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Abstract: Hypoglycemia is common in patients with type 1 and type 2 diabetes (T1D, T2D), treated
with insulin or sulfonylureas, and has multiple short- and long-term clinical implications. Whether
acute or recurrent, hypoglycemia significantly affects the cardiovascular system with the potential
to cause cardiovascular dysfunction. Several pathophysiological mechanisms have been proposed
linking hypoglycemia to increased cardiovascular risk, including hemodynamic changes, myocardial
ischemia, abnormal cardiac repolarization, cardiac arrhythmias, prothrombotic and proinflamma-
tory effects, and induction of oxidative stress. Hypoglycemia-induced changes can promote the
development of endothelial dysfunction, which is an early marker of atherosclerosis. Although
data from clinical trials and real-world studies suggest an association between hypoglycemia and
cardiovascular events in patients with diabetes, it remains uncertain whether this association is causal.
New therapeutic agents for patients with T2D do not cause hypoglycemia and have cardioprotective
benefits, whereas increasing the use of new technologies, such as continuous glucose monitoring
devices and insulin pumps, has the potential to reduce hypoglycemia and its adverse cardiovascular
outcomes in patients with T1D.

Keywords: hypoglycemia; diabetes; cardiovascular; mechanisms; ischaemia; arrhythmias; thrombosis;
inflammation; oxidative stress

1. Introduction

Hypoglycemia is a major barrier to maintaining satisfactory glycaemic control in
patients with diabetes. Level 1 hypoglycemia is defined as blood glucose concentration
<70 mg/dL but >54 mg/dL, level 2 hypoglycemia as glucose <54 mg/dL in the presence
of neuroglycopenic symptoms, and level 3 hypoglycemia as a severe event characterized by
altered mental and/or physical functioning that requires assistance from another person [1].
There are several factors that increase hypoglycemia risk in diabetes, such as the use of
insulin or sulfonylureas, impaired renal or hepatic function, diabetes duration, frailty and
old age, cognitive impairment, impaired hypoglycemia awareness, a physical or intellectual
disability that impairs behavioral response to hypoglycemia, alcohol use, polypharmacy,
and history of severe hypoglycemia [2].

It is difficult to accurately estimate the true frequency of hypoglycemia in patients with
diabetes due to differences in the definitions used and in the characteristics of the studied
populations. A patient with type 1 diabetes (T1D) experiences around two episodes of symp-
tomatic hypoglycemia per week and at least one severe episode per year [3]. It has been
reported that the mean incidence (95% confidence interval, CI) of severe hypoglycemia in pa-
tients with T1D and disease duration <5 years is 1.1 (0-2.3) episodes per person-year, whereas
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it increases to 3.2 (1.64.9) in those with diabetes duration >15 years [4]. Hypoglycemia is
less common in patients with insulin-treated type 2 diabetes (T2D), with 3-25% of patients
experiencing at least one severe episode annually [5]. However, the incidence of severe
hypoglycemia in patients with T2D who have been treated with insulin for >5 years increases
and approaches that of patients with T1D [4]. The annual prevalence of severe hypoglycemia
in patients treated with sulfonylureas is 7% [4]. Continuous glucose monitoring (CGM) data
suggest that asymptomatic hypoglycemia is common, with at least one episode reported in
77% and 52% of patients with T1D over a 6-day period at 70 and 54 mg/dL, respectively [6].

Hypoglycemia has multiple clinical implications [5]. It can disrupt everyday activ-
ities and may have psychological consequences in patients with diabetes (e.g., fear of
hypoglycemia, negative effects on mood and emotion), adversely affecting the quality of
life [7,8]. In addition, it may lead to accidents, injuries, cognitive impairment, cerebrovas-
cular events, and even death. Hypoglycemia poses an economic burden to healthcare
resources, especially for the treatment of severe episodes requiring admission to the hospi-
tal [9]. Furthermore, hypoglycemia exerts multiple adverse effects on the cardiovascular
system, with the potential to cause cardiovascular dysfunction in patients with diabetes.
Importantly, cardiovascular disease is the most common cause of death in T1D or T2D
patients [10,11]. During recent years, data from large-scale clinical trials demonstrated that
strict glycaemic control might reduce long-term cardiovascular complications, whereas, on
the other hand, hypoglycemia can cause cardiovascular dysfunction and promote acute
cardiovascular events [12,13]. Understanding the pathophysiological mechanisms poten-
tially linking hypoglycemia to increased cardiovascular risk is essential to effectively guide
the prevention and management of related adverse clinical outcomes. In this review, we
aim to describe the cardiovascular effects of hypoglycemia in patients with diabetes.

2. Hormonal Responses to Hypoglycemia and Impaired Hypoglycemia Awareness
in Diabetes

Several physiological responses are activated to counterbalance decreasing glucose
levels and maintain glucose homeostasis. This is important to ensure that a sufficient
amount of glucose is available to all tissues and primarily to the brain, which depends on
glucose as its main source of energy [14-16]. The first defense step against hypoglycemia
in healthy subjects is the inhibition of insulin secretion by pancreatic 3-cells when blood
glucose concentration falls below 80-85 mg/dL (Table 1). The reduction of insulin blood
levels results in increased endogenous glucose production, which under normal circum-
stances is supplemented by oral carbohydrate intake. If blood glucose levels fall below
65-70 mg/dL, secretion of the counterregulatory hormones is activated; thus, glucagon
secretion from the pancreatic x-cells is the second defense step leading to an increase in hep-
atic glucose production via stimulation of glycogenolysis. The third defense step consists
of the sympathoadrenal response via activation of specific hypothalamic autonomic centers
within the brain. This leads to the secretion of epinephrine and is associated with the
development of autonomic symptoms (Table 1). Epinephrine acts by several mechanisms,
including stimulation of glycogenolysis, an increase of hepatic and renal gluconeogenesis
via mobilization of gluconeogenic substrates, such as lactate and amino acids, and reduc-
ing insulin secretion. In addition to the above, sufficient cortisol and growth hormone
levels are also required as part of the normal counterregulatory response to hypoglycemia.
Neuroglycopenic symptoms due to brain glucose deprivation become evident when the
glucose falls below 50 mg/dL, whereas severe and prolonged hypoglycemia may result in
serious consequences, such as coma, brain damage or even death. Importantly, the glucose
thresholds depicted in Table 1 have been observed under experimental conditions in non-
diabetic subjects [16]. However, the glucose counter-regulation against hypoglycemia and
the onset of symptoms is compromised in patients with diabetes with the above glycaemic
thresholds shifting to lower levels in response to changes in glycaemic control and exposure
to extremes of blood glucose [17]. In patients with T1D or longstanding T2D, apart from
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the pancreatic 3-cell failure, there is commonly defective glucagon secretion, as well as an
impaired sympathoadrenal response during hypoglycemia [16].

Table 1. Glucose thresholds for hormonal counter-regulation and clinical features of hypoglycemia.

Blood Glucose Thresholds * Hormone Responses

<80-85 mg/dL J Insulin

<65-70 mg/dL 1 Glucagon

<65-70 mg/dL 1 Epinephrine

<65-70 mg/dL 1 Cortisol and growth hormone

Symptoms and signs (usually when glucose <50-58 mg/dL)

Autonomic:

Adrenergic: tremors, palpitations/tachycardia, pallor, anxiety, and arousal.

Cholinergic: sweating, hunger, salivation, nausea, and paraesthesias.

Neuroglycopenic:

Weakness, fatigue, confusion, behavioral changes, emotional lability, slurred speech, blurred
vision, headache, dizziness, seizures, incoordination, focal neurological deficits (diplopia,
hemiparesis), and loss of consciousness. If hypoglycemia is severe and prolonged, brain damage
and even death may occur.

* Glycaemic thresholds for activation of hormonal counter-regulation and awareness of hypoglycemia may
be lower in some people with T1D, especially in those with frequent hypoglycemia, long disease duration or
autonomic neuropathy. Please note that glucose values refer to arterialized venous glucose concentration. Notes:
1 increase; |: decrease.

Impaired awareness of hypoglycemia (IAH) is common in insulin-treated patients with
diabetes and correlates with the duration of insulin treatment [16]. IAH is characterized by a
diminished ability to perceive the onset of acute hypoglycemia, including altered symptom
profile, reduced intensity and a number of symptoms, and in some cases, failure to interpret
symptoms. It does not necessarily develop into complete unawareness of hypoglycemia and
may vary in severity over time, probably due to environmental influences. Patients with IAH
do not experience the autonomic warning symptoms and are at risk for neuroglycopenia
and severe hypoglycemia. Possible mechanisms for IAH include the following: (i) central
nervous system adaptation due to chronic exposure or recurrent transient exposure to low
blood glucose, (ii) central nervous system glucoregulatory failure due to counterregulatory
deficiency or hypoglycemia-associated autonomic failure (HAAF), and (iii) peripheral
nervous system dysfunction due to peripheral autonomic neuropathy or reduced peripheral
adrenoreceptor sensitivity. The term HAAF has been proposed to describe an autonomic
disorder characterized by defective glucose counter-regulation evidenced by attenuated
glucagon and epinephrine responses and absent or impaired awareness of neuroglycopenic
symptoms due to attenuated sympathoadrenal responses to hypoglycemia (Figure 1) [17,18].
Potential stimuli of HAAF include recent antecedent hypoglycemia, thus creating a vicious
cycle of recurrent hypoglycemia, prior exercise or sleep. Importantly, HAAF is a reversible
disorder pathophysiologically distinct from classic diabetic autonomic neuropathy, which is
a structural disorder characterized by nerve fiber loss.

Recurring

Hypoglycaemia

Hypoglycaemia Ineffective
anawareness counterregulation

Reduced

sympathoadrenal
response

Figure 1. The vicious cycle of hypoglycemia-associated autonomic failure in T1D.
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3. Pathophysiologic Mechanisms Linking Hypoglycemia to Increased Cardiovascular Risk

Several mechanisms are implicated in the development of cardiovascular dysfunction
related to hypoglycemia in patients with diabetes. These include hemodynamic changes,
myocardial ischemia, abnormal cardiac repolarization, cardiac arrhythmias, thrombotic
tendency, oxidative stress, and inflammation (Figure 2). Relevant evidence is derived from
in vitro and in vivo studies, as well as from experimentally induced hypoglycemia studies
in humans.

% Proinﬂanﬁnafﬁry effects

1 leucocytes

Prothrombotic effects 1 IL1p3, IL6, IL8, TNFa, CRP
| aPTT 1 ICAM, VCAM, E-selectin, P-selectin
1 fibrinogen 1 VEGF
1 fibrinolysis 1 CD40 on monocytes, sCD40L \
1 factor VIII 1 endothelin-1, | nitric oxide [\
1 vWF Haemodynamic changes
1 platelet aggregation and activation t and myocardial ischaemia
. 1 HR
== Hypoglycaemia ) 1 SBP, | DBP
@m l 1 cardiac output, EF

| central arterial pressure

Oxldativeistress | coronary arterial filling

1 lipid I)Srg)?i datich J | : | large vessel elasticity, 1 arterial stiffness
1 DNA damage Abnormal cardiac depolarization
and cardiac arrhythmias
LK
QT prolongation
ST depression

| height and width of T wave

Figure 2. Potential pathophysiological mechanisms linking hypoglycemia to cardiovascular outcomes.
Abbreviations: aPTT: activated partial thromboplastin time; CD40: a cluster of differentiation 40;
CRP: C-reactive protein; DBP: diastolic blood pressure; EF: ejection fraction; HR: heart rate; ICAM:
intercellular adhesion molecule; IL: interleukin; ROS: reactive oxygen species; SBP: systolic blood
pressure; sCD40L: a soluble cluster of differentiation 40 ligand; TNFo: tumor necrosis factor-alpha;
VCAM: vascular cell adhesion molecule; VEGF: vascular endothelial growth factor; vWEF: von
Willebrand factor.

3.1. Haemodynamic Changes and Myocardial Ischemia

Hypoglycemia activates the sympathoadrenal system causing the secretion of cate-
cholamines that exert significant hemodynamic effects. Specifically, sympathetic system
activation leads to increased heart rate, systolic blood pressure, cardiac output and ejection
fraction, and decreased diastolic blood pressure [19,20]. Importantly, in patients with
long-standing diabetes, the elasticity of large blood vessels and central arterial pressure
decrease [21]. Progressive development of arterial stiffness leads the reflected arterial
pressure wave to return earlier to the central aorta and the heart during late systole (instead
of early diastole), compromising in this way coronary arterial filling and predisposing to
myocardial ischemia [22].

3.2. Abnormal Cardiac Repolarization and Cardiac Arrhythmias

Experimental studies in rats suggest a central role for catecholamines and the sym-
pathetic nervous system in the occurrence of cardiac arrhythmias during severe hypo-
glycemia. Specifically, severe lethal hypoglycemia can initially cause sinus tachycardia and
QT prolongation, followed by premature atrial and ventricular contractions, first-degree
atrioventricular block and ventricular tachycardia, evolving to second-degree and third-
degree atrioventricular block and finally bradycardia and cardiorespiratory arrest [23].
Hypoglycemia-induced mortality in this rat model was worsened by diabetes, but re-
current hypoglycemia, potassium supplementation and 3-adrenergic blockade tended to
reduce sympathoadrenal activity and mortality. In another study, insulin deficiency in
streptozotocin-induced diabetic rats was associated with twice the risk of third-degree
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atrioventricular block and death during severe hypoglycemia compared with nondiabetic
rats [24]. However, exposure to recurrent hypoglycemia reduced the occurrence of third-
degree atrioventricular block and mortality, implying reduced sympathoadrenal response
to hypoglycemia.

In humans, hypoglycemia can affect cardiac repolarization and electrophysiology,
producing electrocardiographic changes that include ST segment depression, a decrease
in height and width of the T wave, and QT interval prolongation [25-27]. It has been
suggested that a rapid decrease in blood glucose may affect the time of onset of QT interval
prolongation [28]. During prolonged periods of hypoglycemia (plasma glucose < 54 mg/dL
for 80 min), progressive prolongation of the QT interval has been observed [29]. Importantly,
QT prolongation increases the risk of ventricular arrhythmias [30] and is a strong predictor
of cardiovascular and all-cause mortality in patients with diabetes [31,32]. Additionally,
heart rate variability response to hypoglycemia is impaired in people with T2D, result-
ing in a higher-than-expected risk for sudden arrhythmia following mild hypoglycemic
episodes [33]. Sympathoadrenal activation and catecholamine-induced hypokalemia seem
to be responsible for the above arrhythmogenic changes [34]. However, frequent or recent
exposure to hypoglycemia, as well as the development of cardiac autonomic neuropathy;,
blunts the sympathoadrenal response during hypoglycaemic episodes [18,35]. It has been
hypothesized that subjects with polymorphisms of the ion channels genes which con-
tribute to the cardiac conduction system might be vulnerable to the arrhythmogenic effects
of hypoglycemia [36]. However, in susceptible patients who are at high cardiovascular
risk, more than one mechanism might contribute to potentially fatal cardiac arrhythmias
during hypoglycemia. Several types of cardiac arrhythmias have been associated with
hypoglycemia, ranging from severe sinus bradycardia and atrial fibrillation to multiple
ventricular ectopics and ventricular tachycardia [34].

The observed differences in the occurrence of cardiac arrhythmias between daytime
and nocturnal hypoglycemia might be associated with insufficient counter-regulation in
response to hypoglycemia during sleep [37,38]. This can result in a prolonged duration of
nocturnal hypoglycemia, as well as attenuation of the sympathoadrenal activation and cat-
echolamine secretion. Attenuated sympathoadrenal activity at night leads to compensatory
activation of the parasympathetic system, thus increasing the frequency of bradycardia and
the risk of ventricular arrhythmias. Hypoglycemia during the day can also increase the risk
of arrhythmias, but these are less likely to be life-threatening [5].

3.3. Prothrombotic Effects

Hypoglycemia induces a procoagulant and prothrombotic state, including promoted
platelet aggregation and activation [39]. The mechanisms underlying both processes appear
to be adrenaline-mediated and inhibited by alpha-2 adrenergic blockade [22]. Platelet factor
4 and plasma 3 thromboglobulin increase by hypoglycemia and are thought to represent the
activation of platelets in vivo [22]. Accelerated rates of thrombin generation and formation
of denser fibrin clots, displaying lower liability, have also been documented in patients
with diabetes in response to low blood glucose [40]. Additionally, the fibrinolytic system is
activated, as evidenced by the increase in tissue plasminogen activator (tPA) and decrease
in plasminogen activator inhibitor (PAI) activity [41]. Euglobulin lysis time (an indicator of
plasminogen activator activity) is decreased, and fibrin plate lysis increases, also indicating
increased fibrinolysis.

Activated partial thromboplastin time (aPTT) is reduced, fibrinogen and factor VIII
increase and platelet count is reduced following hypoglycemia in patients with diabetes [42].
Hypoglycemia induces the release of von Willebrand Factor (vWF) from endothelial cells
and platelets, and vWE, in turn, promotes platelet aggregation and prolongs the lifetime
of factor VIII [41]. Hypoglycemia has acute and persistent prothrombotic effects that
persist for at least seven days and are enhanced in patients with diabetes [43]. Interestingly,
hypoglycemia can influence the expression of platelet-related miRNAs in patients with
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T2D, with a time trend paralleling the time course of platelet activation [44], suggesting
that miRNAs are probably released by platelets upon activation by hypoglycemia.

3.4. Proinflammatory Effects

Hypoglycemia can induce an inflammatory response, including mobilization of leuko-
cytes, an increase in cluster of differentiation 40 (CD40) expression on mononuclear cells,
plasma soluble CD40 ligand (sCD40L) levels and platelet-monocyte aggregation. It can also
increase the levels of different adhesion markers, such as intercellular adhesion molecule
(ICAM), vascular cell adhesion molecule (VCAM), P-selectin, E-selectin, as well as tu-
mor necrosis factor alpha (TNFw), interleukin 13 (IL13), IL6, IL8, and vascular endothelial
growth factor (VEGF) levels [45-47]. Hypoglycemia increases leukocyte numbers in healthy
subjects and patients with T1D and normal hypoglycemia awareness but not in those with
IAH [48]. Ex vivo, peripheral blood mononuclear cells and monocytes display a more
robust cytokine response to microbial stimulation after hypoglycemia compared with
euglycemia. This response is less pronounced in patients with T1D and IAH, indicating
impaired counterregulatory hormone responses in these patients [48].

In response to hypoglycemia, the numbers of lymphocytes and monocytes, as well as
blood levels of C-reactive protein and other inflammatory proteins, significantly increase
and may remain elevated for seven days in patients with T2D [49]. It has been shown that a
longer duration of hypoglycemia results in a greater increase in proinflammatory markers
even if glucose levels are higher [46,47]. Importantly, overtreatment of hypoglycemia often
results in rebound hyperglycemia. This glucose variability might induce an additional
inflammatory stimulus such that rebound hyperglycemia might have a greater effect in
impairing endothelial function and activating thrombosis than hypoglycemia alone [50].
On the other hand, recovery of hypoglycemia with normoglycaemia is accompanied by
improvement in endothelial dysfunction and inflammation [51]. However, reactive hyper-
glycemia, following recovery from hypoglycemia, results in the deterioration of all these
parameters.

Hypoglycemia can impair the release of vasoactive substances. The endothelium is
responsible for the release of several substances, the most important being nitric oxide
and endothelin-1 [52]. Following hypoglycemia in patients with T1D, the plasma levels
of endothelin-1, the most potent vasoconstrictor, increase by 70% [53]. Impaired nitric
oxide-mediated vasodilation is evident during hypoglycemia [47].

3.5. Oxidative Stress

Oxidative stress plays an important role in tissue damage caused by hypoglycemia.
Several studies have shown an association between hypoglycemia and reactive oxygen
species (ROS) production. In vitro studies in human umbilical vein endothelial cells showed
that glucose deprivation stimulates mitochondrial ROS generation [54]. Insulin-induced
recurrent hypoglycemia in streptozotocin-induced diabetic rats leads to an increase in
malondialdehyde levels and a reduction in aconitase activity, which are indicators of
oxidative stress in brain mitochondria [55]. Another study investigated the effects of
hypoglycemia on the mitochondrial antioxidant system and the fragmentation of nuclear
DNA in different brain regions in rats [56]. Following hypoglycemia, a decrease in the
activity of mitochondrial antioxidant enzymes was observed that might be attributed
to ROS generation, which in turn activates DNA damage. In healthy subjects, insulin-
induced hypoglycemia is associated with an increase in lipid peroxidation markers and
ROS production [45]. Exposure of insulin-treated streptozotocin-diabetic rats to recurrent
hypoglycemia leads to metabolomic alterations in the hippocampus, as well as increased
cerebral ischemic damage potentially via enhanced mitochondrial dysfunction [57,58].

3.6. Alterations of Brain Glucose Metabolism

Glucose is a critical energy substrate required for brain functioning. Various func-
tional and metabolic neuroimaging techniques have been employed and have shown that
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hypoglycemia modulates multiple metabolic pathways in the brain [59]. Moderate hypo-
glycemia does not affect glucose uptake into the brain, and cerebral glucose metabolism
is preserved, at least globally. However, at the regional level, moderate hypoglycemia
causes a redistribution of cerebral blood flow to brain areas involved in the detection of
hypoglycemia, particularly the hypothalamus. Recurrent hypoglycemia induces cerebral
adaptive changes in glucose counterregulatory mechanisms at many different levels, in-
cluding activation or deactivation of brain areas involved in behavioral responses, change
in regional blood flow, as well as consumption of sources of energy other than glucose,
particularly lactate. There is conflicting evidence as to whether recurrent hypoglycemia can
stimulate brain glucose uptake, with most neuroimaging studies finding no evidence.

Overall, the hypoglycemia-induced changes in blood coagulability, inflammatory
response, cell adhesion, release of vasoactive substances, and oxidative stress promote
the development of endothelial dysfunction, which is an early marker for atherosclero-
sis [60,61]. Furthermore, hypoglycemia activates the renin-angiotensin-aldosterone system
and increases aldosterone, which activates the mineralocorticoid receptor, further exacerbat-
ing endothelial dysfunction [62]. Promotion of atherogenesis due to exposure to recurrent
episodes of severe hypoglycemia has been suggested as a potential mechanism in patients
with T1D and IAH, in whom flow-mediated brachial dilatation was lower and femoral
intima-media thickness was higher compared to patients with T1D without a history of
severe hypoglycemia [63].

4. Data from Clinical Trials and Real-World Studies

In addition to the evidence from experimental studies, several clinical trials and real-
world studies suggest an association between hypoglycemia and cardiovascular events in
patients with diabetes.

4.1. Clinical Trials Exploring the Effects of Intensive Glucose-Lowering Therapy

Several large-scale clinical trials examined the effects of intensive versus conventional
glucose-lowering therapy on cardiovascular outcomes in patients with diabetes (Table 2).
The DCCT/EDIC study demonstrated the benefits of intensified insulin treatment and
strict glycaemic control in T1D patients with a disease duration of 1-15 years, with re-
gards to limiting the risk of vascular complications after a follow-up period of more than
12 years [64,65]. However, these benefits were associated with a threefold higher rate of se-
vere hypoglycemia. Although the UKPDS study in newly diagnosed adults with T2D found
no significant reduction in cardiovascular complications, a 10-year follow-up study showed
a modest but statistically significant reduction of cardiovascular risk [66,67]. Higher rates
of severe hypoglycemia were observed with intensive treatment. The ACCORD study, in
T2D patients with established cardiovascular disease or multiple relevant risk factors, was
interrupted early due to increased overall and cardiovascular mortality in the intensive
treatment arm [68]. Although this study demonstrated increased hypoglycemia risk in the
intensive treatment group, further analysis concluded that hypoglycemia did not appear
to account for the difference in mortality between the two groups [69,70]. The ADVANCE
study, in patients with T2D and vascular complications or at least one cardiovascular risk
factor, did not reveal a reduction in cardiovascular risk with intensive glucose-lowering
therapy after the 6-year post-trial follow-up [71,72]. However, severe hypoglycemia was
more common in the intensive treatment group. Similarly, the VADT study in military
veterans with poorly controlled T2D showed an increased hypoglycemia rate with intensive
therapy but again without cardiovascular benefit [73]. The ORIGIN study in patients with
cardiovascular risk factors plus impaired fasting glucose, impaired glucose tolerance, or
T2D also showed that intensive glucose-lowering therapy was associated with increased
severe hypoglycemia risk, but the effect on cardiovascular outcomes was the same with the
conventional therapy [74].
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Table 2. Large-scale clinical trials exploring the effects of intensive versus conventional glucose-

lowering therapy.
. CV Outcomes with Hypoglycemia Risk with

Study Patients Intensive Therapy Intensive Therapy

DCCT/EDIC 1 CVD only evident in the follow-up .
[64,65] T1D adolescents and adults {rial after >12-yr. 1 severe hypoglycemia

. 1 CVD only evident in the follow-up .
UKPDS [66,67] Newly diagnosed T2D adults {rial after >10-yr. 1 severe hypoglycemia
ACCORD [68] T2D adults with CVD or CV risk Early interrupted due to 1 overall and } severe hypoglycemia

ADVANCE [71]
VADT [73]
ORIGIN [74]

factors CV mortality

T2D adults with vascular
complications or CV risk factors
T2D adults poorly controlled No CV benefit 1 hypoglycemia
Adults with CV risk factors plus

No CV benefit 1 severe hypoglycemia

prediabetes or T2D No CV benefit 1 severe hypoglycemia

Abbreviations: CV: cardiovascular; CVD: cardiovascular disease; T1D: type 1 diabetes; T2D: type 2 diabetes.
Notes: 1: increase; |: decrease.

4.2. Studies with Concomitant CGM and ECG Monitoring

Several studies have been performed in patients with T1D and T2D using concomi-
tantly CGM and electrocardiogram (ECG) monitoring in an ambulatory setting. In patients
with insulin-treated T2D and established cardiovascular disease or cardiovascular risk
factors undergoing 5 days of concomitant CGM and ECG monitoring, the incidence of
bradycardia was eightfold higher, and the incidence of atrial and ventricular ectopic beats
was fourfold higher during nocturnal hypoglycemia compared with nocturnal normogly-
caemia [38]. During the day, a small but significant increase in ventricular premature beats
was observed, whereas no episodes of bradycardia were detected. Simultaneous CGM
and ECG monitoring for 4 days in T1D patients revealed that asymptomatic hypoglycemia
was common (76% of nocturnal and 39% of daytime hypoglycemia) and that differences
existed in cardiac arrhythmias during day and night [75]. Specifically, bradycardia was
more frequent during nocturnal hypoglycemia compared with nocturnal normoglycaemia.
Bradycardia was less frequent, and atrial ectopics were more frequent during daytime
hypoglycemia compared with nighttime hypoglycemia. In another study, ventricular
arrhythmias were observed in association with asymptomatic hypoglycemia during si-
multaneous CGM and ECG recording for 5 days in patients with T2D and documented
cardiovascular disease treated with insulin and/or sulfonylureas, particularly during the
night [76]. Furthermore, concomitant CGM and ECG monitoring for 3 days in insulin-
treated T2D patients with coronary heart disease showed that chest pain was accompanied
by ischemic changes in the ECG of some of the patients during hypoglycemia [77].

4.3. ‘Dead in Bed’ Syndrome

An association has been suggested between hypoglycemia and the unexpected noc-
turnal death of patients with T1D without cardiovascular disease, described as ‘dead in
bed’ syndrome. A retrospective analysis of 50 sudden overnight deaths in patients with
T1D was carried out, and in 22 cases, no cause was found [78]. All patients were young
(12-43 years) with a history of nocturnal hypoglycemia. The ‘dead in bed” syndrome is
thought to be caused by a hypoglycemia-induced fatal arrhythmia during sleep. Since
then, it has been reported in a series of studies, with one of them calculating a tenfold
increase in sudden death in young patients with T1D compared with the nondiabetic
population [79]. Importantly, although the ‘dead in bed” syndrome has been described
in T1D, hypoglycemia-induced fatal arrhythmias are also likely to occur in patients with
insulin-treated T2D.
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4.4. Studies on Cerebral Ischemia and Stroke

Hypoglycemia can cause localized cerebral neuroglycopenia and transient focal neu-
rological deficits, usually resolving after correction of the low glucose levels. Case-report
neuroimaging studies have shown areas consistent with ischemia in the case of a neuro-
logical deficit following severe hypoglycemia [80,81]. The data linking hypoglycemia with
stroke risk are limited. A report from the ORIGIN trial showed that severe hypoglycemia
was associated with increased risk of the composite outcome of non-fatal myocardial in-
farction, stroke or cardiovascular death; hazard ratio 1.58, 95% CI 1.24-2.02 [82]. In another
study, patients with ischemic stroke received intensive insulin therapy or subcutaneous
insulin for 24 h [83]. It was found that in the intensive insulin therapy group, glucose
values <126 mg/dL were more frequent (95.4% versus 67.4%, p-value < 0.0001) and infarct
growth was greater (27.9 cm versus 10.8 cm, p-value = 0.04). However, after 3 months,
functional outcomes, serious adverse events and death rates were similar between the
two groups. Within 24 h of ischemic stroke, glucose potassium insulin (GKI) infusion
compared to saline infusion was associated with a higher incidence of asymptomatic hy-
poglycemia [84]. In a secondary analysis, GKI was associated with greater infarct growth
in patients with complete intracranial vessel occlusion. Additionally, in patients with
subarachnoid hemorrhage, glucose <80 mg/dL was associated with vasospasm, cerebral
infarction, and functional disability at 3 months [85]. Another study found no association
between severe hypoglycemia and the risk of stroke [86].

4.5. Studies on Peripheral Artery Disease

Limited data are available with regard to the impact of hypoglycemia on peripheral
artery disease (PAD). Among 6713 patients with T2D admitted to the hospital, 80 had severe
hypoglycemia in the preceding three months, and 304 had symptomatic hypoglycemia in
the last month [87]. It was demonstrated that both symptomatic and severe hypoglycemia
was associated with increased risk for cardiovascular disease, defined as coronary heart
disease, stroke or PAD; the odds ratio, 95% CI, were 2.64, 1.85-3.76 and 6.59, 3.79-11.45,
respectively. Additionally, analysis of the prospective DiaRegis registry showed that
PAD prevalence was higher in patients with T2D who had experienced hypoglycemia
during the 12-year follow-up compared to those without hypoglycemia; 8.6% versus 5.7%,
p-value < 0.05 [88]. Importantly, hypoglycemia is an independent predictor of amputations
in patients hospitalized for acute diabetic foot [89].

4.6. Meta-Research Data

A systematic review and meta-analysis were conducted to explore the association
between hypoglycemia and increased cardiac arrhythmia risk in adults with T1D or T2D,
comparing ECG changes during episodes of hypoglycemia and normoglycaemia [90-92].
Hypoglycemia was associated with a reduction in most components of heart rate variability
and an increase in the prevalence of arrhythmias (bradycardia, ventricular premature
beats, atrial premature beats, atrial ectopic beats). The meta-analysis of 15 studies showed
that the QT interval was more significantly prolonged during hypoglycemia compared to
normoglycaemia. Another meta-analysis assessed the association between hypoglycemia
and vascular events in older subjects (mean age >60 years) who had pre-diabetes or dia-
betes [90]. The meta-analysis of 8 studies demonstrated that hypoglycemia was associated
with macrovascular complications (odds ratio, OR 1.83, 95% CI 1.64-2.05) and increased
likelihood of overall mortality (OR 2.04, 95% CI 1.68-2.47). Another systematic review and
meta-analysis that included ten studies found that severe hypoglycemia was associated
with increased cardiovascular risk (relative risk 1.91, 95% CI 1.69-2.15) [91]. Additionally, a
meta-analysis of the ACCORD, ADVANCE, UKPDS and VADT trials showed that patients
receiving intensive glucose control treatment had significantly more major hypoglycaemic
events (hazard ratio 2.48, 95% CI 1.91-3.21), but there was no significant effect on the risk
of stroke [93].
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5. Conclusions

There is extensive evidence suggesting that hypoglycemia is associated with significant
cardiovascular effects in patients with diabetes. Based on data from experimental studies,
a number of pathophysiological mechanisms have been proposed, linking hypoglycemia
to increased cardiovascular risk. These mechanisms include hemodynamic changes, my-
ocardial ischemia, abnormal cardiac repolarization, cardiac arrhythmias, procoagulant and
prothrombotic effects, proinflammatory effects, and induction of oxidative stress, promot-
ing the development of endothelial dysfunction and atherogenesis. Data from large-scale
clinical trials and real-world studies, as well as meta-research evidence, confirm the pro-
posed association between hypoglycemia and adverse cardiovascular events in patients
with diabetes. Limited data are available with regard to the impact of hypoglycemia on
stroke risk and peripheral artery disease.

Whether the association between hypoglycemia and increased cardiovascular risk
is causal or due to confounding factors remains uncertain. Hypoglycemia can probably
trigger cardiovascular events in vulnerable patients who are at high cardiovascular risk
and may also interact with other risk factors. It is difficult to confirm causality due to the
observational nature of many studies and the inability to capture all hypoglycemic episodes,
which may be mild or asymptomatic. New drugs, such as sodium-glucose co-transporter
inhibitors and glucagon-like peptide-1 receptor agonists that do not cause hypoglycemia
and are associated with cardiovascular benefits, are available for the management of T2D.
The use of new technologies, including CGM devices and insulin pumps, is beneficial in
reducing hypoglycemia in T1D. It is also important for clinicians to recognize patients
at high risk of hypoglycemia, IAH and those at increased cardiovascular risk during
hypoglycemia. In any case, appropriate and individualized glycemic goals and continuous
education of patients with diabetes on dietary modification, exercise management, glucose
monitoring and medication adjustment are needed to effectively prevent, recognize and
treat hypoglycemia.

Author Contributions: Conceptualization, M.A.C. and S.T.; methodology, M.A.C.; software, M.A.C.
and C.K; validation, M.A.C., G.A.C. and S.T.; formal analysis, M.A.C.; investigation, M.A.C., PA.C.
and G.A.C,; resources, M.A.C. and P.A.C.; data curation, M.A.C. and S.T.; writing—original draft
preparation, M.A.C., PA.C. and C.K,; and writing—review and editing, S.T.; visualization, C.K;
supervision, S.T.; project administration, M.A.C. and S.T. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included in this
published article. Anonymized data will be shared by request from any qualified investigator.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

aPTT: activated partial thromboplastin time; CD40: cluster of differentiation 40; CGM: continuous
glucose monitoring; CI: confidence interval; CRP: C-reactive protein; CV: cardiovascular; CVD: car-
diovascular disease; DBP: diastolic blood pressure; ECG: electrocardiogram; EF: ejection fraction; GKI:
glucose potassium insulin; HAAF: hypoglycemia associated autonomic failure; HR: heart rate; IAH:
impaired awareness of hypoglycemia; ICAM: intercellular adhesion molecule; IL: interleukin; OR: odds
ratio; PAD: peripheral artery disease; PAI: plasminogen activator inhibitor; ROS: reactive oxygen species;
SBP: systolic blood pressure; sCD40L: soluble cluster of differentiation 40 ligand; T1D: type 1 diabetes;
T2D: type 2 diabetes; TNFo: tumor necrosis factor-alpha; tPA: tissue plasminogen activator; VCAM:
vascular cell adhesion molecule; VEGF: vascular endothelial growth factor; vWF: von Willebrand factor.



Int. . Mol. Sci. 2023, 24, 9357 11 0f 14

References

1. ElSayed, N.A.; Aleppo, G.; Aroda, V.R.; Bannuru, R.R.; Brown, EM.; Bruemmer, D.; Collins, B.S.; Hilliard, M.E.; Isaacs, D.; Johnson,
E.L,; etal. 6. Glycemic Targets: Standards of Care in Diabetes-2023. Diabetes Care 2023, 46, S97-5110. [CrossRef] [PubMed]

2. ElSayed, N.A.; Aleppo, G.; Aroda, V.R.; Bannuru, R.R.; Brown, EM.; Bruemmer, D.; Collins, B.S.; Cusi, K.; Hilliard, M.E.; Isaacs,
D.; et al. 4. Comprehensive Medical Evaluation and Assessment of Comorbidities: Standards of Care in Diabetes-2023. Diabetes
Care 2023, 46, S49-567. [CrossRef] [PubMed]

3. Cryer, PE. The Barrier of Hypoglycemia in Diabetes. Diabetes 2008, 57, 3169-3176. [CrossRef] [PubMed]

4. UK Hypoglycaemia Study Group. Risk of Hypoglycaemia in Types 1 and 2 Diabetes: Effects of Treatment Modalities and Their
Duration. Diabetologia 2007, 50, 1140-1147. [CrossRef] [PubMed]

5. Frier, B.M. Hypoglycaemia in Diabetes Mellitus: Epidemiology and Clinical Implications. Nat. Rev. Endocrinol. 2014, 10, 711-722.
[CrossRef] [PubMed]

6.  Henriksen, M.M.; Andersen, H.U.; Thorsteinsson, B.; Pedersen-Bjergaard, U. Asymptomatic Hypoglycaemia in Type 1 Diabetes:
Incidence and Risk Factors. Diabet. Med. 2019, 36, 62-69. [CrossRef] [PubMed]

7.  Wild, D.; von Maltzahn, R.; Brohan, E.; Christensen, T.; Clauson, P.; Gonder-Frederick, L. A Critical Review of the Literature on
Fear of Hypoglycemia in Diabetes: Implications for Diabetes Management and Patient Education. Patient Educ. Couns. 2007, 68,
10-15. [CrossRef] [PubMed]

8. McCrimmon, R.J.; Frier, B.M.; Deary, I.]. Appraisal of Mood and Personality during Hypoglycaemia in Human Subjects. Physiol.
Behav. 1999, 67, 27-33. [CrossRef]

9. Evans Kreider, K.; Pereira, K.; Padilla, B.I. Practical Approaches to Diagnosing, Treating and Preventing Hypoglycemia in
Diabetes. Diabetes Ther. 2017, 8, 1427-1435. [CrossRef]

10. Tu, E.; Twigg, S.M.; Duflou, J.; Semsarian, C. Causes of Death in Young Australians with Type 1 Diabetes: A Review of Coronial
Postmortem Examinations. Med. J. Aust. 2008, 188, 699-702. [CrossRef]

11.  Morrish, N.J.; Wang, S.L.; Stevens, L.K.; Fuller, ].H.; Keen, H. Mortality and Causes of Death in the WHO Multinational Study of
Vascular Disease in Diabetes. Diabetologia 2001, 44 (Suppl. S2), S14-521. [CrossRef] [PubMed]

12.  Rana, O.A.; Byrne, C.D.; Greaves, K. Intensive Glucose Control and Hypoglycaemia: A New Cardiovascular Risk Factor? Heart
2014, 100, 21-27. [CrossRef] [PubMed]

13. Hanefeld, M.; Duetting, E.; Bramlage, P. Cardiac Implications of Hypoglycaemia in Patients with Diabetes—A Systematic Review.
Cardiovasc. Diabetol. 2013, 12, 135. [CrossRef] [PubMed]

14. Service, EJ. Hypoglycemic Disorders. N. Engl. . Med. 1995, 332, 1144-1152. [CrossRef] [PubMed]

15.  Yang, S.-W.; Park, K.-H.; Zhou, Y.-J. The Impact of Hypoglycemia on the Cardiovascular System: Physiology and Pathophysiology.
Angiology 2016, 67, 802-809. [CrossRef] [PubMed]

16. Impaired Awareness of Hypoglycaemia. Available online: https://onlinelibrary.wiley.com/doi/10.1002/9781118695432.ch6
(accessed on 7 April 2023).

17.  Dagogo-Jack, S.; Philip, E.; Cryer, M.D. Seminal Contributions to the Understanding of Hypoglycemia and Glucose Counterregu-
lation and the Discovery of HAAF (Cryer Syndrome). Diabetes Care 2015, 38, 2193-2199. [CrossRef]

18. Dagogo-Jack, S.E.; Craft, S.; Cryer, PE. Hypoglycemia-Associated Autonomic Failure in Insulin-Dependent Diabetes Mellitus. Re-
cent Antecedent Hypoglycemia Reduces Autonomic Responses to, Symptoms of, and Defense against Subsequent Hypoglycemia.
J. Clin. Investig. 1993, 91, 819-828. [CrossRef]

19. Fisher, BM.; Gillen, G.; Hepburn, D.A.; Dargie, H.].; Frier, B.M. Cardiac Responses to Acute Insulin-Induced Hypoglycemia in
Humans. Am. J. Physiol. 1990, 258, H1775-H1779. [CrossRef]

20. Hilsted, J.; Bonde-Petersen, F.; Norgaard, M.B.; Greniman, M.; Christensen, N.J.; Parving, H.H.; Suzuki, M. Haemodynamic
Changes in Insulin-Induced Hypoglycaemia in Normal Man. Diabetologia 1984, 26, 328-332. [CrossRef]

21. Sommerfield, A.J.; Wilkinson, I.B.; Webb, D.J.; Frier, B.M. Vessel Wall Stiffness in Type 1 Diabetes and the Central Hemodynamic
Effects of Acute Hypoglycemia. Am. J. Physiol. Endocrinol. Metab. 2007, 293, E1274-E1279. [CrossRef]

22.  Wright, R].; Frier, B.M. Vascular Disease and Diabetes: Is Hypoglycaemia an Aggravating Factor? Diabetes. Metab. Res. Rev. 2008,
24, 353-363. [CrossRef] [PubMed]

23.  Reno, C.M.; Daphna-lken, D.; Chen, Y.S.; VanderWeele, ].; Jethi, K.; Fisher, S.J. Severe Hypoglycemia-Induced Lethal Cardiac
Arrhythmias Are Mediated by Sympathoadrenal Activation. Diabetes 2013, 62, 3570-3581. [CrossRef] [PubMed]

24. Reno, C.M.; VanderWeele, J.; Bayles, J.; Litvin, M.; Skinner, A.; Jordan, A.; Daphna-Iken, D.; Fisher, S.J. Severe Hypoglycemia-
Induced Fatal Cardiac Arrhythmias Are Augmented by Diabetes and Attenuated by Recurrent Hypoglycemia. Diabetes 2017, 66,
3091-3097. [CrossRef] [PubMed]

25. Lindstrom, T.; Jorfeldt, L.; Tegler, L.; Arnqvist, H.]. Hypoglycaemia and Cardiac Arrhythmias in Patients with Type 2 Diabetes
Mellitus. Diabet. Med. 1992, 9, 536-541. [CrossRef] [PubMed]

26. Koivikko, M.L.; Karsikas, M.; Salmela, PI.; Tapanainen, J.S.; Ruokonen, A.; Seppénen, T.; Huikuri, H.V.; Perkiomaki, J.S. Effects of
Controlled Hypoglycaemia on Cardiac Repolarisation in Patients with Type 1 Diabetes. Diabetologia 2008, 51, 426—435. [CrossRef]

27. Robinson, R.T.C.E.; Harris, N.D; Ireland, R.H.; Lee, S.; Newman, C.; Heller, S.R. Mechanisms of Abnormal Cardiac Repolarization
during Insulin-Induced Hypoglycemia. Diabetes 2003, 52, 1469-1474. [CrossRef] [PubMed]

28. QT Interval Prolongation during Rapid Fall in Blood Glucose in Type I Diabetes. Available online: http://cinc.mit.edu/archives/

2007 /pdf/0345.pdf (accessed on 7 April 2023).


https://doi.org/10.2337/dc23-S006
https://www.ncbi.nlm.nih.gov/pubmed/36507646
https://doi.org/10.2337/dc23-S004
https://www.ncbi.nlm.nih.gov/pubmed/36507651
https://doi.org/10.2337/db08-1084
https://www.ncbi.nlm.nih.gov/pubmed/19033403
https://doi.org/10.1007/s00125-007-0599-y
https://www.ncbi.nlm.nih.gov/pubmed/17415551
https://doi.org/10.1038/nrendo.2014.170
https://www.ncbi.nlm.nih.gov/pubmed/25287289
https://doi.org/10.1111/dme.13848
https://www.ncbi.nlm.nih.gov/pubmed/30368899
https://doi.org/10.1016/j.pec.2007.05.003
https://www.ncbi.nlm.nih.gov/pubmed/17582726
https://doi.org/10.1016/S0031-9384(99)00035-9
https://doi.org/10.1007/s13300-017-0325-9
https://doi.org/10.5694/j.1326-5377.2008.tb01849.x
https://doi.org/10.1007/PL00002934
https://www.ncbi.nlm.nih.gov/pubmed/11587045
https://doi.org/10.1136/heartjnl-2013-303871
https://www.ncbi.nlm.nih.gov/pubmed/23697655
https://doi.org/10.1186/1475-2840-12-135
https://www.ncbi.nlm.nih.gov/pubmed/24053606
https://doi.org/10.1056/NEJM199504273321707
https://www.ncbi.nlm.nih.gov/pubmed/7700289
https://doi.org/10.1177/0003319715623400
https://www.ncbi.nlm.nih.gov/pubmed/26685181
https://onlinelibrary.wiley.com/doi/10.1002/9781118695432.ch6
https://doi.org/10.2337/dc15-0533
https://doi.org/10.1172/JCI116302
https://doi.org/10.1152/ajpheart.1990.258.6.H1775
https://doi.org/10.1007/BF00266031
https://doi.org/10.1152/ajpendo.00114.2007
https://doi.org/10.1002/dmrr.865
https://www.ncbi.nlm.nih.gov/pubmed/18461635
https://doi.org/10.2337/db13-0216
https://www.ncbi.nlm.nih.gov/pubmed/23835337
https://doi.org/10.2337/db17-0306
https://www.ncbi.nlm.nih.gov/pubmed/28887311
https://doi.org/10.1111/j.1464-5491.1992.tb01834.x
https://www.ncbi.nlm.nih.gov/pubmed/1643801
https://doi.org/10.1007/s00125-007-0902-y
https://doi.org/10.2337/diabetes.52.6.1469
https://www.ncbi.nlm.nih.gov/pubmed/12765959
http://cinc.mit.edu/archives/2007/pdf/0345.pdf
http://cinc.mit.edu/archives/2007/pdf/0345.pdf

Int. . Mol. Sci. 2023, 24, 9357 12 of 14

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Lipponen, J.A.; Kemppainen, J.; Karjalainen, P.A.; Laitinen, T.; Mikola, H.; Kérki, T.; Tarvainen, M.P. Dynamic Estimation of
Cardiac Repolarization Characteristics during Hypoglycemia in Healthy and Diabetic Subjects. Physiol. Meas. 2011, 32, 649-660.
[CrossRef] [PubMed]

Al-Khatib, S.M.; LaPointe, N.M.A.; Kramer, ].M.; Califf, R.M. What Clinicians Should Know about the QT Interval. JAMA 2003,
289, 2120-2127. [CrossRef]

Cox, AJ.; Azeem, A.; Yeboah, |.; Soliman, E.Z.; Aggarwal, S.R.; Bertoni, A.G.; Carr, ].].; Freedman, B.I.; Herrington, D.M.; Bowden,
D.W. Heart Rate-Corrected QT Interval Is an Independent Predictor of All-Cause and Cardiovascular Mortality in Individuals
with Type 2 Diabetes: The Diabetes Heart Study. Diabetes Care 2014, 37, 1454-1461. [CrossRef]

Rossing, P.; Breum, L.; Major-Pedersen, A.; Sato, A.; Winding, H.; Pietersen, A.; Kastrup, J.; Parving, H.H. Prolonged QTc Interval
Predicts Mortality in Patients with Type 1 Diabetes Mellitus. Diabet. Med. 2001, 18, 199-205. [CrossRef]

Soydan, N.; Bretzel, R.G.; Fischer, B.; Wagenlehner, F; Pilatz, A.; Linn, T. Reduced Capacity of Heart Rate Regulation in Response
to Mild Hypoglycemia Induced by Glibenclamide and Physical Exercise in Type 2 Diabetes. Metabolism 2013, 62, 717-724.
[CrossRef] [PubMed]

Frier, B.M.; Schernthaner, G.; Heller, S.R. Hypoglycemia and Cardiovascular Risks. Diabetes Care 2011, 34 (Suppl. S2), S132-5137.
[CrossRef] [PubMed]

Lee, S.P; Yeoh, L.; Harris, N.D.; Davies, C.M.; Robinson, R.T.; Leathard, A.; Newman, C.; Macdonald, I.A.; Heller, S.R. Influence
of Autonomic Neuropathy on QTc Interval Lengthening during Hypoglycemia in Type 1 Diabetes. Diabetes 2004, 53, 1535-1542.
[CrossRef]

Tu, E.; Bagnall, R.D.; Duflou, J.; Lynch, M.; Twigg, S.M.; Semsarian, C. Post-Mortem Pathologic and Genetic Studies in “Dead in
Bed Syndrome” Cases in Type 1 Diabetes Mellitus. Hum. Pathol. 2010, 41, 392-400. [CrossRef] [PubMed]

Jones, TW.; Porter, P.; Sherwin, R.S.; Davis, E.A.; O’Leary, P.; Frazer, F; Byrne, G.; Stick, S.; Tamborlane, W.V. Decreased
Epinephrine Responses to Hypoglycemia during Sleep. N. Engl. J. Med. 1998, 338, 1657-1662. [CrossRef] [PubMed]

Chow, E.; Bernjak, A.; Williams, S.; Fawdry, R.A.; Hibbert, S.; Freeman, J.; Sheridan, PJ.; Heller, S.R. Risk of Cardiac Arrhythmias
during Hypoglycemia in Patients with Type 2 Diabetes and Cardiovascular Risk. Diabetes 2014, 63, 1738-1747. [CrossRef]
[PubMed]

Trovati, M.; Anfossi, G.; Cavalot, F.; Vitali, S.; Massucco, P.; Mularoni, E.; Schinco, P.; Tamponi, G.; Emanuelli, G. Studies on
Mechanisms Involved in Hypoglycemia-Induced Platelet Activation. Diabetes 1986, 35, 818-825. [CrossRef] [PubMed]

Gajos, G.; Konieczynska, M.; Zalewski, J.; Undas, A. Low Fasting Glucose Is Associated with Enhanced Thrombin Generation and
Unfavorable Fibrin Clot Properties in Type 2 Diabetic Patients with High Cardiovascular Risk. Cardiovasc. Diabetol. 2015, 14, 44.
[CrossRef] [PubMed]

Fisher, B.M.; Quin, ].D.; Rumley, A.; Lennie, S.E.; Small, M.; MacCuish, A.C.; Lowe, G.D. Effects of Acute Insulin-Induced
Hypoglycaemia on Haemostasis, Fibrinolysis and Haemorheology in Insulin-Dependent Diabetic Patients and Control Subjects.
Clin. Sci. 1991, 80, 525-531. [CrossRef] [PubMed]

Dalsgaard-Nielsen, ].; Madsbad, S.; Hilsted, J. Changes in Platelet Function, Blood Coagulation and Fibrinolysis during Insulin-
Induced Hypoglycaemia in Juvenile Diabetics and Normal Subjects. Thromb. Haemost. 1982, 47, 254-258. [CrossRef]

Chow, E.; Igbal, A.; Walkinshaw, E.; Phoenix, F.; Macdonald, I. A ; Storey, R.E.; Ajjan, R.; Heller, S.R. Prolonged Prothrombotic
Effects of Antecedent Hypoglycemia in Individuals With Type 2 Diabetes. Diabetes Care 2018, 41, 2625-2633. [CrossRef]
Eyileten, C.; Wicik, Z.; Keshwani, D.; Aziz, F; Aberer, F.; Pferschy, PN.; Tripolt, N.J.; Sourij, C.; Prietl, B.; Priiller, E; et al. Alteration
of Circulating Platelet-Related and Diabetes-Related microRNAs in Individuals with Type 2 Diabetes Mellitus: A Stepwise
Hypoglycaemic Clamp Study. Cardiovasc. Diabetol. 2022, 21, 79. [CrossRef]

Razavi Nematollahi, L.; Kitabchi, A.E.; Stentz, EB.; Wan, ].Y.; Larijani, B.A.; Tehrani, M.M.; Gozashti, M.H.; Omidfar, K.; Taheri,
E. Proinflammatory Cytokines in Response to Insulin-Induced Hypoglycemic Stress in Healthy Subjects. Metabolism 2009, 58,
443-448. [CrossRef] [PubMed]

Wright, R.J.; Newby, D.E.; Stirling, D.; Ludlam, C.A.; Macdonald, I.A.; Frier, B.M. Effects of Acute Insulin-Induced Hypoglycemia
on Indices of Inflammation: Putative Mechanism for Aggravating Vascular Disease in Diabetes. Diabetes Care 2010, 33, 1591-1597.
[CrossRef] [PubMed]

Gogitidze Joy, N.; Hedrington, M.S.; Briscoe, V.J.; Tate, D.B.; Ertl, A.C.; Davis, S.N. Effects of Acute Hypoglycemia on Inflammatory
and pro-Atherothrombotic Biomarkers in Individuals with Type 1 Diabetes and Healthy Individuals. Diabetes Care 2010, 33,
1529-1535. [CrossRef] [PubMed]

Ratter, ].M.; Rooijackers, HM.M.; Tack, C.]J.; Hijmans, A.G.M.; Netea, M.G.; de Galan, B.E.; Stienstra, R. Proinflammatory Effects
of Hypoglycemia in Humans With or Without Diabetes. Diabetes 2017, 66, 1052-1061. [CrossRef] [PubMed]

Verhulst, C.E.M.; van Heck, J.I.P.; Fabricius, T.W.; Stienstra, R.; Teerenstra, S.; McCrimmon, R.J.; Tack, C.].; Pedersen-Bjergaard,
U.; de Galan, B.E. Sustained Proinflammatory Effects of Hypoglycemia in People with Type 2 Diabetes and in People without
Diabetes. Diabetes 2022, 71, 2716-2727. [CrossRef]

Ceriello, A.; Novials, A.; Ortega, E.; Pujadas, G.; La Sala, L.; Testa, R.; Bonfigli, A.R.; Genovese, S. Hyperglycemia Following
Recovery from Hypoglycemia Worsens Endothelial Damage and Thrombosis Activation in Type 1 Diabetes and in Healthy
Controls. Nutr. Metab. Cardiovasc. Dis. 2014, 24, 116-123. [CrossRef] [PubMed]


https://doi.org/10.1088/0967-3334/32/6/003
https://www.ncbi.nlm.nih.gov/pubmed/21508439
https://doi.org/10.1001/jama.289.16.2120
https://doi.org/10.2337/dc13-1257
https://doi.org/10.1046/j.1464-5491.2001.00446.x
https://doi.org/10.1016/j.metabol.2012.12.003
https://www.ncbi.nlm.nih.gov/pubmed/23318051
https://doi.org/10.2337/dc11-s220
https://www.ncbi.nlm.nih.gov/pubmed/21525444
https://doi.org/10.2337/diabetes.53.6.1535
https://doi.org/10.1016/j.humpath.2009.08.020
https://www.ncbi.nlm.nih.gov/pubmed/20004937
https://doi.org/10.1056/NEJM199806043382303
https://www.ncbi.nlm.nih.gov/pubmed/9614256
https://doi.org/10.2337/db13-0468
https://www.ncbi.nlm.nih.gov/pubmed/24757202
https://doi.org/10.2337/diab.35.7.818
https://www.ncbi.nlm.nih.gov/pubmed/2941327
https://doi.org/10.1186/s12933-015-0207-2
https://www.ncbi.nlm.nih.gov/pubmed/25928628
https://doi.org/10.1042/cs0800525
https://www.ncbi.nlm.nih.gov/pubmed/1851695
https://doi.org/10.1055/s-0038-1657180
https://doi.org/10.2337/dc18-0050
https://doi.org/10.1186/s12933-022-01517-5
https://doi.org/10.1016/j.metabol.2008.10.018
https://www.ncbi.nlm.nih.gov/pubmed/19303962
https://doi.org/10.2337/dc10-0013
https://www.ncbi.nlm.nih.gov/pubmed/20587725
https://doi.org/10.2337/dc09-0354
https://www.ncbi.nlm.nih.gov/pubmed/20587723
https://doi.org/10.2337/db16-1091
https://www.ncbi.nlm.nih.gov/pubmed/28115398
https://doi.org/10.2337/db22-0246
https://doi.org/10.1016/j.numecd.2013.05.003
https://www.ncbi.nlm.nih.gov/pubmed/24094827

Int. . Mol. Sci. 2023, 24, 9357 13 of 14

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Ceriello, A.; Novials, A.; Ortega, E.; La Sala, L.; Pujadas, G.; Testa, R.; Bonfigli, A.R.; Esposito, K.; Giugliano, D. Evidence
That Hyperglycemia after Recovery from Hypoglycemia Worsens Endothelial Function and Increases Oxidative Stress and
Inflammation in Healthy Control Subjects and Subjects with Type 1 Diabetes. Diabetes 2012, 61, 2993-2997. [CrossRef]

Verma, S.; Anderson, T.J. Fundamentals of Endothelial Function for the Clinical Cardiologist. Circulation 2002, 105, 546-549.
[CrossRef] [PubMed]

Wright, R.J.; Macleod, K.M.; Perros, P; Johnston, N.; Webb, D.].; Frier, B.M. Plasma Endothelin Response to Acute Hypoglycaemia
in Adults with Type 1 Diabetes. Diabet. Med. 2007, 24, 1039-1042. [CrossRef] [PubMed]

Dagher, Z.; Ruderman, N.; Tornheim, K.; Ido, Y. Acute Regulation of Fatty Acid Oxidation and Amp-Activated Protein Kinase in
Human Umbilical Vein Endothelial Cells. Circ. Res. 2001, 88, 1276-1282. [CrossRef] [PubMed]

Cardoso, S.; Santos, R.X.; Correia, S.C.; Carvalho, C.; Santos, M.S.; Baldeiras, 1.; Oliveira, C.R.; Moreira, PI. Insulin-Induced
Recurrent Hypoglycemia Exacerbates Diabetic Brain Mitochondrial Dysfunction and Oxidative Imbalance. Neurobiol. Dis. 2013,
49, 1-12. [CrossRef] [PubMed]

Singh, P.; Jain, A.; Kaur, G. Impact of Hypoglycemia and Diabetes on CNS: Correlation of Mitochondrial Oxidative Stress with
DNA Damage. Mol. Cell. Biochem. 2004, 260, 153-159. [CrossRef] [PubMed]

Dewan, N.; Shukla, V.; Rehni, A K.; Koronowski, K.B.; Klingbeil, K.D.; Stradecki-Cohan, H.; Garrett, T.J.; Rundek, T.; Perez-Pinzon,
M.A.; Dave, K.R. Exposure to Recurrent Hypoglycemia Alters Hippocampal Metabolism in Treated Streptozotocin-Induced
Diabetic Rats. CNS Neurosci. Ther. 2020, 26, 126-135. [CrossRef] [PubMed]

Shukla, V.; Fuchs, P.; Liu, A.; Cohan, C.H.; Dong, C.; Wright, C.B.; Perez-Pinzon, M.A_; Dave, K.R. Recurrent Hypoglycemia
Exacerbates Cerebral Ischemic Damage in Diabetic Rats via Enhanced Post-Ischemic Mitochondrial Dysfunction. Transl. Stroke
Res. 2019, 10, 78-90. [CrossRef]

Rooijackers, HM.M.; Wiegers, E.C.; Tack, C.J.; van der Graaf, M.; de Galan, B.E. Brain Glucose Metabolism during Hypoglycemia
in Type 1 Diabetes: Insights from Functional and Metabolic Neuroimaging Studies. Cell. Mol. Life Sci. 2016, 73, 705-722.
[CrossRef]

Davignon, J.; Ganz, P. Role of Endothelial Dysfunction in Atherosclerosis. Circulation 2004, 109, I1127-1I132. [CrossRef] [PubMed]
Antoniou, S.; Naka, K.K.; Papadakis, M.; Bechlioulis, A.; Tsatsoulis, A.; Michalis, L.K.; Tigas, S. Effect of Glycemic Control on
Markers of Subclinical Atherosclerosis in Patients with Type 2 Diabetes Mellitus: A Review. World J. Diabetes 2021, 12, 1856-1874.
[CrossRef]

Adler, G.K,; Bonyhay, I.; Curren, V.; Waring, E.; Freeman, R. Hypoglycaemia Increases Aldosterone in a Dose-Dependent Fashion.
Diabet. Med. 2010, 27, 1250-1255. [CrossRef]

Giménez, M.; Gilabert, R.; Monteagudo, J.; Alonso, A.; Casamitjana, R.; Paré, C.; Conget, I. Repeated Episodes of Hypoglycemia
as a Potential Aggravating Factor for Preclinical Atherosclerosis in Subjects with Type 1 Diabetes. Diabetes Care 2011, 34, 198-203.
[CrossRef] [PubMed]

Diabetes Control and Complications Trial Research Group; Nathan, D.M.; Genuth, S.; Lachin, J.; Cleary, P.; Crofford, O.; Davis,
M.; Rand, L.; Siebert, C. The Effect of Intensive Treatment of Diabetes on the Development and Progression of Long-Term
Complications in Insulin-Dependent Diabetes Mellitus. N. Engl. |. Med. 1993, 329, 977-986. [PubMed]

Nathan, D.M.; Cleary, P.A.; Backlund, J.-Y.C.; Genuth, S.M.; Lachin, ].M.; Orchard, T.J.; Raskin, P.; Zinman, B. Diabetes Control
and Complications Trial/Epidemiology of Diabetes Interventions and Complications (DCCT/EDIC) Study Research Group
Intensive Diabetes Treatment and Cardiovascular Disease in Patients with Type 1 Diabetes. N. Engl. ]. Med. 2005, 353, 2643-2653.
[PubMed]

UK Prospective Diabetes Study (UKPDS) Group. Intensive Blood-Glucose Control with Sulphonylureas or Insulin Compared
with Conventional Treatment and Risk of Complications in Patients with Type 2 Diabetes (UKPDS 33). Lancet 1998, 352, 837-853.
[CrossRef]

Holman, R.R.; Paul, S.K.; Bethel, M.A.; Matthews, D.R.; Neil, H.A.W. 10-Year Follow-up of Intensive Glucose Control in Type 2
Diabetes. N. Engl. |. Med. 2008, 359, 1577-1589. [CrossRef] [PubMed]

Action to Control Cardiovascular Risk in Diabetes Study Group; Gerstein, H.C.; Miller, M.E.; Byington, R.P,; Goff, D.C,, Jr.; Bigger,
J.T.; Buse, ].B.; Cushman, W.C.; Genuth, S.; Ismail-Beigi, F; et al. Effects of Intensive Glucose Lowering in Type 2 Diabetes. N.
Engl. ]. Med. 2008, 358, 2545-2559. [PubMed]

Bonds, D.E.; Miller, M.E.; Bergenstal, R.M.; Buse, ].B.; Byington, R.P.; Cutler, J.A.; Dudl, R].; Ismail-Beigi, F.; Kimel, A.R.; Hoogwerf,
B.; et al. The Association between Symptomatic, Severe Hypoglycaemia and Mortality in Type 2 Diabetes: Retrospective
Epidemiological Analysis of the ACCORD Study. BMJ 2010, 340, b4909. [CrossRef] [PubMed]

Riddle, M.C.; Ambrosius, W.T.; Brillon, D.J.; Buse, ].B.; Byington, R.P.; Cohen, R.M.; Goff, D.C., Jr.; Malozowski, S.; Margolis, K.L.;
Probstfield, J.L.; et al. Epidemiologic Relationships between A1C and All-Cause Mortality during a Median 3.4-Year Follow-up of
Glycemic Treatment in the ACCORD Trial. Diabetes Care 2010, 33, 983-990. [CrossRef]

ADVANCE Collaborative Group; Patel, A.; MacMahon, S.; Chalmers, J.; Neal, B.; Billot, L.; Woodward, M.; Marre, M.; Cooper, M.;
Glasziou, P; et al. Intensive Blood Glucose Control and Vascular Outcomes in Patients with Type 2 Diabetes. N. Engl. J. Med.
2008, 358, 2560-2572.

Zoungas, S.; Chalmers, J.; Neal, B.; Billot, L.; Li, Q.; Hirakawa, Y.; Arima, H.; Monaghan, H.; Joshi, R.; Colagiuri, S.; et al.
Follow-up of Blood-Pressure Lowering and Glucose Control in Type 2 Diabetes. N. Engl. ]. Med. 2014, 371, 1392-1406. [CrossRef]


https://doi.org/10.2337/db12-0224
https://doi.org/10.1161/hc0502.104540
https://www.ncbi.nlm.nih.gov/pubmed/11827916
https://doi.org/10.1111/j.1464-5491.2007.02199.x
https://www.ncbi.nlm.nih.gov/pubmed/17559427
https://doi.org/10.1161/hh1201.092998
https://www.ncbi.nlm.nih.gov/pubmed/11420304
https://doi.org/10.1016/j.nbd.2012.08.008
https://www.ncbi.nlm.nih.gov/pubmed/22940631
https://doi.org/10.1023/B:MCBI.0000026067.08356.13
https://www.ncbi.nlm.nih.gov/pubmed/15228097
https://doi.org/10.1111/cns.13186
https://www.ncbi.nlm.nih.gov/pubmed/31282100
https://doi.org/10.1007/s12975-018-0622-2
https://doi.org/10.1007/s00018-015-2079-8
https://doi.org/10.1161/01.CIR.0000131515.03336.f8
https://www.ncbi.nlm.nih.gov/pubmed/15198963
https://doi.org/10.4239/wjd.v12.i11.1856
https://doi.org/10.1111/j.1464-5491.2010.03087.x
https://doi.org/10.2337/dc10-1371
https://www.ncbi.nlm.nih.gov/pubmed/20929996
https://www.ncbi.nlm.nih.gov/pubmed/8366922
https://www.ncbi.nlm.nih.gov/pubmed/16371630
https://doi.org/10.1016/S0140-6736(98)07019-6
https://doi.org/10.1056/NEJMoa0806470
https://www.ncbi.nlm.nih.gov/pubmed/18784090
https://www.ncbi.nlm.nih.gov/pubmed/18539917
https://doi.org/10.1136/bmj.b4909
https://www.ncbi.nlm.nih.gov/pubmed/20061358
https://doi.org/10.2337/dc09-1278
https://doi.org/10.1056/NEJMoa1407963

Int. . Mol. Sci. 2023, 24, 9357 14 of 14

73.

74.

75.

76.

77.

78.
79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Duckworth, W.; Abraira, C.; Moritz, T,; Reda, D.; Emanuele, N.; Reaven, P.D.; Zieve, E]J.; Marks, J.; Davis, S.N.; Hayward, R.; et al.
Glucose Control and Vascular Complications in Veterans with Type 2 Diabetes. N. Engl. ]. Med. 2009, 360, 129-139. [CrossRef]
[PubMed]

ORIGIN Trial Investigators; Gerstein, H.C.; Bosch, J.; Dagenais, G.R.; Diaz, R.; Jung, H.; Maggioni, A.P,; Pogue, J.; Probstfield,
J.; Ramachandran, A.; et al. Basal Insulin and Cardiovascular and Other Outcomes in Dysglycemia. N. Engl. |. Med. 2012, 367,
319-328. [PubMed]

Novodvorsky, P.; Bernjak, A.; Chow, E.; Igbal, A.; Sellors, L.; Williams, S.; Fawdry, R.A.; Parekh, B.; Jacques, R-M.; Marques,
J.L.B.; et al. Diurnal Differences in Risk of Cardiac Arrhythmias during Spontaneous Hypoglycemia in Young People with Type 1
Diabetes. Diabetes Care 2017, 40, 655-662. [CrossRef] [PubMed]

Stahn, A ; Pistrosch, E; Ganz, X.; Teige, M.; Koehler, C.; Bornstein, S.; Hanefeld, M. Relationship between Hypoglycemic Episodes
and Ventricular Arrhythmias in Patients with Type 2 Diabetes and Cardiovascular Diseases: Silent Hypoglycemias and Silent
Arrhythmias. Diabetes Care 2014, 37, 516-520. [CrossRef] [PubMed]

Desouza, C.; Salazar, H.; Cheong, B.; Murgo, J.; Fonseca, V. Association of Hypoglycemia and Cardiac Ischemia: A Study Based
on Continuous Monitoring. Diabetes Care 2003, 26, 1485-1489. [CrossRef] [PubMed]

Tattersall, R.B.; Gill, G.V. Unexplained Deaths of Type 1 Diabetic Patients. Diabet. Med. 1991, 8, 49-58. [CrossRef]

Secrest, A.M.; Becker, D.].; Kelsey, S.F; Laporte, R.E.; Orchard, T.J. Characterizing Sudden Death and Dead-in-Bed Syndrome in
Type 1 Diabetes: Analysis from Two Childhood-Onset Type 1 Diabetes Registries. Diabet. Med. 2011, 28, 293-300. [CrossRef]
Shirayama, H.; Ohshiro, Y.; Kinjo, Y.; Taira, S.; Teruya, I.; Nakachi, K.; Tawata, M.; Takasu, N. Acute Brain Injury in Hypoglycaemia-
Induced Hemiplegia. Diabet. Med. 2004, 21, 623-624. [CrossRef]

Bottcher, J.; Kunze, A.; Kurrat, C.; Schmidt, P.; Hagemann, G.; Witte, O.W.; Kaiser, W.A. Localized Reversible Reduction of
Apparent Diffusion Coefficient in Transient Hypoglycemia-Induced Hemiparesis. Stroke 2005, 36, e20—e22. [CrossRef]

ORIGIN Trial Investigators; Mellbin, L.G.; Rydén, L.; Riddle, M.C.; Probstfield, J.; Rosenstock, J.; Diaz, R.; Yusuf, S.; Gerstein,
H.C. Does Hypoglycaemia Increase the Risk of Cardiovascular Events? A Report from the ORIGIN Trial. Eur. Heart ]. 2013, 34,
3137-3144. [PubMed]

Rosso, C.; Corvol, J.-C.; Pires, C.; Crozier, S.; Attal, Y.; Jacqueminet, S.; Deltour, S.; Multlu, G.; Leger, A.; Meresse, L; et al. Intensive
versus Subcutaneous Insulin in Patients with Hyperacute Stroke: Results from the Randomized INSULINFARCT Trial. Stroke
2012, 43, 2343-2349. [CrossRef] [PubMed]

McCormick, M.; Hadley, D.; McLean, J.R.; Macfarlane, J.A.; Condon, B.; Muir, K.W. Randomized, Controlled Trial of Insulin for
Acute Poststroke Hyperglycemia. Ann. Neurol. 2010, 67, 570-578. [PubMed]

Naidech, A.M.; Levasseur, K; Liebling, S.; Garg, R.K.; Shapiro, M.; Ault, M.L.; Afifi, S.; Batjer, H.H. Moderate Hypoglycemia Is
Associated with Vasospasm, Cerebral Infarction, and 3-Month Disability after Subarachnoid Hemorrhage. Neurocrit. Care 2010,
12,181-187. [CrossRef]

Lee, AK,; Warren, B,; Lee, C.J.; McEvoy, ] W.; Matsushita, K.; Huang, E.S.; Sharrett, A.R.; Coresh, J.; Selvin, E. The Association of
Severe Hypoglycemia With Incident Cardiovascular Events and Mortality in Adults With Type 2 Diabetes. Diabetes Care 2018, 41,
104-111. [CrossRef] [PubMed]

Li, Y; Mu, Y, Ji, Q.; Huang, Q.; Kuang, H.; Ji, L.; Yang, X. Hypoglycaemia, Abnormal Lipids, and Cardiovascular Disease among
Chinese with Type 2 Diabetes. Biomed Res. Int. 2015, 2015, 862896. [CrossRef] [PubMed]

Tschope, D.; Bramlage, P; Binz, C.; Krekler, M.; Deeg, E.; Gitt, A.K. Incidence and Predictors of Hypoglycaemia in Type 2
Diabetes—An Analysis of the Prospective DiaRegis Registry. BMC Endocr. Disord. 2012, 12, 23. [CrossRef] [PubMed]

Peled, S.; Pollack, R.; Elishoov, O.; Haze, A.; Cahn, A. Association of Inpatient Glucose Measurements With Amputations in
Patients Hospitalized With Acute Diabetic Foot. J. Clin. Endocrinol. Metab. 2019, 104, 5445-5452. [CrossRef]

Mattishent, K.; Loke, Y.K. Meta-Analysis: Association between Hypoglycaemia and Serious Adverse Events in Older Patients. J.
Diabetes Complicat. 2016, 30, 811-818. [CrossRef] [PubMed]

Goto, A.; Goto, M.; Terauchi, Y.; Yamaguchi, N.; Noda, M. Association Between Severe Hypoglycemia and Cardiovascular Disease
Risk in Japanese Patients With Type 2 Diabetes. J. Am. Heart Assoc. 2016, 5, e002875. [CrossRef]

Fitzpatrick, C.; Chatterjee, S.; Seidu, S.; Bodicoat, D.H.; Ng, G.A.; Davies, M.].; Khunti, K. Association of Hypoglycaemia and Risk
of Cardiac Arrhythmia in Patients with Diabetes Mellitus: A Systematic Review and Meta-Analysis. Diabetes Obes. Metab. 2018,
20, 2169-2178. [CrossRef] [PubMed]

Control Group; Turnbull, EM.; Abraira, C.; Anderson, R.J.; Byington, R.P.; Chalmers, ].P.; Duckworth, W.C.; Evans, G.W.; Gerstein,
H.C.; Holman, R.R;; et al. Intensive Glucose Control and Macrovascular Outcomes in Type 2 Diabetes. Diabetologia 2009, 52,
2288-2298. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1056/NEJMoa0808431
https://www.ncbi.nlm.nih.gov/pubmed/19092145
https://www.ncbi.nlm.nih.gov/pubmed/22686416
https://doi.org/10.2337/dc16-2177
https://www.ncbi.nlm.nih.gov/pubmed/28213374
https://doi.org/10.2337/dc13-0600
https://www.ncbi.nlm.nih.gov/pubmed/24041680
https://doi.org/10.2337/diacare.26.5.1485
https://www.ncbi.nlm.nih.gov/pubmed/12716809
https://doi.org/10.1111/j.1464-5491.1991.tb01516.x
https://doi.org/10.1111/j.1464-5491.2010.03154.x
https://doi.org/10.1111/j.1464-5491.2004.01185.x
https://doi.org/10.1161/01.STR.0000155733.65215.c2
https://www.ncbi.nlm.nih.gov/pubmed/23999452
https://doi.org/10.1161/STROKEAHA.112.657122
https://www.ncbi.nlm.nih.gov/pubmed/22700528
https://www.ncbi.nlm.nih.gov/pubmed/20437554
https://doi.org/10.1007/s12028-009-9311-z
https://doi.org/10.2337/dc17-1669
https://www.ncbi.nlm.nih.gov/pubmed/29127240
https://doi.org/10.1155/2015/862896
https://www.ncbi.nlm.nih.gov/pubmed/26504840
https://doi.org/10.1186/1472-6823-12-23
https://www.ncbi.nlm.nih.gov/pubmed/23075070
https://doi.org/10.1210/jc.2019-00774
https://doi.org/10.1016/j.jdiacomp.2016.03.018
https://www.ncbi.nlm.nih.gov/pubmed/27083445
https://doi.org/10.1161/JAHA.115.002875
https://doi.org/10.1111/dom.13348
https://www.ncbi.nlm.nih.gov/pubmed/29740922
https://doi.org/10.1007/s00125-009-1470-0
https://www.ncbi.nlm.nih.gov/pubmed/19655124

	Introduction 
	Hormonal Responses to Hypoglycemia and Impaired Hypoglycemia Awareness in Diabetes 
	Pathophysiologic Mechanisms Linking Hypoglycemia to Increased Cardiovascular Risk 
	Haemodynamic Changes and Myocardial Ischemia 
	Abnormal Cardiac Repolarization and Cardiac Arrhythmias 
	Prothrombotic Effects 
	Proinflammatory Effects 
	Oxidative Stress 
	Alterations of Brain Glucose Metabolism 

	Data from Clinical Trials and Real-World Studies 
	Clinical Trials Exploring the Effects of Intensive Glucose-Lowering Therapy 
	Studies with Concomitant CGM and ECG Monitoring 
	‘Dead in Bed’ Syndrome 
	Studies on Cerebral Ischemia and Stroke 
	Studies on Peripheral Artery Disease 
	Meta-Research Data 

	Conclusions 
	References

