).%°
Notably, the prevalence of severe hypoglycemia in the UKPDS follow-up study was reported
to be very low, even in patients receiving sulfonylureas and insulin. Thus, it is possible that
the low rates of hypoglycemia allowed the benefits of improved glycemic control on
cardiovascular end points to be more fully demonstrated.

4.3 ACCORD

The Action to Control Cardiovascular Risk in Diabetes (ACCORD) study examined the
effect of intensive and standard therapy on a composite of severe cardiovascular events and
death from any cause in 10,251 T2DM patients. These patients were 62.2+6.8 years old, had
longer prior durations of DM (10 years) and more prior cardiovascular events (~35%) than
patients in UKPDS and DCCT. The study was conducted from 2001 to 2008, when it was
terminated prematurely due to a significantly increased risk of death in the intensively
treated group (hazard ratio, 1.22; 95% CI, 1.01 to 1.46; p=0.04). Stable HbA1c’s of the
intensively and conventionally treated groups obtained during the first year of the study were
6.4% and 7.5%, respectively. Severe hypoglycemic events were reported more frequently in
the intensively vs. conventionally treated groups (830 vs 261 p<0.001) respectively.>6
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A retrospective epidemiological analysis of the ACCORD data examined the effect of severe
hypoglycemia on mortality. The analysis reported that patients who experienced severe
hypoglycemia had a greater risk of death than patients who did not experience severe
hypoglycemia events, with unadjusted annual mortality rates of 2.8% for the intensively
treated group who had one or more severe hypoglycemia events vs. 1.2% for patients with
no severe hypoglycemia (HR 1.41; 95% CI 1.03 to 1.93). In the standard treated group,
annual mortality was increased for patients who experienced severe hypoglycemia 3.7% vs
1.0% for patients without a severe hypoglycemia (HR 2.30, 95% CI 1.46 to 3.65). There was
a relatively higher risk associated with adverse cardiac events and severe hypoglycemia in
the standard controlled group compared to the intensive group.®’ Also, patients with a higher
Alc at baseline as well as patients in the intensive arm who were unable to achieve Alc <
7% were both at higher risk for severe hypoglycemia.>8

Much work by the ACCORD study group has been performed to determine if severe
hypoglycemia was the cause of the increased mortality in the intensively treated group. The
group have now determined that severe hypoglycemia was not the cause for the increased
mortality and thus early ending of the glucose control arm of ACCORD. However, the group
have clearly demonstrated that severe hypoglycemia was increased with an accompanying
elevated risk of death within both study arms. The risk of death following severe
hypoglycemia was in fact higher in the standard treated group. Additionally, another
important clinical point was that patients with poorer glycemic control had a greater risk of
severe hypoglycemia as compared to metabolically well controlled individuals. In other
words severe hypoglycemia does not only occur in intensively treated Type 2 DM patients or
only in individuals with good glycemic control. Secondly, this point also identifies that
severe hypoglycemia occurring in an individual with poorer glycemic control can be more
devastating leading to an increased risk of serious cardiac events and death, as compared to
an intensively treated type 2 DM individual. As an explanation, it is also worth noting that
the magnitude of autonomic nervous system and neuroendocrine counterregulatory
responses are dependent upon prevailing glycemic control. Thus, the magnitude of the
counterregulatory response and the glucose level at which the powerful anti-insulin
hormones are released (glucose thresholds) are much higher in individuals with poor
glycemic control and much lower in individuals with good glycemic control. Furthermore,
glucose thresholds can be dynamic, shifting to lower glycemic values after only 1-2 recent
hypoglycemia events.® Thus, the individuals in the standard group that suffered severe
hypoglycemia most likely had a much greater counterregulatory response as compared to
individuals in the intensive group. Although, the counterregulatory response may be
primarily responsible for defending against a falling glucose, as outlined in the above
pathophysiologic section, certain elements of the counter-regulatory response can also
activate pro-atherothrombotic and potentially dysrhythmic mechanisms.

4.4 ADVANCE

The Action in Diabetes and Vascular Disease: Preterax and Diamicron Modified Release
Controlled Evaluation (ADVANCE) study examined 11,140 T2DM patients that underwent
standard or intensive glucose control using gliclazide plus other drugs. After a median of 5
years follow-up, the HbAlc was 6.5% for the intensively treated group versus 7.3% for
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group that received standard treatment. Compared to the UKPDS and DCCT, the
ADVANCE patients were more similar to the ACCORD patients: older (66+6), longer
duration of diabetes (8+6.3 years) and increased macrovascular (32.2%) and microvascular
(10.4%) events. ADVANCE reported that the intensively treated group had a significantly
decreased risk of major microvascular events (HR, 0.86; 95% CI, 0.77 to 0.97; p=0.01).
However, there was not a significant reduction in risk for major macrovascular events (HR,
0.94; 95% Cl, 0.84 to 1.06; p=0.32). Severe hypoglycemia was uncommon but significantly
increased in the intensively treated group (HR, 1.86; 95% ClI, 1.42 to 2.40; P<0.001).5°

A post-hoc analysis of ADVANCE examined the effect of both severe and non-severe
hypoglycemia on various clinical outcomes. The study reported that severe hypoglycemia
resulted in increased risk of major cardiovascular events (hazard ratio 2.88), major
microvascular events (hazard ratio 1.81), death from cardiovascular cause (hazard ratio
2.68), and death from any cause (hazard ratio 2.69) p<0.001 for all of the above. The study
also found that severe hypoglycemia was also associated (p<0.01) with an increased risk of
skin, digestive, and respiratory conditions. The study also specifically pointed out the long
temporal relationship between an episode of severe hypoglycemia and the subsequent
serious adverse event. The median time from severe hypoglycemia to first major
macrovascular or microvascular effect was 1.56 years and median time from severe
hypoglycemia to death was 1.05 years.1! In addition, the authors stated that although severe
hypoglycemia may well be directly involved in causing serious adverse events, it may also
be a clinical marker in a vulnerable individual in which other serious co-morbid conditions
are present. The analysis reported that minor hypoglycemia resulted in a decreased risk of
macrovascular events (OR 0.7 p<0.0001) and an increase in microvascular events (OR 1.29
p=0.0002). The study did not find a dose-response of repeated hypoglycemic events on
vascular outcomes (although the authors noted that few patients had repeated events).

The Veterans Affairs Diabetes Trial (VADT) investigated the effects of intensive glucose
control on cardiovascular events in 1791 long-standing, poorly-controlled T2DM patients.
The patients, similar to ACCORD and ADVANCE, were older (60.4%9 years), had long DM
durations (11.5+7.5 years) and 40% had previous cardiovascular events. The HbA1c’s of the
standard-therapy and intensive-therapy were 8.4% and 6.9%, respectively. The primary
outcome (a composite of CV events) occurred in 235 of the intensively treated group versus
264 in the group receiving standard treatment (hazard ratio in the intensive-therapy group,
0.88; 95% confidence interval [CI], 0.74 to 1.05; p=0.14). The study reported no significant
difference between the groups for any component of the primary outcome, rate of death from
any cause, nor microvascular complications. The study also reported significantly more
episodes of hypoglycemia in the intensively treated group (p=0.001) and identified a greater
risk of cardiovascular events following hypoglycemia.59 A subgroup analysis indicated that
severe hypoglycemia was associated with a greater rate of coronary artery calcium
progression in the group receiving standard treatment as compared to group given intensive
treatment.51 In the 10 year VADT follow up study, similar to the EDIC and UKPDS, the
intensive control group was found to have 8.6 fewer major CV events per 1000 person-years
as compared to standard therapy, however there was no difference in the rates of survival.%2
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4.6 ORIGIN

The Outcome Reduction with Initial Glargine Intervention (ORIGIN) Trial was a
prospective study of 12,537 people with cardiovascular risk factors with either T2DM or
impaired glucose tolerance to measure the effects of insulin glargine therapy or standard care
with or without n-3 omega fatty acids on cardiovascular outcomes as well as incident
diabetes, hypoglycemia, weight and caner. The patients were ~63+8 years old, ~60% had
prior cardiovascular events and ~88% had diabetes with a duration of 5.5+6.1 years. After an
average of 6.2 years, insulin glargine had a neutral effect on cardiovascular outcomes and
cancers, and the insulin glargine group had a higher incidence of first episode of severe
hypoglycemia: 1.00/100 person years compared to 0.31/100 person years in the standard
group (p<0.001). The incidence of confirmed, first episode of non-severe hypoglycemia was
higher in the insulin glargine group compared to the standard group, 9.83/100 person years
vs. 2.68/100 person years, respectively (p<0.001).63

A post-hoc analysis of the ORIGIN trial examined the relationship between hypoglycemia
and cardiovascular outcomes: 1) composite of CV death, non-fatal Ml or stroke 2) mortality
3) CV mortality and 4) arrhythmic death. The study found that after 6.2 years, non-severe
hypoglycemia (blood sugar <54 mg/dL) was not associated with an increase of any outcome,
but severe hypoglycemia (requirement for assistance or glucose < 36 mg/dL) was associated
with greater risk of 1) the composite outcome (CV death, non-fatal Ml or stroke (HR: 1.58,
p=0.001)) 2) mortality (HR: 1.74, p=0.001) 3) CV mortality (HR: 1.71, p=0.001) and 4)
arrhythmic death (HR: 1.77, p=0.007). The study also reported that severe nocturnal
hypoglycemia increased the risk of the composite outcome and mortality. Again, the relative
risk of adverse cardiovascular outcomes following hypoglycemia was higher in the standard
treatment group as compared to insulin glargine.%*

4.7 NICE-SUGAR

The Normoglycemia in Intensive Care Evaluation - Survival Using Glucose Algorithm
Regulation (NICE-SUGAR) trial examined the associations between moderate (41-70 mg/dI
blood glucose) and severe hypoglycemia (<40 mg/dl blood glucose) on death in 6026
critically-ill inpatients in Intensive Care Units who were randomized to intensive (target
blood sugar of 81 to 108 mg/dl) or conventional glucose control (target of 180mg/dl or less).
The study reported that the acute risk of death for patients who experienced moderate
hypoglycemia was increased compared to those without hypoglycemia at HR: 1.41
(p<0.001). The risk of death was further increased for severe hypoglycemia compared to no
hypoglycemia at HR: 2.10 (p<0.001). Patients who experienced moderate hypoglycemia on
more than one day had increased mortality compared to patients who had moderate
hypoglycemia on 1 day (p=0.01). Consistent with the ORIGIN, ADVANCE, ACCORD and
VADT trials, severe hypoglycemia in the standard group increased the risk of mortality -
HR: 3.84 (p<0.001).6°

4.8 Edinburgh Type 2 Diabetes Study (ET2DS)

ET2DS was a prospective study of a cohort of 1066 patients with T2DM in order to assess
whether a history of severe hypoglycemia increased the risk of macrovascular events through
an inflammatory mechanism (C-reactive protein, fibrinogen, IL-6, and TNF-a). The patients
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were ~68 years old with ~8.1 years of prior T2DM and an HbAlc of 7.4%. At 4 years the
study reported that hypoglycemia was associated with increased odds of macrovascular
events (OR: 2.11 (p=0.035)) and increased odds of coronary heart events (OR: 2.44
(p=0.023)) primarily due to an increased risk of myocardial infarction (OR: 4.02 (p=0.004)).
While hypoglycemia was associated with increased levels of inflammatory markers, the
significant association between hypoglycemia and macrovascular events remained after
statistical adjustment for inflammatory markers.%6

5. Conclusion

Hypoglycemia acutely elicits a multitude of cardiovascular changes within the body.
Evidence suggests that hypoglycemia places an increased demand on the heart via
hemodynamic changes, which could be detrimental to those with underlying cardiovascular
disease. Further, studies have shown QTc prolongation and epinephrine-induced
hypokalemia during hypoglycemia, indicating an increased risk of fatal arrhythmias. Such
arrhythmias may also be responsible for the syndrome known as “dead in bed.” Clinical
mechanistic studies have revealed increases in inflammatory and pro-atherothrombotic
markers, as well as reductions in endothelial function. Several large, multi-center clinical
trials have examined the relationship between glycemic control and cardiovascular disease
and death. Results of such studies have been mixed, with some long-term follow-up studies
(EDIC, UKPDS, VADT) finding a reduction in events following intensive glycemic control.
Others however have found no improvement in cardiovascular outcomes (ADVANCE,
ORIGIN) with improved glycemic control, or even an increase in mortality with such
treatment (ACCORD, NICE-SUGAR). In fact, severe hypoglycemia was uniformly
associated with an increased risk of death (ACCORD, ORIGIN, NICE-SUGAR, VADT) and
cardiovascular events (ADVANCE, VADT, ORIGIN) in all of the recent large Type 2 DM
glucose control studies. However, within these studies, it remains uncertain whether
hypoglycemia could present as a confounding factor (i.e. as a late sign of an underlying
severe illness in a vulnerable patient). A recent large meta-analysis by Goto et al. however,
suggests that comorbid illness doesn’t fully explain the correlation between severe
hypoglycemia and cardiovascular disease risk thus suggesting that severe hypoglycemia, per
se, is associated with a higher risk of cardiovascular disease.®” Several pieces of evidence
suggest that hypoglycemia in those with poorer control may be associated with worse
outcomes. Additional research is required to determine if the hypoglycemia-induced
cardiovascular changes observed in pre-clinical and mechanistic studies have the long-term
capacity to cause the increased risk of cardiovascular events and death observed in the large
clinical trials.

6. Expert Commentary

In several large glycemic control trials, severe hypoglycemia has been associated with
increased cardiovascular events, cardiovascular death, and all-cause mortality. A recent large
retrospective cohort study has also demonstrated that severe hypoglycemia is associated with
increased serious cardiovascular events and all cause mortality in insulin requiring
individuals with Type 1 or Type 2 Diabetes. Furthermore, this increased risk persists for
months or even years after the episode of severe hypoglycemia.# Basic and mechanistic
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research indicates that hypoglycemia could contribute to cardiovascular risk via a number of
mechanisms, including induction of dysrhythmias, up-regulation of inflammation,
thrombosis, and coagulation processes, and reduction of endothelial function. (Figure 2) It
not yet possible to extrapolate from results of these small acute studies to the findings of
large clinical trials, but it is plausible and certainly arguable that hypoglycemia-induced
cardiovascular changes contributed to the relationship between hypoglycemia and risk of
cardiovascular events and death.

In an attempt to link acute changes that occur during hypoglycemia to cardiovascular
outcomes, the ET2DS looked at the relationship between hypoglycemic events,
inflammation, and macrovascular events. Although the ET2DS found an elevated
inflammatory state associated with severe hypoglycemia, inflammation was also considered
not to be the mediator between severe hypoglycemia and increased macrovascular events. It
is important to point out though that only four inflammatory markers were measured and
measurements were only conducted at baseline and at four-years follow-up. Thus,
measurements did not capture changes in inflammation throughout out the study, nor
following hypoglycemic events. Further, it is likely that a number of factors contribute to the
enhanced cardiovascular risk of hypoglycemia, rather than inflammation alone. Further
studies asking a similar question as the ET2DS, that incorporate a larger array of
biochemical measurements and an increased number of follow-up visits could certainly be
helpful in enhancing our understanding.

From the DCCT and the follow-up EDIC trials, intensified glycemic control appeared to be
greatly effective in reducing cardiovascular risks in type 1 diabetes patients. The UKPDS
too, showed a protective benefit of intensified glycemic control on cardiovascular outcomes
in type 2 diabetes, primarily at the 10-year follow-up. Since then, the large glycemic control
trials involving type 2 diabetes patients have shown none or only a small association
between intensive glucose control and improvements in cardiovascular outcomes. Given the
metabolic complexity of type 2 diabetes, and the long time course of atherosclerotic arterial
disease it is not necessarily surprising that researchers have not been able to generate
significant reductions in macrovascular events. Positive results from studies using
multifactorial intervention strategies (i.e., targeting improvements in glycemia, cholesterol,
triglycerides, blood pressure, microalbuminuria, etc.) indicate that prevention of
cardiovascular events in people with diabetes requires more than the one-dimensional
approach of glycemic control.58.89 However, hypoglycemic events, which occurred
frequently in the glucose control trials, especially in the intensive control cohorts, may have
complicated researchers’ ability to fully explore a relationship between glycemic control and
cardiovascular risk.

In the ACCORD and NICE-SUGAR trials, excess mortality occurred in the intensive control
groups. In the latter study, hypoglycemia occurred much more frequently in the intensive
control group, but the study was not designed to determine if the increased hypoglycemia
was the cause of the increased mortality. In ACCORD, hypoglycemic events were higher in
the intensive control group, but a post hoc analysis did not find an association between
hypoglycemia and the excess mortality. Thus, it is curious that if hypoglycemia is associated
with increased events and death, and hypoglycemia is occurring more frequently with
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intensive control, why was intensive control not linked to increased mortality in this study?
For one, it may be that analyses are limited by the way hypoglycemia data is collected.

The methods by which hypoglycemia is defined and recorded in large clinical trials may be
preventing a more nuanced analysis of effects of hypoglycemia in these studies. Among
other difficulties, hypoglycemia is inconsistently defined and assessed, and the duration of
hypoglycemic episodes goes unmeasured. Quantification relies upon patients to detect
symptoms and/or measure blood glucose and document events for future reporting. Thus
many events could go undetected and/or unreported. In the ACCORD study, for example,
hypoglycemia was defined as severe hypoglycemia requiring assistance and either a blood
glucose measurement of <2.8 mmol/l or symptoms of hypoglycemia that resolved with
corrective action.”? Under these parameters, therefore, hypoglycemia would go unrecorded
for patients with hypoglycemia unawareness that did not sense a low blood glucose level.
Further, recording of episodes relied upon patients to contact study investigators to inform
them of hypoglycemic events. Finger sticks <3.9 mmol/l were documented at follow-up
visits but only for the 7 days preceding the visit,38 so that mild hypoglycemia was not
documented for a majority of the study period.

Omission of data involving mild to moderate episodes of hypoglycemia leaves the relevance
of these episodes to cardiovascular and mortality risk in question. Blood glucose levels of
~3.6-3.8 mmol/l are sufficient to initiate the sympathoadrenal counterregulatory response to
a falling blood glucose.’! Given this and the potential impact of sympathetic output on acute
changes in cardiovascular function and biomarkers during hypoglycemia, it seems plausible
that such mild episodes could also be implicated in cardiovascular damage over time.
Unfortunately, symptoms are not generated until a lower glucose level, ~3.2 mmol/l (and can
be much lower in some patients with hypoglycemic unawareness), making detection and
quantification of mild hypoglycemia much more challenging. Furthermore, detection of
hypoglycemic symptoms can change acutely following antecedent hypoglycemia. Thus,
repeated hypoglycemia will lower the glucose level (threshold) for sensing hypoglycemia
while poor metabolic control will increase the threshold for hypoglycemic symptom
awareness.” It is possible then, that many episodes of mild hypoglycemia would have been
overlooked, especially in the intensive control groups, in which hypoglycemia was more
prevalent. Interestingly, in the ACCORD trial, those with a history of hypoglycemia
requiring medical assistance actually had a lower rate of death with increasing incidence of
finger sticks <3.9 mmol/I.38 In ADVANCE too, increased episodes of mild hypoglycemia
were associated with lower rates of macrovascular and microvascular events, all-cause death,
cardiovascular death, and non-cardiovascular death.%0 It is plausible that mild, prior
hypoglycemia could be protective against future damage from repeated hypoglycemia
similar to preconditioning seen in the setting of hypoglycemia in the brain.”2 Further, while
hypoglycemia has been observed to increase nearly universally with tight glycemic control,
in several studies, including ACCORD, ADVANCE, ORIGIN, and NICE-SUGAR,
hypoglycemia has been associated with an increased risk of cardiovascular events and/or
mortality in those with poorer glycemic control — either those randomized to the standard
glycemic control groups or those who did not respond to intensified glycemic control. These
findings raise the question of why those with poorer control are more susceptible to negative
outcomes with hypoglycemia.
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One explanation is that individuals with poorer metabolic control experience a relative
reduction in the frequency of hypoglycemia events. This would tend to preserve autonomic
nervous system and neuroendocrine counterregulatory responses. This if it is the magnitude
of the physiologic response to hypoglycemia that initiates the pathway to serious adverse
cardiovascular events, then the preserved counterregulatory responses in standard treated
patients (with poorer metabolic control) may effectively defend against the falling plasma
glucose as compared to intensively treated individuals but may also be increasing the risk of
serious adverse events.

Experts have suggested that the treatment regimen and corresponding level of glycemic
control is not the driver of differences between treatment groups in relationships between
hypoglycemia and cardiovascular events.38:73 Rather, it is hypothesized, there is a subset of
patients — as yet not identified — that are more susceptible (vulnerable) to negative
cardiovascular effects of hypoglycemia. While this is certainly possible, it is curious that
multiple studies have now found that hypoglycemia is associated with more negative
cardiovascular outcomes in standard control groups.

VADT researchers recently conducted a post-hoc analysis of serious hypoglycemia and
progression of coronary artery calcification from baseline to ~4.6 years follow-up in a subset
of VADT participants. Despite a higher incidence of serious hypoglycemia in the intensive
glucose control group, serious hypoglycemia was associated with a greater progression of
coronary artery calcification in the standard treatment group only.*3 The reason for this is
only speculative at this point. One possible explanation offered by the study authors is that
those with a higher HbAlc (and therefore a higher fasting blood glucose) that experience an
episode of hypoglycemia undergo a larger change in blood glucose from euglycemia to
hypoglycemia.*3 Greater glucose variability may have more detrimental effects on the
vasculature.”75.76 |t has also been shown that over-correction for a low blood glucose that
results in hyperglycemia is associated with prolonged derangements in thrombosis and
oxidative stress, as compared to appropriate corrective actions that result in euglycemia.?8
Study authors have also suggested that because those in the intensive control groups
experienced hypoglycemia and were in contact with study investigators more frequently,
these participants were better prepared to respond to hypoglycemic events more quickly and
appropriately than those in the standard control groups, leaving the standard control
participants susceptible to lower and longer episodes of hypoglycemia.38 Newer
technologies such as Continuous Glucose Monitoring Systems and methods for measuring
glucose variability may capture “minor and moderate” episodes of hypoglycemia that may
go unrecognized and thus may be able to more accurately assign cause and effect of
hypoglycemia and subsequent adverse events.””43 It is also worth noting that the large Type
2 DM glucose control and complications studies (ADVANCE, ACCORD, VADT) have all
reported a delayed association between hypoglycemia and subsequent severe adverse events
or death. One possible explanation is that severe hypoglycemia sets up a cascade of
pathophysiologic mechanisms in a vulnerable patient that can be amplified by subsequent
“minor or moderate hypoglycemic events” that in of themselves are not considered to have
serious clinical relevance.
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With respect to when some of the newer anti-diabetes agents (i.e., long-and rapid-acting
insulins, DPP4 inhibitors, GLP-1 receptor agonists, and SGLT2 inhibitors) came to market,
the treatment algorithms used by the large glucose control trials are relatively outdated,
relying more heavily on the previously available sulfonylureas and insulin, which are
associated with greater risk of hypoglycemic events. In treatment of type 1 diabetes, glucose
monitoring and insulin replacement have improved, so that while risk of hypoglycemia is
still substantial, more physiologic insulin replacement does mitigate risk. The newer drug
classes approved for type 2 diabetes have much lower rates of hypoglycemia. Therefore,
targeting glycemic control with these agents could drastically diminish the untoward effects
of hypoglycemia in those who have not progressed to dependence on insulin. For the most
part, treatment with the newer medications has not led to reductions in cardiovascular risk in
clinical trials. However, such trials have mainly been designed to determine non-inferiority
rather than superiority to comparator groups for cardiovascular risk, and studies may have to
be much longer in order to observe any improvements in cardiovascular outcomes.
Additionally, as noted above, development of new multi-intervention trials that incorporate
these new medications into a regimen that also addresses body weight, blood pressure,
lipids, etc. may be necessary to realize reductions in cardiovascular risk. Importantly, long-
standing metformin has been shown to improve cardiovascular outcomes.3®> More recently,
empagliflozin (an SGLT-2 inhibitor with a low risk for hypoglycemia) was shown to
significantly reduce the composite endpoint of cardiovascular death, myocardial infarction,
and stroke,’8 as well as the composite endpoint of heart failure hospitalization and
cardiovascular death in a population at high cardiovascular risk.”® Additionally the GLP-1
receptor agonist, liraglutide has also been demonstrated to reduce cardiovascular mortality
and morbidity in Type 2 DM.8% While we have yet to see how these findings play out in
clinical practice among different populations of patients, it is promising that clinicians are
slowly gaining tools to simultaneously improve glycemia and reduce cardiovascular events
without introducing a greater risk for hypoglycemia.

Hypoglycemia is a prevalent, major complication of diabetes treatment and can acutely
induce an array of cardiovascular derangements. Results from large glycemic control trials
have shown an association between hypoglycemia and cardiovascular events and death,
especially in those with poorer glucose control. The physiologic mechanisms underlying this
increase in adverse outcomes remain to be established. Further, analyses of hypoglycemia
and outcomes in the large glycemic control trials have been post hoc, resulting in less robust
findings. As hypoglycemia has been the subject of much scrutiny and debate following the
publication of the large clinical trials, future studies should develop more specific definitions
and monitoring for hypoglycemia, include hypoglycemia as a primary outcome, and utilize
newer anti-hyperglycemic medications. Additionally, incorporating fear of hypoglycemia
surveys and recent studies identifying predictors of hypoglycemia would also be clinically
useful and relevant.8182 This will help to provide clinicians with an updated and more
precise portrait of the long-term effects of hypoglycemia and contemporary intensive
glycemic control.
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7. Five Year View

Accumulating data, primarily in individuals with Type 2 DM, clearly points to an associative
risk between severe hypoglycemia and serious adverse cardiovascular events and death.
Despite repetitive finding there remains doubt about whether hypoglycemia in fact caused
adverse cardiac outcomes/death or whether hypoglycemia was merely a consequence or
marker of a serious underlying fatal condition. This uncertainty about the role played by
hypoglycemia per se in causing fatal outcomes needs to be addressed by “on line” glucose
monitoring at the time of a serious adverse event. Similarly, research needs to be performed
to understand why patients with poorer glucose control are at a greater risk of dying
following an episode of severe hypoglycemia as compared to individuals with good
metabolic control. Could the counterregulatory response be maladaptive and in addition to
defending against a falling glucose might be causing self-harm? Finally, are any episode of
hypoglycemia really minor? Could an episode of hypoglycemia further stimulate
pathophysiologic mechanisms that in a vulnerable patient could have devastating
consequences? All of the above questions are answerable and will give invaluable insight as
to how to manage individuals with diabetes that require insulin replacement therapy.

8. Key Issues

Type 1 Diabetes and longer duration Type 2 Diabetes require insulin replacement. Since the
discovery of insulin, hypoglycemia has been an unwelcome adverse side effect of this life
saving molecule. More recently focus has shifted from the almost exclusive understanding of
hypoglycemia in Type 1 DM to the potentially catastrophic effects of hypoglycemia in Type
2 DM. Hypoglycemia in Type 1 and Type 2 DM are equally important and research needs to
focus on management models that can prevent hypoglycemia while maintaining appropriate
and individualized glycemic control. While much has been learned about causes of
insufficient counterregulatory responses to hypoglycemia in diabetic individuals, perhaps the
time has now arrived for research to determine the non-metabolic effects of hypoglycemia
and its attendant pathophysiologic vascular consequences.
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Pathophysiologic changes in the vasculature following hypoglycemia.
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Figure2.

Increased Cardiovascular Disease

Integrated pathophysiologic pathways depicting possible mechanisms of cardiovascular
disease following acute hypoglycemia.
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