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Abstract

Hypoglycemia remains a major barrier to the achievement of target levels of glycemic control for 

most individuals with insulin-dependent type 1 diabetes (T1D). Both the loss of β cells and an 

accompanying defect in the α cell response to hypoglycemia predispose patients with T1D to the 

development of low blood glucose. Increased glucose variability, exposure to hypoglycemia, and 

impaired awareness of hypoglycemia all contribute to increased risk of experiencing severe 

hypoglycemia, which is explained by progressive impairment in epinephrine secretion and 

autonomic symptom generation in response to hypoglycemia leading to defective glucose 

counterregulation and hypoglycemia unawareness that characterize hypoglycemia-associated 

autonomic failure (HAAF). Interruption of HAAF requires interfering with the mechanisms of 

brain adaptation to low blood glucose that affect central glucose sensing and the autonomic 

response to hypoglycemia, or avoidance of hypoglycemia that may allow for eventual recovery of 

counterregulatory and autonomic symptom responses. Strategies for hypoglycemia avoidance that 

include continuous glucose monitoring may reduce, but do not eliminate, clinically significant 

hypoglycemia, with ongoing counterregulatory defects and impaired awareness of hypoglycemia. 

Complete avoidance of hypoglycemia can be achieved following pancreatic islet transplantation 

and allows for the restoration of counterregulatory and autonomic symptom responses that 

evidences the potential for reversing HAAF in T1D.
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Introduction

Type 1 diabetes (T1D) is caused by autoimmune destruction of the pancreatic islet β cells 

that are responsible for insulin production and secretion that normally regulates blood 

glucose in a narrow homeostatic range. Inadequate control of hyperglycemia can lead to the 

development of diabetic retinopathy, nephropathy, and neuropathy, which are leading causes 

of blindness, kidney failure, and nontraumatic amputation in the United States. On the other 

hand, episodes of hypoglycemia can be acutely life-threatening and represent a major barrier 

to the achievement of adequate glycemic control for most patients with insulin-dependent 

diabetes, both those with T1D and advanced type 2 diabetes.1 The American Diabetes 

Association treatment guidelines recommend that adults with T1D target glycosylated 

hemoglobin (HbA1c) levels < 7.0% unless there is a reason, such as significant 

hypoglycemia or hypoglycemia unawareness, to set a higher target of <8.0%.2 However, 

even with HbA1c < 7.0% the residual risk for cardiovascular and all-cause mortality in 

patients with T1D remains more than twice that in nondiabetics,3 with the lowest mortality 

rates seen with HbA1c ≤ 6.5%.4 Unfortunately, despite tremendous advances in the 

technology available for insulin delivery and glucose monitoring and their use over the past 

decade, glycemic control has worsened in adults with T1D in the United States receiving 

specialized diabetes care with currently only 21% achieving the recommended HbA1c level 

<7.0%.5 In addition, 7% reported experiencing a severe hypoglycemic event resulting in 

seizure or loss-of-consciousness in the prior 3 months, including 11% of those with HbA1c < 

7.0%, 7% of those with HbA1c in the range 7.0 to <9.0%, and 8% of those with HbA1c ≥ 

9.0% (Fig. 1).5 Thus, current recommendations to set a higher HbA1c target for patients with 

significant hypoglycemia or hypoglycemia unawareness2 are unlikely to impact the burden 

of severe hypoglycemia in T1D. Moreover, the targeting of higher HbA1c levels is often not 

acceptable to patients striving to avoid or mitigate chronic diabetic complications.

The American Diabetes Association and the Endocrine Society define the occurrence of 

severe hypoglycemia as an event associated with loss-of-consciousness or requiring third-

party assistance for recovery.6 Severe episodes of hypoglycemia are life-threatening, fear of 

such episodes distressing, and the cumulative effects of recurrent hypoglycemia impair 

neurocognitive function. Diabetes-related death is the most frequent cause of mortality 

among patients under 30 years of age,7,8 and while severe hypoglycemia is documented only 

in ~12% of diabetes-related deaths, this is likely an underrepresentation due to the presence 

of twice as many unexplained diabetes-related deaths. Not uncommonly, young people with 

T1D are found “dead-in-bed,”9,10 an unfortunate consequence of likely severe hypoglycemia 

inducing brain death11 or fatal cardiac arrhythmia.12 In fact, patients reporting an episode of 

severe hypoglycemia experience a 3.4-fold increase in mortality over the subsequent 5 years.
13 Clearly, there is a need to further understand the mechanisms contributing to 

hypoglycemia in T1D in order to advance treatment approaches that may realize the benefits 

of near-normal glycemic control without the accompanying risk for severe hypoglycemia. In 

order to set the stage for future mechanistic investigation of hypoglycemia in T1D, this 

paper aims to review (1) mechanisms for the development of hypoglycemia in T1D, (2) 

mechanisms for hypoglycemia-associated autonomic failure (HAAF) in T1D, (3) 

Rickels Page 2

Ann N Y Acad Sci. Author manuscript; available in PMC 2020 January 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hypoglycemia avoidance and counterregulatory responses in T1D, and (4) pancreatic islet 

transplantation for reversal of HAAF in T1D.

Mechanisms for the development of hypoglycemia in T1D

The risk of experiencing a severe hypoglycemic episode increases with the duration of 

disease, being three times greater with more than 15 years compared with less than 5 years 

of disease duration.14 This increased risk with longer disease duration is related to the 

progressive development of compromised physiologic defense mechanisms against a falling 

plasma glucose concentration in the setting of therapeutic hyperinsulinemia. By 15 years of 

disease duration, most patients with T1D have developed near-total loss of functioning β 
cells (C-peptide negative),15 and so have lost any autoregulatory capacity to turn off 

endogenous insulin secretion during the development of low blood glucose. T1D is also 

associated with the development of an intrinsic defect in α cell glucagon secretion in 

response to hypoglycemia, whereas α cell responsiveness to nutrient stimulation, such as by 

amino acids, remains intact.16 Importantly, the glucagon response to hypoglycemia is 

already markedly impaired at the onset of T1D.17 Normally, a reduction in insulin and an 

increase in glucagon delivered to the liver together increase endogenous (primarily hepatic) 

glucose production (EGP) to circumvent the development of hypoglycemia, and in the 

absence of this response individuals with T1D are predisposed to experiencing low blood 

glucose.

The intrinsic defect in α cell glucagon secretion in response to hypoglycemia may be 

explained by the loss of a paracrine signal from neighboring β cells that insulin secretion is 

turning off since insulin secretion reciprocally regulates glucagon secretion in nondiabetic 

humans.18 Whether this paracrine signal is mediated by an intraislet decrement of insulin 

itself, or is mediated by the zinc associated with insulin molecules, gamma-aminobutyric 

acid (GABA) released by β cells, or by direct contact between islet β and α cells remains 

debated. Superimposed is the potential for autonomic neural regulation of these reciprocal 

islet cell responses to hypoglycemia. Sympathetic innervation of the islet may contribute to 

the inhibition of insulin secretion by activation of α2-adrenergic receptors on β cells, and to 

the stimulation of glucagon secretion by activation of β2-adrenergic receptors on α cells.19 

Early sympathetic islet neuropathy has been shown to develop as a consequence of the islet 

inflammation that leads to the development of T1D and results in a marked loss of islet 

sympathetic nerves in individuals with short-duration T1D that may contribute to the defect 

in activating glucagon release during hypoglycemia.20 Additionally, α cells in the diseased 

islets of T1D downregulate the expression of multiple genes important for α cell identity, 

which likely also contributes to the functional defect in response to hypoglycemia.21

In the absence of islet cell responses to hypoglycemia, central recognition of low blood 

glucose by the brain further activates both the sympathetic and parasympathetic branches of 

the autonomic nervous system (ANS), and epinephrine secretion and autonomic symptom 

generation become critical to increase EGP through β2-adrenergic activation of hepatocytes 

and alert the individual to ingest food.22 While epinephrine has been shown to stimulate 

glucagon secretion independent of hypoglycemia,23 individuals with T1D and an intact 

epinephrine response to hypoglycemia still have an absent glucagon response,24 suggesting 
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that the intrinsic α cell defect cannot be overcome by β2adrenergic activation. Also, 

parasympathetic innervation of the islet during hypoglycemia normally augments glucagon 

secretion and stimulates pancreatic polypeptide secretion through activation of M3 

muscarinic receptors on α and pancreatic polypeptide cells, respectively.19 However, 

individuals with T1D and an intact pancreatic polypeptide response to hypoglycemia still 

cannot augment the absent glucagon response.24 A similar α cell defect is observed with 

exercise in T1D, where there is loss of the increase in glucagon that normally stimulates 

EGP to match the increased rate of glucose disposal in working muscles, and this despite 

increasing levels of circulating epinephrine in response to exercise.25 Thus, an intrinsic 

defect in diabetic islets appears as the dominant factor preventing the α cell to respond to 

hypoglycemia in T1D.

Unfortunately, the centrally mediated autonomic responses to hypoglycemia are attenuated 

by recurrent exposure to even subclinical episodes of mild hypoglycemia and lead to the 

development of hypoglycemia unawareness in T1D, also known as HAAF.26 In HAAF, there 

is marked impairment of epinephrine secretion in response to hypoglycemia that leads to an 

inability to increase EGP (defective glucose counterregulation), as well as the lack of 

autonomic symptom generation (hypoglycemia unawareness) that leaves the individual 

physiologically defenseless against the development of hypoglycemia. In addition to the 

attenuation of these sympathoadrenal responses to hypoglycemia, the pancreatic polypeptide 

response to hypoglycemia that serves as a marker of parasympathetic activation of the islet is 

markedly reduced in HAAF,24 and the pituitary—adrenal response to hypoglycemia that 

includes increases in growth hormone and cortisol secretion is blunted.27 Additional factors 

that are not required for the development of HAAF but can contribute to defective glucose 

counterregulation and hypoglycemia unawareness in the T1D patient with multiple diabetes-

associated complications include components of systemic autonomic failure, such as 

gastroparesis28 and cardiovascular autonomic neuropathy29,30 and the use of pharmacologic 

β-adrenergic blockade.31,32 Moreover, a common genetic variant of the β2-adrenergic 

receptor associated with reduced agonist-mediated EGP is also associated with significantly 

increased risk for severe hypoglycemia in T1D.33 Importantly, the presence of impaired 

awareness of hypoglycemia in T1D is associated with a sixfold increased risk of 

experiencing severe hypoglycemia,34,35 and this increased risk may be as high as 20-fold 

with unawareness.34

Of the population with T1D, ~20% are estimated to have impaired awareness of 

hypoglycemia,35 and ~32% have experienced an episode of severe hypoglycemia in the prior 

year.34,35 It is important to note that not all who have experienced a severe hypoglycemia 

event have hypoglycemia unawareness, but patients with impaired awareness of 

hypoglycemia who have also experienced a severe hypoglycemia event are at substantially 

increased risk of experiencing future severe hypoglycemia (Fig. 2) and makeup just under 

10% of the population with T1D.35 Moreover, over half of all episodes of severe 

hypoglycemia are experienced by ~5% of individuals with T1D.34 Clinically, individuals 

with T1D who experience mild hypoglycemia most often are more likely to remain 

asymptomatic and also have a significantly increased risk of experiencing severe 

hypoglycemia.36 An additional risk factor for experiencing severe hypoglycemia is imparted 

by glucose variability,32,37,38 which can also be expressed as glycemic lability when 
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accounting for the time intervals during which glucose levels fluctuate.39 Considering these 

interrelated manifestations of “brittle” T1D, a recently proposed definition for problematic 

hypoglycemia is experiencing two or more episodes of severe hypoglycemia in the past year, 

or one episode associated with impaired awareness of hypoglycemia, extreme glycemic 

lability, or major fear and maladaptive behavior.40 Simple clinical tools are available that can 

reproducibly quantitate impaired awareness of hypoglycemia (Clarke score), hypoglycemia 

severity (HYPO score), and glycemic lability (Lability Index),41 and should be included in 

the prospective evaluation of interventions aimed at ameliorating hypoglycemia in T1D.

Mechanisms for HAAF in T1D

The counterregulatory defects in response to hypoglycemia observed in HAAF can be 

elicited experimentally in nondiabetic humans with exposure to moderate insulin-induced 

hypoglycemia in the range of 50–58 mg/dL (2.8–3.2 mmol/L).42 These defects involve not 

only a diminished magnitude of response, but also a shifting of the glycemic threshold (i.e., 

the glucose level that elicits the response) for each counterregulatory hormone and symptom 

response to lower plasma glucose concentrations. Thus, repeated exposure to hypoglycemia 

progressively blunts the sympathoadrenal responses to defend against a subsequent episode 

of hypoglycemia, setting up a vicious cycle of hypoglycemia begets hypoglycemia in T1D 

(Fig. 3).43 While the pituitary—adrenal responses to hypoglycemia are also impaired in 

HAAF,27 it is the loss of epinephrine and not growth hormone or cortisol that becomes 

critical for the development of defective glucose counterregulation.44 Defective glucose 

counterregulation in T1D predisposes such individuals to the development of hypoglycemia 

during exercise and up to 24 h after completing exercise that has recently been reviewed.45 

Hypoglycemia occurring antecedent to exercise further impairs counterregulatory responses 

to defend against the development of low blood glucose during exercise,46 and exercise itself 

blunts counterregulatory responses to subsequent hypoglycemia,47 feeding the cycle of 

progressive impairment in glucose counterregulation. Similarly, counterregulatory responses 

are also further blunted during sleep, which itself impairs hypoglycemia symptom 

recognition.48 Thus, exercise-associated and nocturnal hypoglycemia both contribute 

importantly to the development of HAAF in T1D.

The blunting of counterregulatory responses and lowering of the glycemic thresholds 

required for activation are best explained by central adaptation to low blood glucose. This 

central adaptation of the brain to tolerate lower peripheral concentrations of glucose may be 

mediated through increased expression of brain glucose transporters allowing for enhanced 

cerebral utilization of glucose, a shift in brain fuel utilization to alternative substrates such as 

lactate49 (circulating levels of which increase during insulin-mediated hypoglycemia), or 

some combination of these mechanisms as has recently been reviewed.50 While such 

adaptation is undoubtedly beneficial for tolerating prolonged fasting, this becomes 

maladaptive in the setting of insulin-induced hypoglycemia where the window is lost for 

correcting the development of even further reduction in blood glucose before cognitive 

function is affected and results in the experience of severe hypoglycemia. The mechanisms 

for central adaptation converge on altered brain glucose sensing in the ventromedial 

hypothalamus (VMH) leading to increased GABA that impairs activation of the ANS 

required for the counterregulatory response against low blood glucose (Fig. 4). Indeed, 
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pharmacologic activation of the GABAA receptors has been shown to blunt the 

counterregulatory response to hypoglycemia in nondiabetic humans.51

One interventional approach for HAAF is to interrupt the consequence of brain adaptation to 

hypoglycemia impairing autonomic activation of the counterregulatory response (Fig. 4). 

Studies suggest that endogenous opiates can module the counterregulatory responses to 

hypoglycemia and may play a role in the development of HAAF through opioid receptor 

expression in the VMH.52 Administration of the opioid receptor antagonist naloxone during 

experimental insulin-induced hypoglycemia prevents the development of counterregulatory 

defects in response to a subsequent episode of hypoglycemia in nondiabetic humans53 and in 

subjects with T1D.54 However, in subjects with T1D and impaired awareness of 

hypoglycemia, 4 weeks of administration of the opioid receptor antagonist naltrexone had no 

effect on glucose counterregulatory hormone or symptom responses in a randomized clinical 

trial.55 Importantly, the clinical trial participants had long-standing T1D that, as will be 

discussed later, may require a longer period of intervention in order to mediate the reversal 

of established HAAF.

Another approach targeting the central mechanisms of HAAF involves administration of the 

adrenal steroid dehydroepiandrosterone (DHEA). DHEA and its sulfated metabolite DHEA-

sulfate have anti-GABA effects and may block GABA in the VMH and consequently have 

been shown to prevent the induction of HAAF by experimental hypoglycemia in nondiabetic 

humans.56 In addition, selective serotonin reuptake inhibitors (SSRIs) amplify the central 

output of the ANS and have also been shown to mitigate a reduction in the counterregulatory 

response to hypoglycemia by antecedent hypoglycemia in nondiabetic humans57 and in 

individuals with T1D.58 To date, approaches targeting the interruption of HAAF by 

administration of adrenal steroids or SSRIs to reverse counterregulatory defects in patients 

with long-standing T1D and hypoglycemia unawareness have not been reported.

Hypoglycemia avoidance and counterregulatory responses in T1D

Reversing HAAF in T1D requires the avoidance of hypoglycemia in order to shift the 

glycemic thresholds for activation of sympathoadrenal responses to hypoglycemia back 

toward the normal range for the plasma concentration of glucose (Fig. 4). Strict avoidance of 

hypoglycemia in T1D complicated by hypoglycemia unawareness has been shown to 

improve counterregulatory epinephrine and autonomic symptom responses and consequently 

reestablish the awareness of hypoglycemia.59-62 These early proof-of-concept studies 

involved patients with rather short disease duration who at the time were receiving 

“conventional” insulin therapy regimens, and so implementation of what is now standard 

“intensive” basal-bolus insulin therapy led to a paradoxical increase in HbA1c of 0.5% or 

more associated with the prevention of hypoglycemia and improvement of impaired 

counterregulatory epinephrine and autonomic symptom responses after only 1–3 months of 

intervention.59-62 More recently, studies involving patients with long-standing T1D and 

hypoglycemia unawareness have demonstrated that the implementation of educational 

programs can improve hypoglycemia awareness and reduce the frequency of experiencing 

severe hypoglycemia events after 6 months of intervention.63,64 In the HypoCOMPaSS trial, 

the educational intervention was combined with randomized assignment to receive insulin 
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delivery by either multidose injection (MDI) or continuous subcutaneous insulin infusion (or 

“pump”) therapy and glucose monitoring by self-monitoring of blood glucose (SMBG) with 

or without adjunctive continuous glucose monitoring (CGM), and comparable improvement 

in hypoglycemia awareness and reduction in severe hypoglycemia events was observed 

regardless of insulin delivery or glucose monitoring strategy.64 Importantly, a modest 

improvement in autonomic symptoms was reported after 6 months in the HypoCOMPaSS 

clamp substudy.65 Thus, present glycemic control strategies for strict hypoglycemia 

avoidance should include basal-bolus insulin delivery using currently available insulin 

analogs administered by either MDI or pump therapy in conjunction with frequent (at least 

four times daily) SMBG and/or CGM.

While education in and implementation of intensive insulin therapy represents an important 

initial strategy in the management of those with T1D affected with HAAF, despite such 

intensive attention to glycemic control, some patients remain unaware of hypoglycemia and 

continue to experience severe hypoglycemia. CGM is increasingly being used as a tool to 

help avoid hypoglycemia in T1D without requiring elevation of average glycemic as 

indicated by the HbA1c. While CGM assignment was not independently associated with 

improvement in problematic hypoglycemia in the HypoCOMPaSS trial, compliance with 

device use in the CGM arm was low.64 Studies in patients with long-standing T1D and 

hypoglycemia unawareness support that high adherence to the use of CGM over at least a 4-

month period is associated with a reduction in hypoglycemia frequency and severity without 

increasing the HbA1c.66-69 However, these studies of CGM implementation in patients 

experiencing problematic hypoglycemia, while reducing, have not demonstrated the 

elimination of severe hypoglycemic events,66-69 and hypoglycemia awareness has improved 

in some68 but not all66,67,69 reports. This may be explained by the incomplete reduction of 

time spent with hypoglycemia with CGM intervention not being sufficient to restore 

defective glucose counterregulation68 or hypoglycemia symptom awareness.67 Continued 

exposure to hypoglycemia likely accounts for a lack of improvement in the epinephrine 

response and only small differences in autonomic symptoms during hypoglycemic when 

compared with euglycemic clamp experiments after 6 and 18 months of CGM intervention.
68 Nevertheless, the use of CGM has been associated with reductions in glucose variability 

that likely contribute to the reduced risk for experiencing severe hypoglycemia events.67,69 

Thus, the use of CGM may help patients with long-standing T1D improve hypoglycemia 

awareness and/or glucose variability and experience less severe hypoglycemia, but 

physiologic defenses against the development of hypoglycemia remained compromised, and 

so the near-complete adherence to CGM use appears necessary to reduce clinically 

significant hypoglycemia.70

A limitation to instituting hypoglycemia avoidance by CGM is the dependence on the 

patient to respond appropriately to device alerts (vibration) and alarms in order to ingest 

carbohydrate and/or decrease or suspend insulin delivery in order to prevent or correct low 

blood glucose, which is particularly challenging during sleep. Elimination of nocturnal 

hypoglycemia may be particularly amenable to automated suspension of insulin delivery 

with a sensor-augmented pump71 or hybrid closed-loop pump; however, studies to date 

evaluating these advanced insulin delivery systems have largely excluded from participation 

subjects with hypoglycemia unawareness or a recent history of experiencing severe 
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hypoglycemia. Whether automated suspension of insulin delivery following a hypoglycemia 

prediction algorithm may allow for sufficient avoidance of hypoglycemia in patients with 

long-standing T1D complicated by hypoglycemia unawareness to reverse HAAF and lead to 

clinically meaningful improvement of glucose counterregulation is currently under 

investigation (ClinicalTrials.gov #). Finally, with the recent development of soluble 

preparations of glucagon, there is the possibility to provide either automated72 or patient-

directed administration of glucagon73,74 to prevent or correct low blood glucose, but again 

have yet to be investigated specifically for the potential to reverse HAAF. Future work is 

required in patients with T1D and hypoglycemia unawareness that incorporate approaches to 

glucagon administration with automated suspension of insulin delivery.

Pancreatic islet transplantation for reversal of HAAF in T1D

For patients with T1D and hypoglycemia unawareness who do not respond to the adoption 

of advanced technologies for hypoglycemia avoidance and continue to experience impaired 

awareness of hypoglycemia complicated by severe hypoglycemia events, consideration 

should be given to whole pancreas or isolated islet transplantation.40,75 Pancreas and islet 

transplantation are the only interventions that have been shown to restore both glucose 

counterregulation and hypoglycemia symptom recognition in patients with long-standing 

T1D, and consequently provide complete protection against the development of severe 

hypoglycemia events, while at the same time enabling maintenance of the near-normal levels 

of glucose control required to prevent chronic complications of diabetes.76 Mild 

hypoglycemia has been reported by some whole pancreas transplant recipients in the 

postprandial setting,77 however, whether this is the same reactive hypoglycemia that can 

occur with a native pancreas or may be related to delayed inhibition of insulin secretion due 

to denervation of the transplanted pancreas78-80 is not known.

Patients with T1D who have undergone islet transplantation are protected from clinically 

significant hypoglycemia for the duration of islet graft function, even if low-dose insulin 

therapy is required to maintain normoglycemia. Islets are transplanted via portal vein 

infusion resulting in intrahepatic engraftment that has recently been reviewed.81 In T1D 

recipients of intrahepatic islet transplants, there is recovery of the physiologic islet cell 

responses to insulin-induced hypoglycemia whereby endogenous insulin secretion is 

appropriately suppressed and glucagon secretion is partially restored.82,83 The partial α cell 

response is best explained by and consistent with the less than normal mass of islets that 

survives engraftment based on measures of β cell secretory capacity.84,85 Importantly, the 

glucagon response to hypoglycemia is activated at a normal glycemic threshold,86 that with 

the normal decrease in endogenous insulin secretion supports intact paracrine signaling from 

neighboring β cells to activate α cells in transplanted islets. Reinnervation of intrahepatic 

islets by the sympathetic nervous system has been demonstrated in a rat model, where 

sympathetic nerves follow hepatic arterioles into islets during revascu-larization and 

engraftment.87 During liver perifusion experiments 3 months after portal vein delivery of 

islets in the rat model, stimulation of the sympathetic nerves entering the liver decreased 

insulin secretion evidencing neural inhibition of insulin secretion from intrahepatic islets,87 

similar to the neural regulation of insulin secretion in the native pancreas. Indeed, unlike for 

a denervated whole pancreas transplant, where there is impaired inhibition of insulin 
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secretion, recipients of intrahepatic islet transplantation do not experience postprandial 

hypoglycemia.88

In addition to the restoration of appropriate islet cell responses to insulin-induced 

hypoglycemia, patients with long-standing T1D demonstrate normalization of the glycemic 

thresholds for activation of epinephrine and autonomic symptom responses by 6 months 

following islet transplantation.86 Longitudinal study of the same patients with T1D and 

hypoglycemia unawareness from before to after islet transplantation indicates the partial 

glucagon response seen at 6 months remains intact at 18 months, and the epinephrine 

response that is only partially improved at 6 months becomes fully normalized by 18 

months, with a similar effect seen for pancreatic polypeptide secretion and autonomic 

symptom generation (Fig. 5).89 The additional improvement in the pancreatic polypeptide, 

epinephrine, and autonomic symptom responses from 6 to 18 months is best explained by 

the longer duration of hypoglycemia avoidance as CGM measures document essentially no 

time spent with hypoglycemia and significant reductions in glucose variability.89 Thus, the 

recovery of ANS function in those most severely affected by HAAF may require complete 

avoidance of hypoglycemia and resolution of glycemic lability for more than a 6-month 

period.

Since glucose counterregulation is best defined by the increase in EGP that is ultimately 

required to circumvent the development of low blood glucose, it is important to note from 

these studies of islet transplantation that partial recovery of the glucagon response together 

with partial improvement of the epinephrine response to insulin-induced hypoglycemia at 6 

months following transplantation is already associated with complete restoration of the EGP 

response.82 Moreover, a study involving islet transplant recipients requiring insulin to 

support partial islet graft function reported a modest recovery of glucagon and epinephrine 

secretion with partial restoration of the EGP response to insulin-induced hypoglycemia that 

was associated with clinical protection from hypoglycemia.90 CGM measures have 

demonstrated similar reductions in mean glucose, glucose variability, and time spent with 

clinically significant hypoglycemia (<54—60 mg/dL (3.0–3.3 mmol/L)) relative to T1D for 

both insulin-independent and -requiring islet recipients.91-93 That the islet graft is 

responsible for these improvements in CGM measures of glycemic control is supported by 

their significant correlation with measures of islet β cell graft function.94,95 Thus, even 

partial improvements in glucose counterregulation and hypoglycemia symptom recognition 

likely work in concert with reduced glucose variability to provide the robust protection from 

hypoglycemia afforded by islet transplantation.

Conclusions

Hypoglycemia contributes substantially to the morbidity and mortality of patients with T1D, 

especially with longer disease duration and near-total β cell loss. Dependence on exogenous 

insulin and an intrinsic defect in α cell glucagon secretion in response to hypoglycemia 

predisposes patients with T1D to experiencing low blood glucose. The central recognition of 

hypoglycemia by the brain that is necessary for epinephrine secretion and autonomic 

symptom generation becomes attenuated by repeated exposure to hypoglycemia leading to 

the syndrome of HAAF or hypoglycemia unawareness that substantially increases the risk of 
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experiencing severe hypoglycemia events. Several strategies are targeting the interruption of 

brain adaptation to low glucose in order to preserve the ANS response to defend against 

hypoglycemia, but these approaches have not been shown to reverse counterregulatory 

defects in patients with long-standing T1D and hypoglycemia unawareness. Improvements 

in hypoglycemia awareness and reductions in severe hypoglycemia events can be observed 

with intensive attention to glycemic control that includes the avoidance of hypoglycemia and 

may benefit from the adoption of CGM. However, to date, technologic approaches to 

hypoglycemia avoidance have not restored physiologic defenses against the development of 

low blood glucose, suggesting an insufficient reduction of hypoglycemia and/or glucose 

variability that may require the incorporation of automated suspension of insulin delivery 

and/or glucagon administration. Pancreatic islet transplantation addresses both the loss of β 
cells and intrinsic α cell defect in T1D, where intrahepatic islet grafts appropriately respond 

to hypoglycemia and restore normal glucose counterregulation. Islet transplantation is the 

only intervention to date that has demonstrated the complete reversal of HAAF in patients 

with long-standing T1D and hypoglycemia unawareness and suggests that near-complete 

avoidance of hypoglycemia and blood glucose stability for more than a 6-month period may 

be required to restore physiologic defense mechanisms against the development of severe 

hypoglycemia.
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Figure 1. 
Proportion of patients with type 1 diabetes (T1D) experiencing a severe episode of 

hypoglycemia resulting in seizure or loss-of-consciousness in the prior 3 months according 

to most recent HbA1c as reported in the T1D Exchange Registry and Clinic Network of 

specialized diabetes care practices in the United States. Data are from Foster et al.5
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Figure 2. 
Risk factors for experiencing severe hypoglycemia in patients with type 1 diabetes.
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Figure 3. 
Vicious cycle of hypoglycemia begets hypoglycemia in patients with type 1 diabetes (T1D). 

Sympathoadrenal responses refer to an increase in epinephrine secretion and the generation 

of autonomic symptoms that are critical for defense against hypoglycemia in T1D. Adapted 

from Cryer.1
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Figure 4. 
Mechanisms for brain adaptation to hypoglycemia leading to hypoglycemia-associated 

autonomic failure (HAAF). In red are strategies for interrupting HAAF based on central 

signaling pathways. In blue are strategies for preventing/reversing HAAF based on 

hypoglycemia avoidance.
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Figure 5. 
Recovery of counterregulatory responses to insulin-induced hypoglycemia following islet 

transplantation in patients with type 1 diabetes (T1D) and hypoglycemia unawareness prior 

to transplant. Response measures are taken from the final hour of a hypoglycemic clamp and 

expressed as a percentage of normally derived measures from a nondiabetic control group 

using data reported by Rickels et al.89 The hashed area gives the range of responses that 

were both significantly greater than pretransplant and not statistically different than normal.
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