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Abstract

Disorders in glucose metabolism can be divided into three separate but
interrelated domains, namely hyperglycemia, hypoglycemia, and glycemic
variability. Intensive glycemic control in patients with diabetes might increase the
risk of hypoglycemic incidents and glucose fluctuations. These three dysglycemic
states occur not only amongst patients with diabetes, but are frequently present in
other clinical settings, such as during critically ill. A growing body of evidence
has focused on the relationships between these dysglycemic domains with cardiac
arrhythmias, including supraventricular arrhythmias (primarily atrial fibrillation),
ventricular arrhythmias (malignant ventricular arrhythmias and QT interval
prolongation), and bradyarrhythmias (bradycardia and heart block). Different
mechanisms by which these dysglycemic states might provoke cardiac arr-
hythmias have been identified in experimental studies. A customized glycemic
control strategy to minimize the risk of hyperglycemia, hypoglycemia and glucose
variability is of the utmost importance in order to mitigate the risk of cardiac
arrhythmias.
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Core Tip: Different mechanisms by which these dysglycemic states might provoke cardiac arrhythmias have been identified
in experimental studies. A customized glycemic control strategy to minimize the risk of hyperglycemia, hypoglycemia and
glucose variability is of the utmost importance in order to mitigate the risk of cardiac arrhythmias.
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INTRODUCTION

Hyperglycemia, hypoglycemia, and glycemic variability (GV) represent three important domains of dysglycemia. Type 2
diabetes mellitus (T2DM) is a metabolic disease that is diagnosed mainly on the basis of sustained hyperglycemia, which
has been associated with a number of adverse health outcomes, such as coronary artery disease, stroke and cardiac
arrhythmias[1-3]. Epidemiologic studies have demonstrated that the incidence of many diabetic complications is directly
associated with the degree of hyperglycemia[l]. However, overcorrection of hyperglycemia may lead to episodes of
hypoglycemia, then increasing the risk of fatal adverse events, and that has been observed in the Action to Control
Cardiovascular Risk in Diabetes (ACCORD) trial. The ACCORD study was terminated early due to the observation of
significant increased mortality in the intensive glycemic control group, and the majority of excess deaths in this group has
been attributed to either unexpected deaths or witnessed deaths due to arrhythmias[1]. Glycemic variability is an integral
component of glucose homoeostasis, which can represent the presence of excess glycemic excursions, namely the
hyperglycemic spikes and hypoglycemic incidents[4]. Increased GV has been linked to the development of cardiac
arrhythmias, including atrial fibrillation (AF) and ventricular tachy-arrhythmias[5,6]. High GV appears to exert more
detrimental effects than persistent hyperglycemia on the pathogenesis of diabetic complications[7,8], and has also been
associated with an increased risk of cardiac arrhythmias compared to those with good glycemic control[9]. Overall, each
of these three dysglycemic states has been associated with an increased risk of certain types of cardiac arrhythmias.
Therefore, in this review, we explore the epidemiology of three dysglycemic states and arrhythmias, identify potential
mechanisms, consider what additional research is required, and suggest how the issue might be approached in clinical
practice (Figure 1).

LITERATURES REVIEW

Literature search and study selection
This review focused on the associations between hyperglycemia, hypoglycemia, and GV with cardiac arrhythmias, which
was implemented within databases of PubMed and EMBASE, from April 1975 to November 2022. The literature search

”oou ”oou voou

was conducted using the following keywords: “hyperglycemia”, “hypoglycemia”, “glycemic variability”, “glucose

”ou ”oou ”oou ”oou

variability”, “glucose fluctuation”, “dysglycemia”, “diabetes”, “type 2 diabetes”, “type 1 diabetes”, “arrhythmia”,
“tachycardia”, “bradycardia”, “premature beat”, “ectopic”, “flutter”, “fibrillation”, “atrioventricular block”, “sudden
cardiac death”, and “QT prolongation”. Studies that focused on the associations between three dysglycemia domains
with cardiac arrhythmias were included in this review, without study design restriction. Duplicate records and studies
without full-text access were excluded. Two reviewers (D.S. and N.Z.) independently conducted the literature search and

study selection, and discrepancies were resolved by a third author (T.L.).

Definitions of dysglycemia domains

Hyperglycemia mainly includes impaired fasting blood glucose (IFG), impaired glucose tolerance (IGT), and overt
diabetes[10]. IFG was defined as a fasting plasma glucose (FPG) level between 110 mg/dL and 125 mg/dL, according to
the 2006 World Health Organization guidelines. IGT was defined as FPG < 126 mg/dL with 2-h plasma glucose after a 75-
g oral glucose challenge of 140-199 mg/dL. Patients with DM were defined as those with a history of physician-confirmed
diabetes or history of oral hypoglycemic agents or insulin use[10]. Hypoglycemia is defined as blood glucose concen-
tration less than 70 mg/dL[11,12]. Glycemic variability refers to intraday or daily blood glucose fluctuation, and months
or years of blood glucose fluctuation. At present, the definition of GV is very vague, and it is mainly measured by
indicators such as mean blood glucose and standard deviation, J index and coefficient of variation, postprandial
hyperglycemia and mean amplitude of glucose excursion[7].

LITERATURES RESULTS

A total of 1929 records were identified, after excluding duplicates (n = 509) and those irrelevant (n = 1296), 124 studies
were included in this review. An overview of studies included in this review is showed in Supplementary Tables 1-3.
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Figure 1 Graphic abstract. The association between dysglycemia and cardiac arrhythmias.

HYPERGLYCEMIA AND CARDIAC ARRHYTHMIAS

Chronic hyperglycemia is a hallmark and remains one of the most important pathophysiologic features of DM. Previous
studies have observed multiple types of cardiac arrhythmias in patients with diabetes, including supraventricular and
ventricular arrhythmias[2]. An overview of studies evaluating the association between hyperglycemia and cardiac
arrhythmias is provided in Supplementary Table 1.

Hyperglycemia and supraventricular arrhythmias

Studies have found that patients with diabetes are more likely to develop AF, atrial flutter, and paroxysmal
supraventricular tachycardia than those without diabetes[13,14]. Current researches on hyperglycemia and sup-
raventricular arrhythmias have mainly focused on the association between abnormal state of glucose metabolism,
including IFG, IGT, and DM, with the risk of AF[13,15,16].

Hyperglycemia and AF: Epidemiology of hyperglycemia-related AF: A cross-sectional study found a two-fold increased
risk of incident non-valvular AF amongst individuals with an elevated blood glucose levels compared to those with
normal glucose levels[17]. IFG has also been identified as a risk factor for AF in healthy Asian populations[15]. In patients
with IGT, FPG but not progression to diabetes is one of the predictors for AF, and a one mmol/L increase in baseline FPG
has been associated with a 33% increased risk of AF[16]. As for the overt DM, numerous studies have shown that diabetes
is associated with an increased risk of AF and has been considered a risk factor for AF in healthy individuals and hospit-
alized patients[13,18,19]. Diabetes is included in the CHA,DS,-VASc, CHARGE-AF, and MR DASH scores which have
been established to predict the chances of developing AF[20,21]. A relevant meta-analysis showed that the risk of AF was
34% higher in patients with DM than non-DM patients[22]. In addition, hyperglycemia is also associated with the
development of AF in some certain clinical settings. A retrospective cohort study with an average 11-year follow-up has
identified that fasting hyperglycemia was independently correlated with new-onset AF in patients with acute myocardial
infarction (AMI)[23]. Moreover, another retrospective analysis suggested that stress hyperglycemia is associated with an
increased prevalence of AF in AMI[24]. A prospective study has demonstrated that tighter glycemic control in diabetic
coronary artery bypass grafting (CABG) patients is associated with a lower incidence of perioperative AF[25].
Hyperglycemia or DM could not only increase the incidence of AF but also affect the prognosis of patients with AF.
Studies have shown a significant correlation between admitted blood glucose levels and increased mortality of hospit-
alized patients with AF[26]. Moreover, diabetes has been considered a significant predictor of ischemic stroke, major
bleeding, and heart failure in patients with non-valvular AF[27]. In AF patients with DM, a positive linear correlation has
been identified between glycated hemoglobin (HbAlc) levels with all-cause and cardiovascular mortality[28]. However, a
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previous study has reported that there was no significant association between diabetes and future hospitalization for AF
[29]. The different results may be related to population differences and different study designs. Overall, hyperglycemia
has a significant impact on the prognosis of AF, therefore, glycemic control should be paid more attention among patients
with AF.

Mechanisms of hyperglycemia-related AF: Electropathology is identified as the underlying cause of AF. Abnormal
electrical activity of pulmonary veins and non-pulmonary veins trigger foci is a significant mechanism of AF, which
causes electrical, structural and neural remodeling. Patients with AF and abnormal glucose metabolism have significantly
longer total activation times and lower atrial voltages in the left and right atrial than those without. Moreover, patients
with abnormal glucose metabolism are more likely to have greater chances of AF relapse after catheter ablation[30].
Therefore, as the main character of abnormal glucose metabolism, hyperglycemia may change the atrial substrate to some
extent, which increases the susceptibility to the occurrence and maintenance of AF[30].

Electrical remodeling: Accumulating evidence from basic studies has suggested that the effect of hyperglycemia on the
atrium was related to electrical remodeling[31]. Prolonged action potential duration (APD) and increased APD dispersion
(APDD) were observed in animal models of type 1 diabetes (T1DM), indicating increased susceptibility to AF and
difference of refractoriness in atrium[32,33]. Furthermore, the densities of Na* current (I,) were reduced and the densities
of L-type Ca* channel (I,,) were increased in the atrial of alloxan-induced diabetic rabbits[32]. In rat models of T2DM,
similar prolongation of APD and increased susceptibility to AF were observed[34,35]. However, atrial myocytes isolated
from Zucker diabetic fatty rats had decreased current densities of transient outward K* current (I,,), ultrafast delayed
rectifier K* current (I,,) and I, [34]. The different changes in densities of I, in these studies may be related to the type
of model[32,34]. Additionally, the ion channel protein (Kv4.3, Kv1.5 and Cav1.2) expression in HL-1 cells treated with
advanced glycation end products was significantly down-regulated, indicating that hyperglycemia can directly affect the
electrical remodeling of cardiomyocytes through alterations in ion channels[34].

Structural remodeling: Fibrosis is a major feature of the atrial structural remodeling[31]. A large body of studies have
demonstrated that hyperglycemia contributes to atrial interstitial fibrosis in animal models[32,34-36]. Transforming
growth factor beta 1, the main profibrotic cytokine, presented with an increased expression in the atrium of diabetic
rabbits[32]. It also has been shown that diabetic rats have significantly enlarged left atria[34,37]. Furthermore, Studies
have shown that mast cells could contribute to the development of AF by enhancing inflammation and fibrosis in diabetic
mice, and AF can be attenuated by the deletion of mast cells[38].

Neural remodeling: A prospective study has shown that there was a significant association between reduced heart rate
recovery and new-onset AF in patients with T2DM, suggesting that autonomic dysfunction may play an important role in
DM-related AF[39]. In a previous animal study, sympathetic nerve stimulation significantly increased the incidence of AF
in streptozotocin (STZ)-induced DM rats, while parasympathetic nerve stimulation increased the risk of AF both in the
DM rats and control rats[40]. Besides, both the stimulation of sympathetic nerve and parasympathetic nerve decreased
the atrial effective refractory period, and the former also increased atrial effective refractory period heterogeneity in DM
rats[40]. These alterations in the autonomic nervous system are likely to be associated with the increased incidence of AF
in diabetes.

Other mechanisms: Cellular researches have showed that hyperglycemia could induce endoplasmic reticulum stress in
atrial cardiomyocytes, in which mitofusin-2 (Mfn-2) plays a major role[41]. Mfn-2 downregulation was found to prevent
mitochondrial Ca* overload-mediated mitochondrial dysfunction and subsequent cardiomyocyte death[41].
Furthermore, clinical studies have found that the maximum ability to oxidize fatty acids and glutamate of myocardial
mitochondria is impaired, and mitochondrial H,O, release is increased in patients with T2DM. Disruption of myocardial
oxidative balance and mitochondrial metabolism may affect the normal function of the atrium[42], which may also
contribute to the development of AF (Figure 2).

Based on these mechanisms, some upstream therapies have been proposed to prevent the development of AF in
patients with diabetes. For example, the sodium glucose co-transporter-2 inhibitor (SGLT2i), empaglifozin, can ameliorate
atrial structural and electrical remodeling as well as improve mitochondrial function in T2DM animal models[43]. In
addition, Lee et al[44] have confirmed the benefit of SGLT2i in prevention of incident AF among T2DM patients,
compared with dipeptidyl peptidase-4 inhibitor (DDP-4i). These findings consistently suggested that SGLT2i may play an
important role in the prevention of T2DM-related AF. Apart from SGLT2i, thiazolidinedione[37,45] and allopurinol[36]
have also been demonstrated to have protective effects on prevention of incident AF in patients with diabetes. However,
a prior populationbased study has observed that sulphonylurea use was associated with a higher risk of incident AF
compared to metformin in T2DM patients, especially in males and those older than 65 years[46]. Future large-scale
studies are needed to optimize the prevention strategy of DM-related AF, especially in higher risk population.

Hyperglycemia and other supraventricular arrhythmias: Unlike AF, evidences regarding the association between
hyperglycemia and other supraventricular arrhythmias are less frequently reported. Agarwal ef al[2] have conducted a
cross-sectional study including 100 patients of T2DM, and found that sinus tachycardia is one of the common
arrhythmias in T2DM patients, with a prevalence of 32%. In addition, previous studies also suggested that the risk of
symptomatic paroxysmal supraventricular tachycardia[14] and atrial flutter[13] was higher among DM patients, in
relation to the non-DM population.

Hyperglycemia and ventricular arrhythmias: Hyperglycemia or diabetes has been associated with a higher risk of
ventricular arrhythmias and sudden cardiac death (SCD) in some studies. Besides, as a well-established marker for
ventricular arrhythmia, QT prolongation has also been observed in hyperglycemic settings[47-49].

Epidemiology of hyperglycemia-related ventricular arrhythmias
Ventricular tachycardia, ventricular fibrillation, and SCD: A retrospective study has shown that HbAlc levels are
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Figure 2 Mechanisms underlying the association between hyperglycemia and atrial fibrillation. APD: Action potential duration; APDD: Action
potential duration dispersion; PNS: Parasympathetic nerve stimulation; SNS: Sympathetic nerve stimulation.

associated with spontaneous ventricular tachycardia (VT) in high-risk male patients, independently of QT interval
duration[50]. Moreover, another study also suggested that hyperglycemia on admission was significantly associated with
early VT after myocardial infarction[51]. As for ventricular fibrillation (VF), Movahed et al. have observed that the
prevalence of VF in patients with T2DM was significantly increased after adjusting for potential confounders[52].
Additionally, in a prior prospective study conducted among women in the United States, diabetes significantly increased
the risk of SCD[53]. Another study also showed that the risk of sudden cardiac arrest was significantly reduced in DM
patients taking antidiabetic medications than those without, indicating that hyperglycemia may play an important role in
sudden cardiac arrest[54,55].

QT prolongation: Using The Third National Health and Nutrition Examination Surveys (NHANES III), Brown and
colleagues have found that there was a 1.2-fold increased risk of developing QTc prolongation in patients with IFG than
those with normal glucose tolerance (NGT)[56]. Meanwhile, patients with established diabetes experienced a 1.6-fold
increased risk of QTc prolongation than those with NGT[56]. Another cross-sectional study also suggested that mean
blood glucose level is an independent risk factor for QTc prolongation[57]. In addition to the observational studies
mentioned above, there are many experimental studies investigating the relationship between hyperglycemia and QT
interval. Through hyperglycemic clamp tests, studies have found that acute hyperglycemia increased the QTc interval in
healthy individuals and patients with TIDM[58,59]. Besides, hyperglycemia has also been associated with increased QTc
dispersion (QTd) among healthy individuals, which reflects the inhomogeneity of myocardial repolarization[58].
However, a prospective study (n = 26) failed to observe a significant change in QTc or QTd among patients with newly
diagnosed T2DM][60], which may be due to the small sample size, short follow-up duration and unknown confounding
factors.

Mechanisms of hyperglycemia-related ventricular arrhythmias: Alterations of ion channels: Studies have found that
diabetes prolongs cardiomyocyte APD, and changes in APD are mainly due to alterations in ion channels[61,62]. Meo et al
[61] have observed that hyperglycemia in STZ-treated mice was associated with prolongation of the QT interval,
enhanced temporal dispersion of electrical recovery, and susceptibility to ventricular arrhythmias, compared with
controls. According to Meo et al[61], the density of voltage-gated K* current (Kv) currents were decreased in STZ
myocytes, in comparison to cells from normoglycemic mice. In another study using diabetic rabbits model, the inhibition
of rapid delayed rectifier K* current (I,) was found to be a major ionic factor in APD prolongation[62]. However, in
diabetic rats model, researchers have suggested that the DM-related APD prolongation was mainly due to the reduction
in1,[63,64].

Compared with the control group, the density of Na* current in ventricular myocytes of diabetic rabbits and HEK-293
T cells exposed to high glucose was reduced[65,66]. Reduced I, amplitude also has been shown to be a key determinant
of diabetic ventricular conduction impairment[65]. Furthermore, studies on posttranslational modification have found
that hyperglycemia increases the O-GIcNAcylation of cardiac Nav1.5 expression, resulting in abnormal Nav1.5
expression and distribution, as well as alteration of QT interval[66]. Studies have shown conflicting results on the
alterations of I, in DM animal models[61,62,67]. Further research is needed to investigate the association between
hyperglycemia and alterations of cardiac calcium channels.

Connexins: As a component of gap junctions, play crucial roles in electrical coupling between cardiomyocytes and
affect myocardial electrical propagation velocity and coordinated contraction[68]. The connexin 43 (Cx43) isoform is
predomainantly expressed in ventricles. Researches in diabetic animal models have observed an association between
enhanced Cx43 phosphorylation mediated by e-PKC with a decrease in myocardial conduction velocity[69,70]. However,
other studies also suggested that hyperglycemia promotes the nitrification of Cx43 tyrosine rather than phosphorylation
[71]. Moreover, a study has shown that the content of total Cx43 increases in short-term diabetic rat hearts and does not
significantly change in long-term diabetic rat hearts, while others showed the opposite result[69,70,72]. This may be
related to the different modeling time and measurement methods.
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Oxidative stress: Oxidative stress is involved in hyperglycemia-related ventricular arrhythmias through multiple
pathways. The excess reactive oxygen species (ROS) induced by hyperglycemia in cardiomyocytes impaired the function
of the ion channel[73,74]. Previous studies have shown that hyperglycemia induces sarcoplasmic reticulum Ca** release
events and downregulates the functional expression of most K* channels through Calcium/calmodulin-dependent
protein kinase II (CaMKII) activation[75,76]. The properties of I, are also found to be altered by oxidative stress[77].
Oxidative modification of tyrosine-mediated signaling may play an important role in the mechanism of Cx43 alteration in
diabetes[71]. Additionally, glutathione oxidation enhances APD heterogeneity and increases the arrhythmia score index
in diabetic animal models[78].

Hormones: Hyperglycemia causes alterations in the levels of hormones in vivo, which are involved in the pathogenesis
of arrhythmias. A significant negative correlation was observed between serum-free thyroxine and glucose concentration
[79]. Thyroid hormone reduced the expression of e-PKC in non-diabetic rat hearts, resulting in the downregulation of
Cx43, which is related to increased myocardial conduction and arrhythmia susceptibility[69]. Moreover, it has been found
that reduction of the ventricular fibrillation threshold in diabetes is associated with altered sympathetic activity in
myocardium, and there was a significantly greater decline of ventricular fibrillation threshold in response to epinephrine
infusion in diabetic dogs[80].

Hyperglycemia and other arrhythmias

Studies have shown an increased incidence of cardiac conduction abnormalities in patients with diabetes[81]. Right
bundle branch block, bifascicular block and high degree atrioventricular block (AVB) are more likely to occur in diabetic
patients[81]. It has been found that T2DM is independently associated with third-degree AVB in multivariable model[82,
83]. In addition, the prevalence of diabetes in patients with pacemakers is six to ten times higher than the general
population due to severe bradycardiac arrhythmias[84].

Hypoglycemia and cardiac arrhythmias: Hypoglycemia is a frequent and feared adverse effect among individuals
treated with insulin and insulin secretagogue drugs. The average incidence of mild hypoglycemia is 1-2 episodes per
patient per week in TIDM and 0.3-0.7 episodes per patient per week in insulin-treated T2DM][85]. It has been reported
that the insulin-mediated hypoglycemic events account for approximately 100000 emergency department visits per year
in the United States[86]. A pivotal report by Tattersall et al[87] first presented evidence that hypoglycemia was implicated
in the sudden overnight death of young individuals with TIDM. This mode of death has been described as the dead-in-
bed syndrome since then, and thought to be caused by fatal hypoglycemia-induced arrhythmias during sleep. Generally,
hypoglycemia can affect cardiac repolarization and cardiac electrophysiology[88], inducing various types of arrhythmias,
which has been considered as a proarrhythmic event. Information about the studies regarding the association between
hypoglycemia and cardiac arrhythmias is presented in Supplementary Table 2.

Hypoglycemia and supraventricular arrhythmias: Several types of supraventricular arrhythmias have been observed
during hypoglycemia, including sinus tachycardia[89], atrial premature beats[90,91], AF[92-94], and non-paroxysmal
atrioventricular junctional tachycardia[95].

Hypoglycemia and AF: Hypoglycemia-induced AF was first reported in nondiabetic patients undergoing insulin shock
therapy for some psychiatric illnesses[96]. Several other case reports have also observed the epidodes of AF during
hypoglycemia in both diabetics and nondiabetics, which reverted to sinus rhythm after intravenous dextrose[93,97]. In a
recent prospective study, 21 insulin-treated T2DM patients were monitored with continuous glucose monitoring (mean *
SD, 118 d + 6 d) and an implantable cardiac monitor for a one-year follow-up. The researchers have found that the time
spent in hypoglycemia was higher during nighttime than daytime, and the AF accounted for 22% of episodes of
potentially clinically significant arrhythmias[92]. In another nationwide population-based Korean study, 1509280
participants with T2DM and free of baseline AF were included. After a mean follow-up of 8.5 years, the incidence of AF
was significantly higher in patients with severe hypoglycemia than those without, where the severe hypoglycemia was
defined as any hypoglycemic events requiring the assistance of another person to actively administer carbohydrates,
other corrective actions, hospitalization, or medical care. This study also observed that previous severe hypoglycemia was
a significant risk factor for the development of AF after adjusting for potential confounders[94]. The association between
hypoglycemia and AF is not limited to DM patients. Humos et al[98] have assessed the impact of hypoglycemia in
patients with ST-elevation myocardial infarction (STEMI) using the National Inpatient Sample database, and found that
the risk of AF was significantly higher in STEMI patients with in-hospital hypoglycemia, compared to those without
hypoglycemia.

These case reports and clinical studies suggest an association between hypoglycemia and AF. However, the animal
study exploring the underlying mechanism of hypoglycemia-induced AF is still scarce. Vardas et al[99] observed that the
incidence of induced AF, sustained AF (> 3 min), and the susceptibility to AF was significantly higher in the hypo-
glycemic group than the normoglycemic and hyperglycemic groups in ex vivo dog models. According to the Vardas et al
[99], the refractory period of the atrium was significantly shorter under hypoglycemia, which might be due to the
hypercatecholaminemia in hypoglycemic settings and then contribute to the profibrillatory electrophysiologic changes.
Future basic studies are needed to elucidate the mechanisms of hypoglycemia-induced AF.

Hypoglycemia and other supraventricular arrhythmias: Increased heart rate is usually an initial electrocardiographic
manifestation caused by hypoglycemia. In an interventional study where 119 individuals underwent experimentally-
induced hypoglycemia, the mean heart rate increased from 62.2 bpm # 9.6 bpm at baseline to 70.6 bpm + 11.7 bpm during
hypoglycemia, and recovered to baseline after oral ingestion of glucose[100]. Individuals may develop sinus tachycardia
if the hypoglycemia is not corrected promptly, as seen in an animal study[89]. Atrial premature beats is also one of the
common arrhythmias among patients with hypoglycemia, and has been reported to have a nearly fourfold higher risk
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during nocturnal hypoglycemia, compared with euglycemia[90]. There have been sporadic case reports of other
supraventricular arrhythmias. For example, Pezzarossa and colleagues have reported a case of a non-diabetic patient
presented with non-paroxysmal atrioventricular junctional tachycardia during postprandial hypoglycemia, and the sinus
rhythm was promptly restored with the correction of hypoglycemia[95].

Hypoglycemia and ventricular arrhythmias: Compared with supraventricular arrhythmias, much interest has been
focused on the potential for hypoglycemia to cause dangerous and life-threatening ventricular arrhythmias. The
hypoglycemia-induced ventricular arrhythmias and related electrophysiological events include ventricular premature
beats (VPBs)[90,91,101], QT prolongation[89,100-102], VT[103,104], VF[98], and SCD[1].

Epidemiology of ventricular arrhythmias during hypoglycemia: Hypoglycemia-induced VP°Bs have been observed both
in the spontaneous hypoglycemia[90] and experimentally-induced hypoglycemia settings[101], and among individuals
with TIDM[91], T2DM and non-diabetes[101]. Although being a less dangerous arrhythmia, more attention should be
paid to the occurrence of VBPs, especially in DM patients, which could facilitate the early identification of the onset of
hypoglycemia. Moreover, the presence of VPBs has been shown to be associated with a significantly increased risk of SCD
in middle-aged men[105].

QT prolongation: Consistent evidence from different types of studies have established that hypoglycemia could induce
QT prolongation. Profound hypoglycemia has been observed to cause significant QT prolongation in animal models[89,
102]. Corresponding to these basic experiments, hypoglycemia causes longer QT intervals in humans, irrespective of the
diabetes status. In an experimentally-induced hypoglycemic study, the insulin-treated T2DM patients and matched
controls underwent a sequential hyperglycemic and hypoglycemic clamp, both groups experienced progressively
increased QTc interval (corrected by Fridericia’s formula) prolongations during hypoglycemia[101]. In another interven-
tional study enrolling 119 individuals underwent routine insulin-induced hypoglycemia testing for clinically suspected
pituitary dysfunction, Kacheva et al[100]. observed that the QTc (Bazett's formula) increased from 415.1 ms * 21.9 ms at
baseline to 444.9 ms + 26.5 ms during hypoglycemia, accompanied by a significant increase of QT dispersion (QTd). In
addition, Fitzpatrick et al[106] also provided pooled evidence in their meta-analysis which supported the association
between hypoglycemia and QTc prolongation among patients with TIDM and T2DM. Besides the severity of
hypoglycemia, the time of onset also plays an important role in the development of QTc prolongation. Tsujimoto et al
[107] retrospectively assessed the ECG characteristics among patients presenting to the emergency department with
hypoglycemia, and found that the incidence of abnormal QT prolongation during severe hypoglycemia was significantly
higher in the night-time, particularly in the early morning. In addition, both the depth and duration of hypoglycemia
have been associated with the severity of QT prolongation[90,108].

It is well recognized that prolongation of the QT interval can lead to life-threatening arrhythmias such as torsades de
pointes (TdP). Thus, monitoring of the QT interval is critical in patients with hypoglycemia. Duration of the QT interval
naturally varies inversely with heart rate; hence, a corrected QT (QTc) that is adjusted for heart rate is most predictive of
proarrhythmic potential and has been widely used in clinical practice. However, key aspects of QTc monitoring lack
standardization in some clinical settings, including hypoglycemia[109]. In a previous study where 21 TIDM patients
underwent continuous glucose and ECG monitoring for 72 h, the researchers have confirmed previous findings of
prolonged QTc corrected by Bazett’s formula during spontaneous hypoglycemia, but not by Fridericia’s formula and the
nomogram method, which suggested that Bazett’s formula might result in overcorrection of QTc while both Fridericia’s
formula and the nomogram method might undercorrect the QTc during hypoglycemia[110]. Therefore, future studies are
needed to standardize QTc monitoring in hypoglecemia settings.

VT, VF, and SCD: A causal relationship between hypoglycemia and fatal arrhythmias is usually difficult to
demonstrate in clinical practice, since simultaneous monitoring of cardiac rhythm and blood glucose levels is seldom
undertaken, even in intensive-care settings[85]. Chelliah et al[103] have reported a case of a frail old man who developed
VT intraoperatively with a random blood glucose level of 2.9 mmol/L, which was aborted immediately on correction of
hypoglycemia. In another cohort study, 94 patients with T2DM and established cardiovascular disease underwent
concomitant continuous glucose monitoring and Holter monitoring for five days. It was found that patients experiencing
episodes of hypoglycemia had a significantly higher number of VT than those without[104]. Using the National Inpatient
Sample database, Humos et al[98] have observed a significantly higher risk of ventricular fibrillation (OR, 1.80; 95%CI,
1.41-2.30) and cardiogenic shock (OR, 1.72; 95%ClI, 1.39-2.13) among patients hospitalized with STEMI and complicated
with hypoglycemia, in relation to those without in-hospital hypoglycemia. In the ACCORD trial, the incidence of
hypoglycemia requiring assistance was over three times higher in the intensive control group. Furthermore, the intensive
glycemic control resulted in a significant increase in all-cause mortality, mainly driven by a 35% increase in
cardiovascular mortality compared with the standard therapy, which led to an early termination of the trial. The majority
of excess deaths in the intensive treatment group of ACCORD were caused by cardiac events, the most common of which
was unexpected, that is, sudden death[1].

Mechanisms of hypoglycemia-related ventricular arrhythmias: The mechanism of hypoglycemia-induced ventricular
arrhythmias is multifactorial, involving the inhibition of cardiac ion channel, altered levels of electrolytes (potassium) and
hormones (epinephrine and norepinephrine), and also related to the underlying diseases of the patient. First,
hypoglycemia itself inhibits the rapid component of the cardiac delayed rectifier K* current (IKr), which is one of the
main repolarizing K* channels in human myocytes and encoded by human ether-a-go-go-related gene (HERG)[74].
Blockade of the IKr leads to a longer action potential, then causes QT interval prolongation, which is recognized as a
marker of the propensity to develop early afterdepolarizations and VT[111]. Second, the development of hypokalemia
during hypoglycemia has been observed both in the basic study and clinical study[89,100]. Hypokalemia could prolong
the QT interval, and promote the development of calcium overload and associated electrical instability (early and delayed
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afterdepolarizations). Third, the catecholamine surge induced by hypoglycemia plays an important role in the
development of ventricular arrhythmias. Plasma epinephrine and norepinephrine significantly increased during severe
hypoglycemia[89,100], which may lower serum potassium[112], cause QT prolongation, calcium overload, early and
delayed afterdepolarizations[113]. Fourth, the underlying diseases, such as left ventricular hypertrophy, myocardial
infarction, autonomic neuropathy and diabetes, may reduce the tolerance of myocardial tissue for the further
proarrhythmic action of hypoglycemia, as described in a review by Nordin[113]. Fifth, both the clinical and experimental
evidence suggests that hypoglycemia can cause ischemia of myocardial tissue, which is known to be highly
proarrhythmic. Libby et al[114] have observed that the size of myocardial infarctions in dogs with hypoglycemia was
larger than those with normoglycemia. Consistently, Desouza et al[115] also confirmed that hypoglycemia is more likely
to be associated with cardiac ischemia and symptoms than normoglycemia and hyperglycemia in humans.

Hypoglycemia and other arrhythmias: Apart from tachyarrhythmias, bradyarrhythmias induced by hypoglycemia,
such as bradycardia and AVB, also have been observed in preclinical and clinical studies. In a previous study where 25
insulin-treated T2DM patients underwent 5 d of simultaneous Holter and continuous interstitial glucose monitoring, the
researchers found that bradycardia was eightfold higher during nocturnal hypoglycemia compared with euglycemia.
However, during the daytime, no bradycardia was observed in this study[90]. Other case reports have also noted
bradycardia during hypoglycemic episodes[116,117]. Bradycardia then could cause action potential and QT interval
prolongation, and increase the risk of early afterdepolarizations. According to the Reno et al[89], different types of AVB,
from first- to third- degree, have been observed during hypoglycemia in rat models.

Bradycardia is more likely to be induced by nocturnal hypoglycemia, which may be explained by sympathetic
withdrawal followed by vagal overcompensation. Chow et al[90] have observed an initial vagal withdrawal during
hypoglycemia resulting in an increase in heart rate, but with more prolonged hypoglycemia, vagal reactivation then
resulted in relative bradycardia.

GLYCEMIC VARIABILITY AND CARDIAC ARRHYTHMIAS

GV includes short-term variability and long-term variability in blood glucose[118]. Short-term GV refers to intraday or
daily blood glucose fluctuation, and long-term GV refers to months or years of blood glucose fluctuation, which is
supposed to predict complications of diabetes[119,120]. Currently, only a few studies have investigated the relationship
between GV and arrhythmias, which mainly focused on AF and QT prolongation. Information about the studies
regarding the association between the GV and cardiac arrhythmias is presented in Supplementary Table 3.

Glycemic variability and supraventricular arrhythmias

Glycemic variability and AF: Epidemiology of GV-related AF: A retrospective cohort study with a median follow-up of
6.9 years has found that higher HbAlc variability was associated with an increased risk of new-onset AF in patients with
T2DM, which indicated that long-term GV has the potential to be one of the early predictors of new-onset AF[9]. By
measuring the HbAlc variability score, another retrospective cohort study including 27246 subjects in Taiwan also
showed that high GV was independently associated with the occurrence of new-onset AF in patients with T2DM[121].
Both the HbAlc variability score and HbAlc variability are measures of long-term GV, and these two studies have
suggested the predictive value of long-term blood glucose fluctuation in the development of incident AF[9,121].
However, the effect of short-term fluctuation in blood glucose on AF has rarely been studied. More research is needed to
investigate the relationship between short-term GV and AF.

The relationship between GV and AF has also been observed in patients with underlying cardiovascular diseases and
in those undergoing cardiac surgery. Xia et al[122] have conducted an observational study enrolling 864 patients with
acute coronary syndrome, and found that higher GV during hospitalization was associated with a higher incidence of AF,
compared to the lower GV group. Furthermore, a retrospective study on patients undergoing CABG showed that every
10% increased in GV in the first 24 h after surgery, the risk of postoperative AF (POAF) increased by 16%[123]. Another
Singapore study also showed that wider perioperative glycemic fluctuations in patients undergoing CABG represented
an independent risk factor of POAF[124].

In general, studies on the association between GV and AF, especially in healthy people and patients with T1DM, are
relatively deficient. Different measures of blood glucose fluctuation have their own advantages. More research is needed
to explore the relationship between GV and AF in different populations and evaluate the effect of different measures of
GV on this relationship.

Mechanisms of GV-related AF: Cardiac fibrosis: In a prior study evaluating the association between glucose fluctuations
and AF in diabetic rats, Saito et al[125] have induced the glucose fluctuations by fasting for 24 h and additional regular
insulin injections, and observed that the degree of myocardial fibrosis in DM rats with glucose fluctuations was
significantly increased compared with the uncontrolled or controlled DM group. Moreover, the interatrial conduction
time in glucose fluctuation group was significantly longer than the other two groups, and the rate of AF induction was
also the highest, which suggested that higher GV increased the incidence of AF by promoting cardiac fibrosis. In another
similar study, where the glycemic fluctuations was induced by subcutaneous injection of insulin and intraperitoneal
injection of glucose, the researchers found that glycemic fluctuations worsened myocardial fibrosis in diabetic rats[126].
Oxidative stress: A prior basic study has found that the level of ROS significantly increased in the myocardium of DM
rats with glucose fluctuations, compared to the controls. Meanwhile, this study also suggested that elevated ROS levels
caused by upregulation of thioredoxin-interacting protein (Txnip) may be a mechanism of glucose fluctuations-induced
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fibrosis[125]. In another study, Ying et al[126] have demonstrated that blood glucose variability can aggravate heart tissue
fibrosis, possibly involving oxidative stress by inhibiting protein kinase B (AKT) signaling path.

Consistent with these basic experiments, clinical studies also confirmed the role of oxidative stress in the development
of GV-related AF. Chang and colleagues evaluated the relationship between GV and oxidative stress markers among 34
T2DM patients, and found that both the short-term GV measure (mean amplitude of glycemic excursions, MAGE) and
long-term GV measure (standard deviation of HbAlc) were positively associated with the level of plasma 8-iso-
prostaglandin F2o (8-iso-PGF2a), a marker of oxidative stress[127]. In another case-control study, a more accurate
measurement of urinary 8-iso-PGF2a excretion was used to represent the oxidative stress level in vivo, which also
confirmed the previous findings[128]. Similarly, another cross-sectional study has included 68 patients with T2DM,
where the plasma oxidant capacity was measured with the diacron-reactive oxygen metabolites test, the researchers
found that higher levels of daily and day-to-day GV was associated with an increased level of oxidative stress[129].
Oxidative stress plays a substantial role in the cardiac electrical and structural remodeling, increasing the susceptibility to
AF, which might represent an important mechanism of GV-related AF.

Autonomic neuropathy: Abnormal autonomic activity is generally recognized to play an important role in the
development and maintenance of AF[130]. A study has showed a significant correlation between MAGE and cardiac
autonomic neuropathy in patients with newly diagnosed T2DM[131]. Other cross-sectional studies have also shown that
GV in patients with T2DM is negatively correlated with baroreflex sensitivity and heart rate variability parameters[132,
133]. These studies suggested that GV-mediated abnormal autonomic activity might contribute to the development of AF.

Glycemic variability and other supraventricular arrhythmias: Zhang et al[134] evaluated the association between GV
and arrhythmia in middle-aged and elderly T2DM patients (1 = 107), and found that compared with the middle-aged
group, elderly patients have greater GV and are more likely to develop atrial premature beat, couplets of atrial premature
beat and atrial tachycardia.

Glycemic variability and ventricular arrhythmias

Epidemiology of GV-related ventricular arrhythmias: Studies reporting the asso-ciation between GV and ventricular
arrhythmias are sparse. Zhang ef al[134] they have observed that elderly patients with greater GV are more prone to
arrhythmias, including ventricular premature beats. A retrospective study on patients with insulin-treated T2DM has
showed that HbAlc variability significantly predicts the development of SCD[5]. As for QT interval, in a previous cross-
sectional study that included 2904 T2DM patients, the researchers have found that increased long-term variability of
postprandial plasma glucose is a strong independent risk factor for prolonged QTc interval[135]. In general, studies
focusing on the relationship between GV and ventricular arrhythmias are scarce and mainly focus on patients with
T2DM. Thus, future studies are needed to explore the association between GV and ventricular arrhythmias among
different populations.

Mechanisms of GV-related ventricular arrhythmias: Overall, the effects of GV on ventricular arrhythmias are similar to
those of AF, to some extent. Firstly, higher GV exacerbates left ventricular fibrosis in diabetic rats, which might increase
the predisposition to ventricular arrhythmias[125]. Secondly, oxidative stress plays an important role in the GV-related
ventricular fibrosis[126]. Oxidative stress associated with GV observed in clinical studies may also potentially cause
ventricular remodeling[127-129]. Thirdly, cardiac autonomic neuropathy induced by higher GV may also contribute to
the development of ventricular arrhythmias[136].

LIMITATIONS

In this study, although we have applied a comprehensive search strategy using relevant keywords regarding the associ-
ations between three dysglycemic states with cardiac arrhythmias, it is possible that we missed some data, because we
did not search the grey literature or the google scholar, and the search was limited to papers published in English.
Besides, some of the included studies were conducted with specific target populations that may not be generalizable to all
populations and, thus, our results should be extrapolated with caution. In addition, the definitions of hyperglycemia,
hypoglycemia, and GV are consistent in most of the included studies, whereas some minor difference existed in a few
studies.

FUTURE DIRECTIONS

Chronic hyperglycemia and diabetes have been associated with a higher risk of AF and considered as important risk
factors of AF. Therefore, study exploring novel predictors for new-onset AF among patients with diabetes is of the utmost
importance. Besides, evidence regarding the associations between hyperglycemia and supraventricular arrhythmias are
mainly focused on AF. Only a few studies have reported the association between hyperglycemia and other sup-
raventricular arrhythmias, such as sinus tachycardia and atrial flutter[2,13]. More studies are needed to further evaluate
the associations between hyperglycemia and other arrhythmias.

Although both case reports and clinical studies have suggested an association between hypoglycemia and increased
risk of AF, little is known about the underlying mechanisms, which highlights the need for future basic studies to
elucidate the mechanisms of hypoglycemia-induced AF. In addition, a causal relationship between hypoglycemia and
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fatal arrhythmias is usually difficult to demonstrate in clinical practice, since long-term simultaneous monitoring of
cardiac rhythm and blood glucose levels is seldom undertaken[85], which might result in underestimation of the
incidence of hypoglycemia-induced fatal arrhythmias. Therefore, long-term, large-scale, prospective studies are needed to
elucidate the real incidence of various types of arrhythmias during the episodes of hypoglycemia. Besides, susceptibility
to cardiac arrhythmias during hypoglycemia seems to be confined to a few individuals[137], thus identifying individuals
who are at increased risk of arrhythmias during hypoglycemia is important and possesses great clinical significance.

CONCLUSION

Hyperglycemia, hypoglycemia, and GV has been associated with various types of arrhythmias, through different
mechanisms. It is important to establish a customized glycemic control strategy that takes individual characteristics into
account, such as age and underlying diseases, in order to maintain a healthy glycemic homoeostasis and minimize the
risk of cardiac arrhythmias.
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