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Abstract

:

Hypoglycemia occurs frequently in people with type 1 and type 2 diabetes. Hypoglycemia activates the counter-regulatory response. Besides peripheral glucose sensors located in the pancreas, mouth, gastrointestinal tract, portal vein, and carotid body, many brain regions also contain glucose-sensing neurons that detect this fall in glucose. The autonomic nervous system innervates the heart, and during hypoglycemia, can cause many changes. Clinical and animal studies have revealed changes in electrocardiograms during hypoglycemia. Cardiac repolarization defects (QTc prolongation) occur during moderate levels of hypoglycemia. When hypoglycemia is severe, it can be fatal. Cardiac arrhythmias are thought to be the major mediator of sudden death due to severe hypoglycemia. Both the sympathetic and parasympathetic nervous systems of the brain have been implicated in regulating these arrhythmias. Besides cardiac arrhythmias, hypoglycemia can have profound changes in the heart and most of these changes are exacerbated in the setting of diabetes. A better understanding of how the brain regulates cardiac changes during hypoglycemia will allow for better therapeutic intervention to prevent cardiovascular death associated with hypoglycemia in people with diabetes. The aim of this paper is to provide a narrative review of what is known in the field regarding how the brain regulates the heart during hypoglycemia.
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1. Introduction


Hypoglycemia is very common in people with diabetes, especially those with insulin-treated diabetes. The frequency of hypoglycemia in people with type 1 diabetes is about two episodes per week, with at least one severe episode per year [1]. Severe hypoglycemia in people with type 2 diabetes occurs in about 3–25% of individuals; however, this number is much higher in people with insulin-treated type 2 diabetes [2,3]. A recent study revealed that more than 80% of people with type 1 diabetes and almost 50% of those with type 2 diabetes experienced hypoglycemia during a one-month period, with 14% and 9%, respectively, experiencing severe hypoglycemia [4].



Clinically, hypoglycemia can be divided into three levels [5]. Level 1 is defined as glucose levels being between 54 and 70 mg/dL. Level 2 is defined as plasma glucose being below 54 mg/dL. Level 3 hypoglycemia is defined as a very serious event that requires assistance from another person to return glucose concentrations to a normal range. This can be as little as someone handing the person orange juice or taking a trip to the emergency room.



1.1. Impaired Awareness of Hypoglycemia


In many people with insulin-treated diabetes, an impaired awareness of hypoglycemia may occur. Repeated episodes of hypoglycemia can lead to hypoglycemia-associated autonomic failure (HAAF) (Figure 1) [6]. HAAF can alter the brain pathways involved in detecting and responding to hypoglycemia [7,8]. This can lower the glucose threshold required to initiate the counterregulatory response (CRR) to well below 70 mg/dL. This can be very dangerous, as it could lead to more severe hypoglycemic episodes if glucose levels are not corrected quickly.




1.2. Severe Hypoglycemia


Intensive glycemic control, as is indicated by a targeted A1C of less than 7% or as close as is reasonably possible to glucose levels in people without diabetes [9], in diabetes markedly increases the risk for severe hypoglycemia, which can be fatal [10,11,12,13,14]. Hypoglycemia accounts for 6–10% of all deaths in people with type 1 diabetes [15,16,17]. Sudden unexplained death occurs in people with type 1 diabetes, with the death rate being 10-fold higher in young people with type 1 diabetes than in non-diabetics [18]. This ‘dead-in-bed’ syndrome identifies otherwise healthy young individuals with type 1 diabetes who were found dead in bed with no clear cause of death [19], accounting for up to 27% of all unexplained deaths in people with type 1 diabetes [20,21]. Case reports suggest that severe hypoglycemia due to excess insulin administration contributed to these deaths [22,23]. Glucose levels of 10 mg/dL have been reported in a case report of such an individual who died from the dead-in-bed syndrome [22]. Cardiac autonomic dysfunction is highly associated with mortality in diabetes and is perhaps the reason for the increased risk of death associated with severe hypoglycemia [24]. Cardiac autonomic dysfunction increases mortality from arrhythmias and myocardial infarction in people with diabetes [24]. Besides sudden death from severe hypoglycemia, the risk of cardiovascular events and mortality in people who experience severe hypoglycemia is increased 1.5–6-fold [25].





2. Methods


PubMed and Google Scholar were used to search for relevant articles for this review. Search strings included: “brain and cardiac arrhythmias”, “sympathetic nervous system and cardiac arrhythmias”, “parasympathetic nervous system and cardiac arrhythmias”, “brain and hypoglycemia”, “brain, hypoglycemia, and cardiac arrhythmias”, “brain and cardiac function”, “brain, hypoglycemia, and cardiac function”, and “brain and heart”.




3. Hypoglycemia and the Counterregulatory Response


Both the sympathetic (SNS) and parasympathetic (PNS) nervous systems play a role in regulating blood glucose. When glucose levels drop, the body responds with the hypoglycemic CRR. This normally includes increasing epinephrine, norepinephrine, cortisol, growth hormone, and glucagon levels; increasing hepatic glucose production; and decreasing insulin secretion and glucose uptake in peripheral tissues [26]. People with type 1 diabetes often have an absent glucagon response, making them heavily reliant on the epinephrine response to increase glucose levels. Clinically, glucose levels below 70 mg/dL initiate neuroendocrine responses to hypoglycemia in people without diabetes, whereas people with type 1 diabetes and hypoglycemia unawareness might have this response occur at a lower glucose threshold, partly due to the absent glucagon response [7,27].



The brain is involved in the control of whole-body homeostasis (Figure 2). The brain maintains a balance of the secretion of both orexigenic and anorexigenic peptides that respond to glucose levels and other metabolic signals [28,29]. The hypothalamus is the main center of homeostatic control, particularly due to its location near the third ventricle, which allows access to different circulating peptides and hormones such as leptin, insulin, glucagon, polypeptide YY, and cholecystokinin [29]. Insulin is known to cross the blood–brain barrier [30]. However, in most studies, it is hypoglycemia and not necessarily the hyperinsulinemia that results in changes to the heart [31,32].



There are regions in the brain that contain glucose-sensing neurons. Additionally, there are glucose-sensing cells located in the pancreas, mouth, gastrointestinal tract, portal vein, and carotid body [33]. The peripheral glucose sensors send signals via afferent pathways to different regions of the brain (Figure 2). Within the brain, there are multiple areas that are able to detect hypoglycemia. These regions include the ventromedial hypothalamus (VMH), arcuate nucleus (ARC), lateral hypothalamus (LH), paraventricular nucleus of the hypothalamus (PVN), medial and lateral arcuate nucleus (ARC), dorsomedial hypothalamus (DMH), area postrema (AP), parabrachial nucleus (PBN), nucleus tractus solitarius (NTS), and dorsal motor nucleus of the vagus (DMV) [34,35,36,37,38,39,40,41]. Specifically, in the VMH, hypoglycemia activates the glucoregulatory neurocircuits [42,43,44].



Among the various types of neurons found within the brain are glucose-excited (GE) and glucose-inhibited (GI) neurons which are important for regulating blood glucose levels. In general, GE neurons increase neuronal activity in response to glucose, while GI neurons decrease neuronal activity in response to glucose [45,46]. Thus, GI neurons are activated during hypoglycemia and GE neurons might be less activated. The major region that contains GE and GI neurons is the hypothalamus, and within the hypothalamus, the VMH is the most studied brain region for glucose sensing and hypoglycemia. Decreased glucose entry into the neurons of the hypothalamus leads to increased ratios of AMP/ATP, the activation of AMPK, and finally the formation of nitric oxide, which acts as a neurotransmitter [47,48]. This leads to the CRR during hypoglycemia, which includes secretion of norepinephrine and epinephrine [49].



Other regions involved in glucose sensing are in the brainstem [50]. Clinically, the brainstem activation during hypoglycemia in people with type 1 diabetes and healthy controls has been observed [51]. Within the brainstem, the NTS, the area postrema, the dorsal motor nucleus of the vagus (DMV), and the subfornical region have been shown to contain glucose-sensing neurons [52,53,54]. The area postrema is located at the base of the hindbrain [35]. Because of where this circumventricular organ is located, it is able to rapidly transduce glucose-sensing information from the periphery. Additionally, the median eminence, located on the floor of the mediobasal hypothalamus, is important for glucose sensing because it is located adjacent to the third ventricle without a proper blood–brain barrier, allowing this region to detect hormones and nutrients in the blood [55,56,57]. During hypoglycemia, glucose-sensing neurons within the NTS send signals via GABAergic projections to the DMV, leading to the CRR [58,59]. The DMV also projects to the PBN and cerebral cortex [60]. A study of healthy humans found that electrical stimulation of the antero-lateral surface of the neck, via the vagus nerve along the carotid artery led to the activation and deactivation of several brain locations including the NTS, PBN, thalamus, caudate, hippocampus, and spinal trigeminal nucleus, suggesting that hindbrain activation can project anteriorly to other regions in the brain [61]. Additionally, within the NTS are both noradrenergic (A2) and adrenergic (C2) neurons that project to the PVN to release corticotrophin-releasing hormones during hypoglycemia [62].




4. Brain Connection to the Heart


Many brain regions connect to peripheral organs, such as the heart, to control body functions. Some of these brain regions that connect directly to the heart include the anterior cingulate cortex, amygdala, parabrachial nucleus, hypothalamus, periaqueductal grey matter, anterior insula, and regions of the medulla [63].



The stellate ganglia and vagus nerve connect directly to the sinoatrial (SA) node of the heart to control heart rate. The NTS contains GABAergic neurons that exhibit tonic inhibitory control. The frontal cortex also has links to the effects of both the SNS and PNS on the heart [64]. Specifically, prefrontal cortical activity inhibits brainstem cardioacceleratory circuits [65]. Clinically, the medial prefrontal cortex is activated during hypoglycemia, which is additionally reduced in people with hypoglycemia unawareness [66,67].



The activation of the amygdala has been implicated in increased heart rate and decreased heart rate variability. SNS neurons can be activated in the rostral ventrolateral medulla (RVLM), either directly or via the decreased inhibition of neurons in the caudal ventrolateral medulla (CVLM), which leads to increased SNS activity [68]. Decreased PNS activity can occur through the inhibition of NTS neurons, leading to the inhibition of neurons in the active nucleus ambiguous (NA) and dorsal vagal motor nucleus (DVN).



The PVN, LH, and VMH are important for hypoglycemia-induced catecholamine release [69,70]. Within the LH, hypoglycemia leads to orexin secretion, which stimulates C1 neurons within the RVLM. From the RVLM, C1 and glutamatergic neurons innervate the adrenal gland, which can lead to epinephrine and glucagon secretion [71]. Stimulating the LH can alter the electrocardiogram (ECG) by depressing ST segments and increasing heart rate, while stimulating the anterior hypothalamus results in PNS activity and bradycardia [72].



The parvicellular neurons in the PVN initiate the SNS response via pre-ganglionic spinal efferents [73,74]. Parasympathetic (vagal) innervation is relayed from the PVN to the DVN, which then relays it to the peripheral organs. The PVN’s innervation of the DVN regulates the vagal parasympathetic efferent neurons and directly activates the sympathetic nerves in the spinal cord.




5. Sympathetic vs. Parasympathetic


The main role of the SNS is to increase heart rate, while the PNS decreases heart rate. Both systems consist of pre- and post-ganglionic neurons with acetylcholine (ACh) as the neurotransmitter acting between these neurons (Figure 3). The cardiac sympathetic pre-ganglionic nerves originate from the T1–T4 regions of the thoracic segments of the spinal cord. The post-ganglionic neurons of the SNS secrete norepinephrine.



The SNS receptors in the heart are β1, β2, α1, and α2 adrenergic receptors. α1 and β1 are responsible for vasoconstriction, whereas β2 is responsible for vasodilation [75]. The activation of β1 receptors leads to increased heart rate, increased contractility, and increased atrioventricular node conduction. The release of epinephrine from the adrenal medulla can also circulate to the heart and act on local adrenergic receptors.



The PNS neurons stem from the mid-brain, pons and medulla oblongata [75]. The vagus nerve carries most of the PNS’s signals from the brain to the heart. The vagus nerve directly innervates the SA and AV nodes. The post-ganglionic neurons are cholinergic and bind to either nicotinic or muscarinic (M2 or M3) receptors. The nicotinic receptors are located between pre- and post-ganglionic neurons of both the SNS and PNS.



M2 receptors are located within the nodal cells and atrial tissue of the heart but not in the ventricles [75]. Activation of the M2 receptors slows the heart rate down by decreasing conduction velocity through the AV nodal cells and reducing depolarization. It also reduces contractility, leading to a decreased cardiac output.



The nicotinic receptors are located in various tissues and have several subtypes, mainly divided into muscle-type (peripheral) and neuronal-type. In the brain, most mammalian subtypes are α4β2 or α7 [76,77]. The neuronal type of receptor is located in most post-ganglionic neurons [78]. Nicotinic receptors are additionally located within the adrenal medulla, and upon activation lead to epinephrine secretion [79].



The SNS and PNS each act antagonistically on the heart to control its function. Many studies have found that both the SNS and PNS influence the heart during hypoglycemic events (Figure 1). Heart rate variability (HRV) is a measurement of SNS and PNS activity. HRV is expected to decrease in most cases of hypoglycemia as the SNS is activated. A recent study found that in children with type 1 diabetes, HRV parameters changed during spontaneous nocturnal hypoglycemia even before the hypoglycemia was detected on a continuous glucose monitor [80]. This indicates that autonomic modulation occurs even prior to being able to detect hypoglycemia.



Clinical studies have shown that hypoglycemia experienced in the daytime vs. the nighttime has contrasting autonomic effects on the heart [81,82]. For instance, during the day, hypoglycemia elicits tachycardia, while at night, hypoglycemia elicits bradycardia. The prevalence rate of nocturnal hypoglycemia in young people with type 1 diabetes is 68% [83,84]. Furthermore, in sleeping individuals with type 1 diabetes, the PNS has been shown to regulate hypoglycemia-induced cardiac rhythms [82]. Excess vagal tone has also been shown to trigger cardiac arrhythmias [85].



At night, sympathetic withdrawal and parasympathetic activation lead to bradycardia and ventricular ectopic beats [81,82]. Furthermore, at night, people with diabetes may have longer episodes of hypoglycemia due to not waking up from the event. This could account for instances of the ’dead-in-bed’ syndrome. Animal studies also show that prolonged hypoglycemia decreases heart rate and leads to atrioventricular (AV) heart block, which precedes mortality [86,87,88]. Furthermore, blocking the SNS and PNS separately in rats was able to prevent fatal heart block during severe hypoglycemia [86,87]. Taken together, the increased risk of hypoglycemia-induced mortality may be due to SNS withdrawal and/or PNS over-stimulation, but this is just speculation as no studies have directly confirmed this. This mounting evidence indicates that the PNS is involved in hypoglycemia-induced arrhythmias. While increasing the PNS tone has been thought to be protective against cardiovascular events such as myocardial infarction and heart failure, the role of the PNS in mediating cardiac arrhythmias during hypoglycemia is less clear.




6. Hypoglycemia-Induced Cardiac Arrhythmias


Through several clinical trials, hypoglycemia has been associated with death or adverse cardiac outcomes. However, there is limited clinical data on how/if severe hypoglycemia leads to fatal cardiac arrhythmias due to the nature of not knowing when a severe hypoglycemic episode will occur. However, clinical studies of moderate levels of hypoglycemia or spontaneous hypoglycemic events have provided some insight into how hypoglycemia and possibly severe hypoglycemia, might lead to cardiac abnormalities. Clinical studies using ECGs have found that cardiac arrhythmias associated with cardiac cycle (QTc) prolongation occur during moderate hypoglycemia in type 1 diabetes [31,89,90,91,92], with more severe hypoglycemia associated with a greater prolongation [93]. QT prolongation can predict cardiovascular mortality and all-cause mortality in people with diabetes [94,95]. Additionally, clinical studies have revealed that bradycardia, atrial fibrillation, ventricular ectopic beats, and ventricular tachycardia can occur during hypoglycemia [96]. ECG alterations have also been found in people with type 1 diabetes and healthy subjects during hypoglycemia [82,97,98]. These alterations in ECG readings during hypoglycemia have been observed in atrioventricular conduction, ventricular depolarization, ventricular repolarization, heart rate, and heart rate variability, which may be factors leading to arrhythmias [81,97,99].



Hypoglycemia is not only predominant in people with type 1 diabetes. Hypoglycemia is also associated with an increased risk of cardiac arrhythmias in people with type 2 diabetes and those with a history of cardiovascular disease or at high cardiovascular risk [81]. Ventricular premature beats can occur during hypoglycemia in healthy controls and people with type 2 diabetes [100]. Cardiac arrhythmias are more associated with nighttime hypoglycemia than daytime hypoglycemia. Another study found that nighttime hypoglycemia in insulin-treated people with type 2 diabetes led to atrial fibrillation, bradycardia, and non-sustained ventricular tachycardia [101].



In healthy individuals, hypoglycemia decreases the ST segment, flattens the T-wave, shortens the PR interval, and prolongs the QTc interval [97] (Figure 4). In this study, a change in R-wave amplitude was associated with plasma norepinephrine and the flattening of the T-wave was correlated with the plasma epinephrine levels, indicating that the autonomic nervous system can alter ECG parameters during hypoglycemia. Together, these data indicate that hypoglycemia can affect atrioventricular conduction, ventricular depolarization, and ventricular repolarization.



In an animal model, insulin-induced severe hypoglycemia led to QTc prolongation and multiple types of cardiac arrhythmias with high-degree atrioventricular block, often preceding mortality [87]. Third-degree heart block was highly sensitive and specific at predicting mortality during severe hypoglycemia in these studies [87,88]. However, during more moderate levels of hypoglycemia in this animal model, cardiac arrhythmias were rarely observed. This paradoxical decrease in heart rate, in addition to QTc prolongation and ventricular arrhythmias, during hypoglycemia is consistent with what is observed clinically [81,89,90,91,102,103,104].



These many clinical and animal studies reveal that hypoglycemia and the subsequent physiological CRR are correlated with an increased risk in cardiac arrhythmias. However, the mechanisms causing these arrhythmias are not well understood. It has been suggested that sympathoadrenal activation due to brain neuroglycopenia is involved.



6.1. Sympathetic Nervous System and Cardiac Arrhythmias


Clinical and animal studies together point to epinephrine or the SNS response as major contributors to hypoglycemia-induced cardiac arrhythmias or abnormalities. Clinically, QT prolongation during hypoglycemia could be reduced using selective beta blockades, leading to the conclusion that the main cause of QT prolongation during hypoglycemia is sympathoadrenal stimulation [31]. However, in animal studies, although QT prolongation occurs, it does not seem to be associated with hypoglycemia-induced cardiac arrhythmias [88].



An experiment in a rat model that supports these clinical data showed that fatal cardiac arrhythmias during severe hypoglycemia could be prevented by a nonselective β-adrenergic blockade [87]. An additional study in rats showed that the infusion of a β1-blocker during severe hypoglycemia prevented nearly all types of cardiac arrhythmias [105]. Moreover, brain ICV glucose infusion during a severe hypoglycemic clamp in rats reduced the amount of fatal heart block, which was associated with a decrease in plasma norepinephrine [87]. This indicates that the brain is a direct mediator of hypoglycemia-induced cardiac arrhythmias.



To further support these findings, recurrent hypoglycemia protected rats from fatal cardiac arrhythmias during a subsequent severe hypoglycemic episode [88]. This decrease in cardiac arrhythmias was associated with a blunted epinephrine response during severe hypoglycemia, again pointing to the major role of epinephrine in mediating hypoglycemia-induced cardiac arrhythmias.



However, a contradictory study has shown the limited impact of the SNS in severe hypoglycemia-induced cardiac arrhythmias. In the experiment, both chemical sympathectomy and adrenal demedullation in rats had no significant effect on arrhythmias compared with the controls [86]. Another study also found that adrenalectomy in cats did not protect them from ECG changes induced by stimulating the mesencephalic reticular formation, suggesting that the effects on the ECG were due to intracardiac SNS activity and not the circulating epinephrine [106]. Alternatively, a rat study found that the activity of the PNS through ACh activation of nicotinic receptors is the primary mediator of severe hypoglycemia-induced fatal cardiac arrhythmias [86].




6.2. Parasympathetic Nervous System and Cardiac Arrhythmias


It seems counter-intuitive that the PNS would increase cardiac arrhythmias during hypoglycemia. However, many recent clinical studies have found that hypoglycemia occurring at night is more associated with cardiac arrhythmias and bradycardia, compared to hypoglycemia experienced in the daytime [82]. Animal studies have shown that surgical vagotomy and nicotinic receptor blockade in non-diabetic rats reduced fatal cardiac arrhythmias during severe hypoglycemia [86]. There are limited data to date that show a direct correlation between PNS activation and hypoglycemia-induced cardiac arrhythmias. We can speculate that prolonged hypoglycemia leads to increased PNS stimulation as SNS activity is withdrawn, and that this leads to changes in the ECG and increases the risk and amount of cardiac arrhythmias.




6.3. Other Factors Involved in Cardiac Arrhythmias


6.3.1. Potassium


Insulin and epinephrine’s effects on potassium during hypoglycemia can lead to hypokalemia, which is associated with cardiac arrhythmias. Animal studies have shown that potassium supplementation during severe hypoglycemia in non-diabetic and streptozotocin-diabetic rats tended to reduce cardiac arrhythmias [87]. Additionally, the infusion of glibenclamide to block KATP channels during severe hypoglycemia also reduced fatal cardiac arrhythmias in rats [107]. Furthermore, clinical studies have shown that potassium infusion during hypoglycemia in healthy men reduces QT dispersion [31].




6.3.2. Sodium


Sodium glucose transporter 2 (SGLT2) inhibitors area treatment for diabetes that act to increase glucose loss through urine. SGLT2 inhibitors also reduce all-cause mortality and cardiovascular mortality [108]. It is also coming to light that SGLT2 inhibitors reduce sudden cardiac death possibly due to reduced cardiac arrhythmias [109]. One recent paper reports that people with diabetes and SGLT2 inhibitors had lower atrial fibrillation but not ventricular arrhythmias [110]. Although SGLT2 is not located within the heart, its role in cardiovascular function is either off-target, by reducing SNS activity, reducing prolonged ventricular repolarization, or reducing inflammation and oxidative stress, or the drugs used in these studies might have had a slight inhibitory effect on the SGLT1, which is found in cardiomyocytes [111]. Additionally, SGLT2 inhibitors are known to induce ketoacidosis [109]. An increased production of ketone bodies during hypoglycemia is important for energy utilization [112]. While there is evidence of this association with improved heart failure outcomes [113], there is limited/no evidence of how SGLT2 inhibitors might reduce arrhythmias during hypoglycemia.




6.3.3. Calcium


Calcium signaling pathways are downstream of both the SNS and PNS. Calcium is important for normal cardiac contraction. Yet, an excess influx of calcium into the cell, as might occur during stress or hypoglycemia, can cause cardiac arrhythmias [114]. One way for cardiac arrhythmias to occur is through “leaky” ryanodine receptors (RYR2) [115]. It is well established that cardiac RYR2 can be activated by upstream beta adrenergic signaling from the SNS [116]. More recently, the PNS regulation of RYR2 has been established, where PNS stimulation leads to changes in phosphorylation of RYR2 at multiple sites which can alter the stability of RYR2 by reducing binding of the co-factor calstabin-2 [117,118]. Furthermore, cardiac-specific RYR2 transgenic mice have bradycardia and arrhythmias [119]. Thus, cardiac calcium signaling may be a common downstream pathway of both the SNS and PNS that can lead to fatal cardiac arrhythmias during severe hypoglycemia.






7. Hypoglycemia’s Alteration of Cardiac Function


Hypoglycemia’s effects on the heart are not limited to arrhythmias. Besides cardiac arrhythmias induced by hypoglycemia, there are other consequences of hypoglycemia on the heart. Hemodynamic, prothrombotic, and inflammatory changes, and increased oxidative stress, are a few of the factors that influence the heart during hypoglycemia. Many of these might also be a mechanism leading to cardiac arrhythmias during a hypoglycemic event.



7.1. Hemodynamic


SNS activation during hypoglycemia leads to increased heart rate, systolic blood pressure, cardiac output, and ejection fraction, and decreased diastolic blood pressure [120,121]. The increased heart rate is mediated by β1 adrenergic receptors. There is also an increased myocardial contractility and a decreased peripheral arterial resistance [122,123,124]. This leads to increased cardiac output and peripheral systolic blood pressure mediated by α and β2 adrenergic receptors [125].




7.2. Prothrombotic


During hypoglycemia, the SNS response to increase catecholamines has a direct effect on platelet activation and aggregation. These procoagulant and prothrombotic effects induce platelet aggregation, activation, and secretion. Epinephrine stimulates, and the blockade of α2 adrenergic receptors inhibits, platelet aggregation and activation [126]. Specifically, hypoglycemia increases platelet factor 4 and plasma β thromboglobulin which leads to platelet activation [126].



Clinical studies have shown increased platelet-monocyte aggregation, P-selectin levels, and plasminogen activator inhibitor 1 levels [127,128]. Fibrinogen and factor VIII also increase while platelet count decreases. Part of this increase in factor VIII is due to the release of the von Willebrand factor from endothelial cells during hypoglycemia [129]. In people with type 2 diabetes, hypoglycemia gives rise to prothrombotic changes in fibrinogen and C3 levels, and enhances platelet reactivity [130]. Some of these changes are increased in diabetes and can last up to 7 days after hypoglycemia [130].




7.3. Pro-Inflammatory


Hypoglycemia induces an inflammatory response [127]. The number of lymphocytes and monocytes increases in response to hypoglycemia and this can last for up to 7 days in people with type 2 diabetes [131]. Glucose levels during recovery from hypoglycemia can affect the improvement of endothelial dysfunction and inflammation, indicating that the normo- vs. hyperglycemia after hypoglycemia is more beneficial [132]. During acute hypoglycemia, people with type 1 diabetes have an increased CD40 expression on monocytes and plasma sCD40L concentrations and an upregulation of the intracellular adhesion molecule (ICAM), vascular cell adhesion molecule (VCAM), E-selectin, and vascular endothelial growth factor (VEGF) [133]. Inflammatory cytokines are also elevated during hypoglycemia, including interleukin (IL) 6, tumor necrosis factor a, IL-1β, and IL-8.




7.4. Oxidative Stress


Hypoglycemia-induced oxidative stress can lead to tissue damage. Mitochondrial reactive oxygen species (ROS) increase in response to hypoglycemia [134]. Clinically, healthy individuals have an increased ROS production during hypoglycemia [135]. In an animal study, recurrent hypoglycemia in diabetic rats increased brain oxidative stress [136]. Prolonged hyperglycemia is also a known contributor of increased ROS [137]. A recent study showed that reducing the oxidative stress in streptozotocin-induced diabetic rats with a vitamin E treatment protected them against fatal cardiac arrhythmias during severe hypoglycemia [138]. Thus, increased ROS due to hyperglycemia or hypoglycemia may be a contributing factor to hypoglycemia-induced cardiac arrhythmias.





8. Clamp Studies vs. Spontaneous Hypoglycemia Studies


Most of the hypoglycemia studies in the literature provide data for studies performed in “clamp” settings, while some are in “spontaneous” hypoglycemic conditions. Hyperinsulinemic clamp studies have several advantages: (1) the rate of the fall in glucose is controlled, (2) the glucose level is clamped where needed for the length of time needed, (3) the ECG can be easily monitored in real time, (4) blood samples can be taken to compare counterregulatory responses, and (5) healthy control participants can be included. The main disadvantage of clamp studies is the presence of supraphysiological levels of insulin. Every clamp study has to take into account that hyperinsulinemia may also be a factor in the results obtained.



The advantage of spontaneous hypoglycemia studies is that people with diabetes can go about their usual days and their normal fluctuations in glucose throughout the day and night can be recorded, along with any changes in the ECG. Also, even though most of these study participants are treated with insulin (or sometimes other glucose lowering agents), the levels of insulin are not as high as those one might obtain during a clamp setting. A couple of its disadvantages are that (1) the study participants have to wear a continuous glucose monitor (CGM) and a Holter monitor to measure the ECG rhythms, which can be a burden, and (2) results will vary from person to person as the length of hypoglycemia and types of ECG rhythm changes will vary greatly from one person to the next.



8.1. Clamp Studies and ECG


Several studies utilizing clamp conditions report data from both hyperinsulinemic euglycemic and hypoglycemic arms of the studies. This helps us understand how many of the effects on the ECG are due to hyperinsulinemia per se. Study protocols vary on whether both euglycemia and hypoglycemia data are reported during the same day or obtained during randomized crossover studies separated weeks apart. In these clamp studies, the high levels of insulin can get into the brain and be one of the effectors of the results.



Robinson et al. [31] performed clamp studies of healthy subjects. Two euglycemic and two hypoglycemic clamp studies were performed 4 weeks apart. Their QTc increased during hypoglycemia but not euglycemia. In this study, pretreatment with a beta blocker also prevented the QTc prolongation during hypoglycemia. This indicates that hyperinsulinemia per se did not lead to QTC prolongation in this study of healthy individuals.



In a study by Laitinen et al. [97], healthy individuals underwent hyperinsulinemic euglycemic (5 mmol/L) and hypoglycemic (3 mmol/L) conditions for 120 min each, back to back. Hyperinsulinemic euglycemia decreased their T-wave amplitude, T-wave area, and ST segment. Hyperinsulinemic hypoglycemia led to a shortening of the PR interval, greater ST depression, flattening of the T-wave, decrease in T-wave area, and QTc prolongation.



Another study by Chow et al. [32] performed hyperinsulinemic clamps in people with type 2 diabetes and BMI-matched non-diabetic controls with either euglycemic (6 mmol/L) or hypoglycemic (2.5 mmol/L) clamps for 1 h, but induced 4 weeks apart. During hyperinsulinemic euglycemia, QTc intervals increased slightly, but significantly when compared to baseline levels, while the more robust QTc prolongation occurred during hyperinsulinemic hypoglycemia to a similar extent in both groups. T-wave symmetry decreased during both euglycemia and hypoglycemia in the controls. In people with type 2 diabetes, T-wave symmetry decreased more during hypoglycemia than euglycemia.



A recent study by Andreasen et al. [139] performed hyperinsulinemic euglycemic and hypoglycemic clamps in people with type 1 diabetes. These participants underwent two days of clamp experiments in a random order. Euglycemia (5–8 mmol/L) and hypoglycemia (2.5 mmol/L) were performed on the same day, but the recovery from hypoglycemia was either to hyperglycemia (20 mmol/L) or euglycemia (5–8 mmol/L). Heart rate increased overall during hypoglycemia. Of note, two of the participants experienced bradycardia during hypoglycemia. QTc prolongation occurred during hypoglycemia and remained prolonged during recovery to euglycemia or hyperglycemia. T-wave amplitude decreased during hypoglycemia and returned to baseline levels in both of the glycemic recovery levels. This study did not observe any ventricular or supraventricular premature beats.




8.2. Spontaneous Hypoglycemia Studies and ECG


Novodvorsky et al. [82] performed spontaneous hypoglycemia studies in people with type 1 diabetes. Individuals wore Holter ECG monitors and CGMs for 96 h. Bradycardia occurred during nighttime hypoglycemia. Atrial ectopic beats were observed during daytime hypoglycemia. There were no differences in ventricular arrhythmias observed during hypoglycemia compared to euglycemia. Hypoglycemia increased QTc prolongation.



Bachmann et al. [80] studied children under 18 years old with type 1 diabetes with CGMs and Holter ECG monitors for five nights. No arrhythmias were observed with their nocturnal hypoglycemia. QTc prolongation occurred more during hypoglycemia compared to euglycemia. Their heart rates increased during hypoglycemia.



Stahn et al. [140] performed spontaneous hypoglycemia studies in people with type 2 diabetes treated with insulin and/or sulfonylureas and with a history of cardiovascular disease. Ventricular arrhythmias were observed at a higher rate in the individuals that experienced severe hypoglycemia.





9. Conclusions


Fortunately, death due to hypoglycemia is rare. However, hypoglycemia can lead to several alterations of cardiac function, mainly cardiac electrophysiology disturbances, that can lead to cardiac arrhythmias. The brain seems to be a major participant in regulating cardiac function during hypoglycemia. Both the SNS and PNS influence the heart to control heart rate, contractility, and ejection fraction. There is strong evidence for a role of the SNS in mediating cardiac arrhythmias during hypoglycemia from both clinical and animal studies. However, the recent involvement of the PNS in mediating hypoglycemia-induced arrhythmias is new and needs more research. It is intriguing that most clinical cardiac arrhythmias occur during nighttime hypoglycemia when bradycardia is also observed. This indicates a potentially unrecognized important role of the PNS in regulating cardiac arrhythmias during hypoglycemia.




10. Future Directions


There is still much to be discovered to gain a better understanding of how the brain regulates cardiac function during hypoglycemia. How and why both the SNS and PNS could initiate cardiac arrhythmias during hypoglycemia is unclear. If research can determine a common pathway among the two that directly causes arrhythmias, then we might be able to develop better therapeutic targets for preventing cardiovascular death from hypoglycemia in people with diabetes.
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Figure 1. Hypoglycemia-associated autonomic failure. 
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Figure 2. Glucose-sensing pathways. Red arrows represent the SNS. Blue arrows represent the PNS. (Figure 2 is not meant to contain every single afferent and efferent pathway from all brain regions; it is meant to give an overview of the main pathways). 
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Figure 3. The autonomic nervous system regulation of hypoglycemia-induced cardiac arrhythmias. 






Figure 3. The autonomic nervous system regulation of hypoglycemia-induced cardiac arrhythmias.



[image: Metabolites 13 01089 g003]







[image: Metabolites 13 01089 g004] 





Figure 4. The effects of hypoglycemia on the cardiac electrocardiogram. 
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