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Abstract
The counterregulatory response to hypoglycemia is a complex and well-coordinated process. As
blood glucose concentration declines, peripheral and central glucose sensors relay this information
to central integrative centers to coordinate neuroendocrine, autonomic, and behavioral responses
and avert the progression of hypoglycemia. Diabetes, both type 1 and type 2, can perturb these
counterregulatory responses. Moreover, defective counterregulation in the setting of diabetes can
progress to hypoglycemia unawareness. While the mechanisms that underlie the development of
hypoglycemia unawareness are not completely known, possible causes include altered sensing of
hypoglycemia by the brain and/or impaired coordination of responses to hypoglycemia. Further
study is needed to better understand the intricacies of the counterregulatory response and the
mechanisms contributing to the development of hypoglycemia unawareness.
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Introduction
Iatrogenic hypoglycemia has been the main hindrance to the intensive treatment of diabetes
mellitus. Insulin therapy aimed at maintaining close-to-normal glycemia can diminish the
microvascular complications of type 1 and type 2 diabetes.1,2 However such tight glycemic
control will also increase the frequency of hypoglycemia. For instance, episodes of
hypoglycemia of such severity as to require the aid of a third party were approximately three
times more frequent in subjects with type 1 diabetes randomized to the intensive treatment
arm in the Diabetes Control and Complications Trials compared to those randomized to
conventional treatment.1 One of the most worrisome aspects of hypoglycemia is that it can
progress to an alteration in consciousness.1,3 Thus, the benefit of glycemic control must be
balanced with avoidance of the detrimental effects of hypoglycemia. To achieve this
balance, it is essential to understand the complex neuroendocrine response to hypoglycemia
—and the alteration of this response in the setting of diabetes mellitus.

In this review, we will define hypoglycemia and outline the complex neuroendocrine
response to it. We will discuss the changes that occur in the counterregulatory response to
hypoglycemia in the setting of types 1 and 2 diabetes. Finally, we will discuss the syndrome
of hypoglycemia unawareness and explore potential mechanisms for its development.
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Definition of hypoglycemia
Plasma glucose concentrations are normally maintained within a narrow physiologic range
via the intricate interplay of neural, hormonal and cellular factors. Hypoglycemia—when
plasma glucose drops below the normal physiologic range—becomes clinically significant
when accompanied by the signs and symptoms listed in Table 1.4,5 To ascertain that these
signs and symptoms are due to hypoglycemia generally requires that they disappear
following treatment with oral or parenteral glucose. This constellation of events was
described by Whipple6 and has proven to be most helpful when hypoglycemia occurs in a
non-diabetic person who is not on insulin or an insulin secretagogue, although it is
frequently found in patients with diabetes as well. The biochemical definition of
hypoglycemia is variable: some textbooks have defined hypoglycemia as a plasma glucose
concentration of less than 45 to 55 mg/dL (2.5 – 3.1 mmol/L),7,8 whereas other authorities
have defined hypoglycemia to occur at higher or lower plasma glucose levels. In 2004, the
American Diabetes Association assembled a workgroup whose role, in part, was to
determine how hypoglycemia should be defined. The workgroup formulated a more
conservative biochemical definition for most episodes of hypoglycemia: a plasma glucose
concentration at or below 70 mg/dL (3.9 mmol/L). The group further classified episodes of
hypoglycemia into five distinct categories: severe hypoglycemia (an event causing such
neurological changes as to require the aid of another person); documented symptomatic
hypoglycemia (a plasma glucose at or less than 70 mg/dL accompanied by typical symptoms
of hypoglycemia), asymptomatic hypoglycemia, probable symptomatic hypoglycemia, and
relative hypoglycemia (symptoms suggestive of hypoglycemia with a measured plasma
glucose concentration greater than 70 mg/dL).9 These definitions will be used in this review.

Neuroendocrine responses to hypoglycemia
The counterregulatory factors

The central nervous system relies upon plasma glucose as its primary energy source. It
therefore counteracts reduced blood glucose concentration with a well-orchestrated response
to halt further progression of hypoglycemia and effect a prompt recovery in blood glucose
concentration. In healthy humans, the initial response to prevent a decline in blood glucose
concentration is a reduction in insulin secretion which begins while plasma glucose
concentration is still in the physiologic range, at approximately 80 mg/dL (4.4 mmol/L).10
Glucagon and epinephrine are secreted as glucose levels fall slightly below the physiologic
range, at approximately 68 mg/dL (3.8 mmol/L).10,11,12 Additionally, there is activation of
the autonomic nervous system which increases the amounts of norepinephrine at the nerve
terminals and epinephrine in the circulation. Beyond the dissipation of insulin, glucagon
plays the primary role in the correction of hypoglycemia while epinephrine has a secondary
role, as shown by experiments in which recovery from acute hypoglycemia was studied in
healthy volunteers selectively rendered deficient of glucagon and/or epinephrine.13,14
Glucagon is secreted by pancreatic α-cells and acutely raises plasma glucose concentration
by stimulating hepatic glucose production via glycogenolysis and gluconeogenesis.
Epinephrine acts on alpha and beta adrenergic receptors at multiple end organs to effect a
more sustained increase in plasma glucose concentration: epinephrine increases
glycogenolysis and gluconeogenesis at the liver; reduces insulin secretion while increasing
glucagon release from the pancreatic islets; reduces glucose uptake and utilization and
increases glycolysis by muscle; and increases lipolysis in adipose tissue.15 Such redundancy
in counterregulation, with the secretion of multiple factors within a narrow glycemic
threshold, provides a failsafe system such that one mechanism of counterregulation—if it
fails—can be supplanted by another.
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As glucose levels fall further, other counterregulatory factors are activated. Secretion of
growth hormone occurs at a plasma glucose threshold of approximately 66 mg/dL (3.7
mmol/L) and secretion of cortisol at approximately 58 mg/dL (3.2 mmol/L).11,12 Growth
hormone and cortisol induce changes in metabolic processes over longer periods of time
(hours) by stimulating lipolysis in adipose tissue and ketogenesis and gluconeogenesis in the
liver. These two hormones do not have an immediate role in the recovery from
hypoglycemia. Rizza et al. studied the effects of pharmacologically induced deficiencies of
glucagon, growth hormone, and catecholamines on the recovery from hypoglycemia in
healthy subjects, while also isotopically determining the rates of glucose appearance and
disappearance. Those who were rendered selectively growth hormone deficient during
hypoglycemia had plasma glucose concentrations, glucose appearance rates, and glucose
disappearance rates that were similar to those observed in control studies in which no
hormone deficiencies were induced.14 Feldman et al. had similar findings in their study of 4
healthy subjects who were rendered pharmacologically cortisol and growth hormone
deficient during hypoglycemia.16 While growth hormone and cortisol may not participate in
the immediate recovery from acute hypoglycemia, these hormones have more prominent
roles in the setting of prolonged hypoglycemia: they have been shown to limit the degree of
hypoglycemia that occurs in healthy humans during prolonged intravenous insulin infusion.
17,18 In fact, blockade of the growth hormone and cortisol responses to hypoglycemia has
been shown to result in lower plasma glucose levels after prolonged hypoglycemia—despite
a compensatory increase in epinephrine response.17,18 Boyle and Cryer, in their
comparison of healthy controls to patients who were cortisol and growth hormone deficient
due to hypopituitarism, also found that growth hormone and cortisol deficient subjects had
significantly lower plasma glucose concentrations 12 hours after continuous insulin infusion
to induce hypoglycemia. Interestingly, Boyle and Cryer found that both control subjects and
those with hypopituitarism had comparable rates of glucose recovery from hypoglycemia
after discontinuation of insulin infusions.19

Symptoms of hypoglycemia
Symptoms of hypoglycemia are typically categorized as neurogenic and neuroglycopenic
(Table 1). Neurogenic symptoms stem from the physiological changes that result in
activation of the autonomic nervous system during hypoglycemia. These symptoms are key
to the perception of hypoglycemia and include increased sweating, hunger, tingling
(mediated by activation of the cholinergic system) and the perception of shakiness/
tremulousness, heart pounding, and nervousness/anxiety (mediated by activation of the
adrenergic system). Neuroglycopenic symptoms result from the brain’s deprivation of
glucose during hypoglycemia. Neuroglycopenic symptoms are more difficult to perceive and
include warmth, weakness, difficulty thinking/confusion, and tiredness/drowsiness.4 The
ultimate and most severe neuroglycopenic symptoms are coma and death. Mitrakou et al.
studied the hierarchy of glycemic thresholds for the secretion of counterregulatory factors,
development of symptoms, and development of cerebral dysfunction in healthy human
subjects during hypoglycemia. They discovered that classically autonomic symptoms
developed at a higher threshold [at a plasma glucose concentration of approximately 58 mg/
dL(3.2 mmol/l)] while neuroglycopenic symptoms and decline in cognitive function tests
developed at significantly lower plasma glucose thresholds, approximately 51 and 49 mg/dL
(2.8 and 2.7 mmol/l), respectively.12

The role of the central nervous system in counterregulation
Animal studies have provided insight into the role of the CNS—itself dependent on glucose
as its primary fuel—in the counterregulatory response. The CNS can be regarded as the
great integrator of counterregulatory responses. It processes information on the state of local
and peripheral glucose concentration and then coordinates the appropriate neuroendocrine,
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autonomic, and behavioral responses to hypoglycemia.20 The CNS detects fluxes in glucose
concentration via glucose sensing neurons, which have been identified in the periphery and
in the brain. Peripheral glucose sensors involved in the counterregulatory response are
located in the hepatic portal-mesenteric vein and the carotid body.21,22 The central glucose
sensing neurons are widely distributed in the brain but are most represented in areas
involved in the regulation of neuroendocrine function, nutrient metabolism, and energy
homeostasis: the hypothalamus (the lateral hypothalamic area and the ventromedial
hypothalamus—which includes the ventromedial, arcuate and tuberal nuclei)23,24,25 and
the hindbrain (the area postrema, the nucleus of the solitary tract, and the dorsal motor
nucleus of the vagus).26,27,28 What makes these neurons glucose-sensing is that glucose,
beyond serving as a fuel for these cells, also serves as a regulator of their activity. Thus,
these neurons can be glucose-excited (GE), increasing their activity as ambient glucose
levels rise, or glucose-inhibited (GI), decreasing their activity as ambient glucose levels rise.
Multiple glucose sensing mechanisms have been proposed to exist in GE and GI neurons.
These sensing mechanisms have been compared to those of β- and α-cells in the pancreatic
islet since components of the islet glucose-sensing mechanism (GLUT 2 glucose transporter,
glucokinase, and KATP channels) have all been identified in glucose-sensing neurons.29,30
Ultimately, glucose metabolism induces a change in the membrane potential of the neuron to
stimulate neurotransmitter release and/or increase action potential frequency so that the
signal can be relayed to downstream neurons. Multiple neurotransmitters have roles in
relaying signals from glucose-sensing neurons. In animal studies, systemic hypoglycemia
has been shown to increase extracellular concentrations of norepinephrine and γ-
aminobutyric acid (GABA) in the ventromedial hypothalamus.31 Interestingly,
pharmacologic antagonism of the GABA receptor in the ventromedial hypothalamus
amplifies the counterregulatory response (specifically the glucagon and epinephrine
responses), whereas pharmacologic agonism of the GABA receptor has the opposite effect.
32 Perfusion of the ventromedial hypothalamus with glucose during systemic hypoglycemia
prevents local increase in extracellular norepinephrine levels.33 Intracerebroventricular
administration of the norepinephrine receptor agonist clonidine increases serum glucose
concentrations in animals. Conversely, antagonism of the norepinephrine receptor (via
yohimbine) blocks the hyperglycemic response to glucoprivation induced by 2-
deoxyglucose.34 Other neurotransmitters such as glutamate35 and nitric oxide36,37
potentially also have roles in relaying signals from glucose sensing neurons. Eventually, the
information on ambient glucose concentration that is derived from the widespread peripheral
and central glucose sensing elements is integrated at the central level—primarily in
networks located in the hypothalamus and hindbrain, as thoroughly reviewed by Watts and
Donovan20—and then relayed to the motor neurons in the hypothalamus, hindbrain and
autonomic ganglia that are actually responsible for effecting autonomic and neuroendocrine
responses in the adrenal medulla, anterior pituitary and pancreatic islets (Figure 1).

The precise roles of peripheral and central glucose sensors in the initiation of the
counterregulatory response are yet to be completely elucidated. Animal studies have shown
that blockade (by various methods) at any one site of glucose sensing can blunt at least part
of the counterregulatory response, suggesting there is no exclusivity of glucosensing and
initiation of counterregulation to a particular glucosensing area. Central glucose sensors play
a prominent role in the eliciting the counterregulatory response. The region of the brain that
has garnered the most interest has been the ventromedial nucleus of the hypothalamus.
Bilateral ventromedial hypothalamic destruction by local ibotenic acid injection38 and
localized ventromedial hypothalamus perfusion with D-glucose39 have been shown to cause
a marked reduction in the secretion of glucagon, epinephrine, and norepinephrine in
response to insulin-induced hypoglycemia. Moreover, producing localized cellular
glucopenia in the ventromedial hypothalamus via infusion of 2-deoxyglucose has been
shown to produce a counterregulatory hormonal response similar to that seen with systemic
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hypoglycemia.40 There may be other brain glucose sensing areas that are also involved in
mounting the counterregulatory response. Biggers et al. maintained cerebral euglycemia (by
glucose infusion into both the carotid and vertebral arteries) in the setting of peripheral
insulin-induced hypoglycemia and found that glucagon release and endogenous glucose
production are blunted.41 However, selectively maintaining euglycemia in either the carotid
or the vertebral arteries during peripheral insulin-induced hypoglycemia only minimally
attenuated the counterregulatory response, suggesting that multiple brain areas and
redundant central pathways are involved in counterregulation.42 Indeed, insulin-induced
hypoglycemia and cellular glucose deprivation (by 2-deoxyglucose infusion) induce Fos
protein immunoreactivity, which is an indicator of neuronal activation, in both the
hypothalamus and the hindbrain.43,44 The hindbrain appears to have a role in glucosensing
and the coordination of the counterregulatory response. DiRocco et al. have demonstrated
that cellular glucose deprivation (induced by 2-deoxyglucose infusion in the brainstem) can
produce sympathoadrenal activation in decerebrate rats. This suggests that a hindbrain-
mediated reflexive counterregulatory response that occurs without hypothalamic
contribution may exist.45

While most insights into glucose sensing and the coordination of counterregulation are
derived from animal studies, human studies have also advanced our knowledge in this area.
Human studies of brain activation during hypoglycemia have shown a fairly consistent core
network of brain areas that are activated during hypoglycemia, including the hypothalamus,
brainstem, anterior cingulate cortex, uncus, putamen, medial frontal gyrus and posterior
cingulate (areas involved in glucosensing, initiation of counterregulatory response and
cognitive functioning during hypoglycemia). Page et al. reported that in healthy humans,
cerebral blood flow to the hypothalamus increased during an episode of hypoglycemia
before there was a significant elevation in counterregulatory hormones levels.46 Musen et
al., using functional magnetic resonance imaging, noted that in healthy humans,
hypothalamic activation during hypoglycemia occurred at a mean glucose level of 68 mg/dL
(3.8 mmol/L), which is the level that is typically associated with counterregulatory hormone
release.47 Teves et al., who induced more pronounced hypoglycemia [mean blood glucose
of 54 mg/dL (3.0 mmol/L)] than Musen et al., also reported thalamic activation along with
activation in the medial prefrontal cortex using positron emission tomography to quantify
cerebral blood flow, an index of brain activation.48

The peripheral glucose sensors may also contribute to counterregulation. In animal studies,
normalizing glucose levels in the portal-mesenteric vein during graded insulin-induced
hypoglycemia49 or ablation of portal vein afferents50,51 have been shown to blunt the
sympathoadrenal counterregulatory response. Koyama et al. found that dogs with carotid
body resections had attenuated glucagon and cortisol secretion and decreased endogenous
glucose production after insulin-induced hypoglycemia.52 Saberi et al. found that glucose
sensors in the portal-mesenteric vein play a more significant role in initiating
sympathoadrenal responses to slow-onset hypoglycemia rather than fast-onset
hypoglycemia.53 However, experiments designed to examine the role of peripheral glucose
sensing in counterregulation in humans have yielded inconsistent findings. While some
studies have shown that oral glucose loading (to elevate portal glucose concentration only)
during a hyperinsulinemic-hypoglycemic clamp can suppress54 or augment55 the
counterregulatory response, others have shown that increasing portal vein glucose
concentrations during hypoglycemia has no effect on counterregulatory or symptomatic
responses to hypoglycemia.56 Some of these inconsistencies may be related to subtle
methodologic differences in protocols.57 Beyond their function in glucose sensing in the
post-prandial state, the role of peripheral glucose sensors in the initiation of the
counterregulatory response during hypoglycemia is yet to be clarified.
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Factors that affect normal counterregulation
Multiple factors contribute to the intensity of the counterregulatory response in healthy
humans. The recurrence of hypoglycemia itself has been shown to affect counterregulation.
One episode of hypoglycemia is sufficient to blunt the counterregulatory response to
subsequent hypoglycemia.58,59,60 Studies have also shown that antecedent exercise can
blunt the neuroendocrine counterregulatory responses to subsequent hypoglycemia.61
Augmentation of the hypothalamic-pituitary-adrenal axis (via infusions of exogenous
cortisol62 and adrenocorticotrophic hormone63) and stimulation of both type 1 (with
fludrocortisone) and type 2 (with dexamethasone) glucocorticoid receptors64 has been
shown to attenuate the counterregulatory response to subsequent hypoglycemia in healthy
humans. Thus, it can be hypothesized that activation of the hypothalamic-pituitary-adrenal
axis may be the common mechanism by which some of the aforementioned factors (whether
exercise or antecedent hypoglycemia) exert effects on the counterregulatory response. Age
appears to blunt some facets of the counterregulatory response, with Meneilly et al.
demonstrating that healthy elderly subjects had impaired glucagon and epinephrine
responses and reduced awareness of autonomic symptoms during insulin-induced
hypoglycemia when compared to younger healthy subjects.65 The counterregulatory
response appears to vary by gender. Fanelli et al. observed that healthy females subjected to
insulin-induced hypoglycemia had lower responses (but similar glycemic thresholds) in
glucagon, epinephrine and growth hormone secretion than their male counterparts.10 The
time of day appears to influence several components of the neuroendocrine response to
hypoglycemia, with the most notable being an enhancement in epinephrine and cortisol
responses during early nighttime hypoglycemia.66 Finally, hyperinsulinemia itself can
suppress the counterregulatory response to hypoglycemia, an important point to bear in mind
as we discuss changes in counterregulation related to diabetes.67

Neuroendocrine responses to hypoglycemia in type 1 diabetes
Type 1 diabetes alters the normal counterregulatory response to hypoglycemia in a variety of
ways (Figure 2). Firstly, due to exogenous insulin therapy, patients with type 1 diabetes
cannot reduce systemic insulin levels as blood glucose concentrations begin to decline.
Thus, the initial decrement in insulin that normally occurs as a response to prevent further
decline in blood glucose concentration is impaired in type 1 diabetes. Secondly, the expected
increment in glucagon secretion in response to hypoglycemia is compromised, even though
glucagon responses to stimuli other than hypoglycemia remain generally intact.68,69 The
loss of the paracrine interaction between α- and β-cells in the pancreatic islet has been
posited as a cause of the loss of hypoglycemia-induced glucagon secretion in type 1
diabetes. Several studies have demonstrated that α-cell secretion of glucagon is under tonic
inhibition by insulin produced from nearby β-cells and that a reduction in intraislet insulin
levels during hypoglycemia reverses this tonic inhibition and stimulates glucagon secretion.
70,71 These findings suggest that, as β-cell mass declines over the course of diabetes, loss of
insulin secretion and loss of insulin flux dampens the paracrine stimulation of glucagon
secretion in insulin-deficient patients with type 1 diabetes. Finally, the response of
epinephrine to a given level of hypoglycemia is blunted and the glycemic threshold for its
secretion is shifted to lower plasma glucose concentrations in well-controlled type 1
diabetes,69,72,73 creating the situation where the adrenergic symptoms of hypoglycemia
fail to appear until the blood glucose drops to the lowered threshold that elicits the
epinephrine response. This change in epinephrine response does not appear to be related to a
structural abnormality of the adrenal medullae74 since patients with defective epinephrine
response to hypoglycemia have normal epinephrine responses to exercise, standing or a
meal.75,76 The change in epinephrine response is most likely the result of preceding
hypoglycemia,77,73 which shifts glycemic thresholds for initiation of counterregulation.
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This hypothesis is further supported by the following two findings: even healthy individuals
have been shown to have a decreased epinephrine response to subsequent hypoglycemia less
than a day after an episode of antecedent hypoglycemia;59 and some of the blunting of the
epinephrine response in type 1 diabetes is ameliorated by avoidance of hypoglycemia,78
suggesting that adrenal medullary function is intact. And while blunted epinephrine response
is demonstrable in patients with type 1 diabetes who otherwise do not have signs, symptoms,
or cardiovascular reflex abnormalities suggestive of autonomic dysfunction,77 there does
appear to be an additional effect of autonomic neuropathy in the diminution of epinephrine
response to hypoglycemia.77,79,80 In summary, the first, second and third defenses against
hypoglycemia—namely, the dissipation of insulin and increments in glucagon and
epinephrine—are impaired in type 1 diabetes, causing the clinical syndrome of defective
glucose counterregulation.74,81 This has significant clinical implications for affected
patients: patients with type 1 diabetes, with combined deficiencies of the glucagon and
epinephrine responses can have a 25-fold increase in risk for severe iatrogenic
hypoglycemia during intensive insulin therapy when compared to patients with type 1
diabetes who have deficient glucagon but normal epinephrine responses to hypoglycemia.74

These differences in the neurohormonal response to hypoglycemia in patients with type 1
diabetes are accompanied by changes in activation of brain regions associated with
glucosensing and initiation of the counterregulatory response. Dunn et al. studied 13 men
with type 1 diabetes (6 with hypoglycemia awareness and 7 with hypoglycemia
unawareness). They measured subjects’ regional brain metabolism by [18F]-
fluorodeoxyglucose (FDG) positron emission tomography (PET) during euglycemia and
hypoglycemia. During hypoglycemia, subjects with type 1 diabetes and hypoglycemia
awareness had increased FDG uptake (and therefore increased brain metabolism and
neuronal activation) in multiple areas that may be involved in mounting the behavioral
responses to hypoglycemia, including the left amygdala, bilateral ventral striatum, occipital
cortex, brainstem and bilateral orbifrontal cortex.82 Musen et al., in their comparison of
brain activation during hypoglycemia in patients with type 1 diabetes and controls, found
that while there was activation of a core network of brain regions in both groups, subjects
with type 1 diabetes showed increased activation in the superior temporal gyrus and insula
relative to control subjects.47 These differences in areas of activation are of uncertain
significance. However it is also notable that Musen et al. demonstrated that subjects with
diabetes and higher hemoglobin A1c (HbA1c) levels had significantly more hypothalamic
activation than those with lower HbA1c levels, implying that stricter glycemic control
(which has been shown to alter the neurohormonal response to hypoglycemia) may also alter
activation of the hypothalamus during hypoglycemia.

Neuroendocrine responses to hypoglycemia in type 2 diabetes
There have been fewer studies on the neuroendocrine responses to hypoglycemia in patients
with type 2 diabetes. Some investigations have shown impaired counterregulatory responses
to hypoglycemia in patients with type 2 diabetes while others have not. For instance, Bolli et
al. reported attenuated glucagon, growth hormone, and cortisol responses (but no change in
epinephrine response and increased norepinephrine release) during subcutaneous insulin-
induced hypoglycemia in patients with type 2 diabetes who had no clinical evidence of
autonomic neuropathy.83 Other studies have reported reduced glucagon but increased
epinephrine responses to hypoglycemia in type 2 diabetes, with variable effects on the
remaining counterregulatory hormones.84,85 In contrast, Boden et al. observed that
although basal glucagon concentrations were higher in patients with type 2 diabetes than in
controls, there was no difference in the glucagon and epinephrine responses to
hypoglycemia between the two groups.86 Similarly, Polonsky et al. and Heller et al.
reported normal responses of glucagon, epinephrine, cortisol and growth hormone in
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patients with type 2 diabetes subjected to intravenous insulin-induced hypoglycemia when
compared to controls.87,88 The most we can conclude from these disparate findings is that
in the setting of hypoglycemia, glucagon response may be normal or blunted, while
epinephrine response remains intact, if not augmented in patients with type 2 diabetes. The
variability in these findings may in part be related to the variable methods of hypoglycemia
induction, the recruitment of patients with autonomic neuropathy in some studies, and other
factors (including age, glycemic control, and gender) that could influence counterregulation.
The variation of glucagon response may also be related to variation in subjects’ residual β-
cell function, which can decline with longer duration of type 2 diabetes. Israelian et al.
found that even moderately insulin-deficient subjects with type 2 diabetes (as defined by
homeostasis model assessment of β-cell function) had a slower decline in insulin secretion
and reduced glucagon and growth hormone responses to hypoglycemia when compared to
healthy controls—although the responses of epinephrine, norepinephrine, and cortisol were
similar in both groups.89 To further test the hypothesis that the glucagon response to
hypoglycemia may be reduced in subjects with more pronounced insulin-deficiency, Segel
et al. studied the counterregulatory response to hypoglycemia in patients with type 2
diabetes treated with oral hypoglycemics and “insulin-deficient” patients with type 2
diabetes treated with insulin (who had low C-peptide levels) and controls. The insulin-
deficient subjects with type 2 diabetes had a near-absence of the glucagon response to
hypoglycemia when compared to controls and those with type 2 diabetes treated with oral
hypoglycemics.90

As previously discussed, antecedent hypoglycemia itself has been shown to blunt the
counterregulatory response to subsequent hypoglycemia in healthy individuals and in
subjects with type 1 diabetes. However, the findings in patients with type 2 diabetes have
been variable. While some researchers have found no effect of antecedent hypoglycemia on
counterregulatory responses to subsequent hypoglycemia,91 others have reported a shift in
the glycemic thresholds for onset of counterregulatory responses and hypoglycemic
symptoms in patients with type 2 diabetes subjected to subsequent hypoglycemia.90 As in
type 1 diabetes, tightening glycemic control in individuals with type 2 diabetes shifts the
threshold for counterregulatory hormone release to lower plasma glucose concentrations
during hypoglycemia. Davis et al. committed subjects with type 2 diabetes to 6 months of
intensive therapy to lower mean HbA1c from 10.2 ± 0.5 to 6.7 ± 0.3%. After intensive
therapy, patients had reduced symptomatic and epinephrine responses to insulin-induced
hypoglycemia.92 Similarly, earlier studies have shown that tightening of glycemic control in
type 2 diabetes can shift the glycemic threshold for the epinephrine and symptomatic
response to lower plasma glucose concentrations, reduce the degree of epinephrine response
to hypoglycemia,93,94 and blunt cortisol response to hypoglycemia.93 There appears to be a
positive correlation between HbA1c and the glucose level required for epinephrine and
norepinephrine secretion.95

Patients with type 2 diabetes are exposed to a broad variety of therapies for glycemic
management and investigators have studied the counterregulatory responses to
hypoglycemia in patients taking different therapies for type 2 diabetes. Bolli et al. found
similar counterregulatory responses to hypoglycemia in their study of type 2 patients who
were insulin-treated and non-insulin treated.83 Conversely, Landstedt-Hallin et al. reported
that type 2 patients treated with glibenclamide (a sulfonylurea) and insulin had a blunting of
the glucagon response (but not the epinephrine response) to hypoglycemia when compared
to type 2 patients given insulin treatment only.96 This effect may be related to the
aforementioned hypothesis that high intraislet insulin concentrations—in this case related to
sulfonylurea therapy—may inhibit glucagon release in response to low blood glucose.
However, Choudhary et al. did not have similar findings in the sulfonylurea-treated patients
with type 2 diabetes they studied. In their study, although the glycemic threshold for
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development of symptoms of hypoglycemia shifted to higher plasma glucose concentrations
in the sulfonylurea-treated type 2 patients compared to matched insulin-treated type 2
patients or healthy controls, the glycemic threshold for the release—and the magnitude of
peak responses—of counterregulatory hormones was not different between all these groups.
97

Hypoglycemia unawareness
Clinical description

As discussed above, recent antecedent hypoglycemia can cause defective glucose
counterregulation in healthy individuals and in patients with both type 1 and type 2 diabetes.
98,60,59,77,73,90 With exposure to antecedent hypoglycemia, the glycemic threshold for
counterregulation shifts to lower plasma glucose concentrations, as does the threshold for
development of the symptoms of hypoglycemia and the development of cognitive
dysfunction.99 This phenomenon—termed hypoglycemia-associated autonomic failure—
manifests primarily as reduced epinephrine in the setting of an absent or attenuated glucagon
and reduced symptomatic responses to recurrent iatrogenic hypoglycemia, with glycemic
thresholds for initiation of these responses shifting to lower plasma glucose concentrations.
81 In such patients, persistent exposure to iatrogenic hypoglycemia can lead to progression
to hypoglycemia unawareness. In the absence of neurogenic symptoms which previously
alerted the patient with diabetes to the need to correct progressing hypoglycemia,
neuroglycopenic symptoms (i.e. the alteration in cognition, alteration in mental status,
seizure and eventual coma) become the first manifestations of hypoglycemia, increasing the
risk of morbidity associated with hypoglycemia.

Potential mechanisms
The etiology of hypoglycemia unawareness is not yet clearly elucidated and has been an
area of great research interest. Hypoglycemia unawareness may stem from altered sensing of
hypoglycemia by the brain. There may be a functional change in the brain’s glucose sensing
neurons or an alteration in neurotransmission that results from antecedent hypoglycemia.
Additionally, the brain may not sense glucose deprivation if its metabolism is supported by
extra fuel during hypoglycemia, whether the fuel is in the form of excess glucose, glycogen,
lactate or ketones. Alternately, the development of hypoglycemia unawareness may be
related to impaired coordination of the counterregulatory response. In this case, although the
brain may sense hypoglycemia, it may not be able to mount an appropriate neuroendocrine
response. Likely, there are multiple mechanisms contributing to the development of
hypoglycemia unawareness. We shall discuss these potential mechanisms in detail below.

As mentioned above, the development of hypoglycemia unawareness may in part be related
to impaired coordination of the counterregulatory response. It is important to note that
hypoglycemia unawareness is distinct from diabetic autonomic neuropathy. Unlike
autonomic neuropathy, the defect in counterregulation seen in hypoglycemia unawareness is
dynamic. It can be induced by recurrent antecedent hypoglycemia and improved (and to a
certain extent reversed) by avoidance of hypoglycemia.78,100,101 Although, interestingly,
the improvement in clinical hypoglycemia unawareness (i.e. the restoration of neurogenic
symptoms of hypoglycemia) is not consistently related to restoration of the epinephrine
response to hypoglycemia.102

Regional changes in brain glucose sensing
Regional changes in glucose sensing areas during hypoglycemia have been demonstrated in
studies of subjects with hypoglycemia unawareness. Cranston et al. compared regional brain
uptake of the labeled glucose analog [18F]fluorodeoxyglucose (FDG) using positron
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emission tomography (PET) in hypoglycemia unaware and hypoglycemia aware subjects
with type 1 diabetes at euglycemia and during hypoglycemia. They found that the
hypoglycemia unaware group had reduced FDG uptake in the subthalamic brain region—an
area implicated in glucosensing—in response to hypoglycemia.103 The same group, in their
study of brain activation in type 1 diabetes with and without hypoglycemia unawareness
found that hypoglycemia unaware subjects had attenuation of FDG uptake in the amygdala,
occipital cortex, cerebellum, and brainstem during hypoglycemia.82 Arbelaez et al.
demonstrated increase in regional cerebral blood flow, as measured by [15O]water and
positron emission tomography, in the dorsal midline thalamus during hypoglycemia in
healthy individuals exposed to recurrent hypoglycemia compared to controls.104 The
authors conclude that, in the setting of recurrent hypoglycemia, activation of the dorsal
midline thalamus inhibits the counterregulatory response to subsequent hypoglycemia.
These changes seen on imaging studies may reflect a change in neuronal function in
response to recurrent hypoglycemia. In a rodent study, cells in the arcuate nucleus show an
apoptotic response to single and recurrent episodes of hypoglycemia, with an associated
reduction in the expression of neuropeptide Y (NPY) and proopiomelanocortin (POMC)
mRNA.105 These neuronal changes may also be accompanied by changes in
neurotransmission. Rodent studies have shown that the activity of hypothalamic tyrosine
hydroxylase—which serves as an index of acute noradrenergic activation—is significantly
blunted after recurrent hypoglycemia.106 Further, studies in a rodent model of recurrent
hypoglycemia have shown that GABA levels in the ventromedial hypothalamus are
significantly higher at baseline and decrease to a lesser degree in recurrently hypoglycemic
rodents than in controls during a bout of hypoglycemia.107 Hence, focal impairment in
central glucosensing and neurotransmission may contribute to hypoglycemia unawareness.

Increased glucose transport to the brain
Following an episode of hypoglycemia there appears to be an upregulation of glucose
transport into the brain. This phenomenon may increase the availability of glucose during
subsequent episodes of hypoglycemia. Higher-than-normal levels of brain glucose may
sustain cerebral metabolism during subsequent hypoglycemia and may contribute to the
development of hypoglycemia unawareness. While rodent studies of shorter-term (up to 3
days) hypoglycemia have shown decreased glucose concentration in the ventromedial
hypothalamus,108 rodent studies of longer-standing hypoglycemia (up to 2 weeks) have
shown increased brain glucose uptake and blood-brain barrier GLUT-1—which mediates
passage of glucose across the blood-brain barrier—mRNA and protein expression.109 Other
rodent studies have confirmed that, while acute hypoglycemia has no effect on brain glucose
transport, chronic hypoglycemia increases brain glucose transport110 and GLUT-1 mRNA
and protein expression.111,112 Human studies have shown that brain glucose uptake is
maintained at normal, if not augmented levels, despite relative glucose deprivation due to
recurrent antecedent hypoglycemia. In their study of brain glucose uptake in healthy humans
subjected to 24 hours of between-meal hypoglycemia, Segel et al. found that (when
compared to controls) the rate of blood-to-brain glucose transport and cerebral glucose
metabolism were unchanged in the group exposed to recurrent antecedent hypoglycemia,
despite a marked reduction in glucose availability.113 Boyle et al. studied brain glucose
uptake (based on cerebral blood flow and brain arteriovenous glucose difference) in healthy
humans before and after 56 hours of between-meal hypoglycemia. They found that brain
glucose uptake and cerebral function were maintained at normal levels even after the
prolonged hypoglycemia.114 The same group studied brain glucose uptake in well-
controlled (and presumably recurrently hypoglycemic) patients with type 1 diabetes and
found that this group had normal brain glucose uptake before and during hypoglycemia.
Conversely, less tightly controlled patients with type 1 diabetes and normal controls had a
decrement in brain glucose uptake during hypoglycemia.115 Further, our group has found
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that brain glucose concentrations (as measured by in vivo 1H nuclear magnetic resonance
(NMR) spectroscopy) during a hyperglycemic clamp were significantly higher in subjects
with type 1 diabetes and hypoglycemia unawareness than in healthy controls, again
suggesting that changes in brain glucose transport may arise as a result of recurrent
hypoglycemia.116

Utilization of alternate fuels
Hypoglycemia unawareness may be related to the brain’s utilization of alternate fuels during
hypoglycemia, allowing it to maintain normal metabolism in the face of low plasma glucose
concentration. These alternate fuels may include glycogen, lactate and ketones. Glycogen is
the major energy reserve in brain. Although it is localized almost exclusively to astrocytes,
glycogen can be metabolized to lactate and then exported to neurons for energy such that—
in in vitro studies—astrocyte stores of glycogen can improve neuronal survival during
glucose deprivation.117,118,119 It has been hypothesized that supercompensation of brain
glycogen content following an episode of hypoglycemia may provide the brain with
additional fuel stores during subsequent hypoglycemia. Our group has demonstrated that
brain glycogen content is higher following hypoglycemia than it is following euglycemia in
both rats and humans.120,121 However, Herzog et al. did not find brain glycogen content to
be different in animals subjected to recurrent hypoglycemia than in animals maintained at
euglycemia, although they did find that animals subjected to recurrent hypoglycemia
displayed faster recovery of brain glucose and glycogen levels after an episode of
hypoglycemia than did animals not exposed to previous hypoglycemia.122

The brain has been shown to upregulate acetate transport during hypoglycemia in humans
with well-controlled type 1 diabetes.123 Since acetate transport occurs via monocarboxylic
acid transporters, which are also used for lactate and ketones, it has been hypothesized that
lactate and ketone levels in the brain may also be increased in the setting of recurrent
hypoglycemia, thereby providing alternative fuels to be used during subsequent periods of
glucose deprivation. In rodents, the perfusion of the ventromedial hypothalamus with L-
lactate markedly decreased counterregulatory hormone responses to hypoglycemia.124 In
healthy humans, infusion of lactate during hypoglycemia has been shown to diminish the
neuroendocrine responses to hypoglycemia, lower the glucose concentration at which these
responses begin, and lower the glucose concentration at which brain function deteriorates.
125 Similarly, ketones have been proposed as an alternate energy source during
hypoglycemia. Amiel et al. studied healthy subjects who were infused with saline or beta-
hydroxybutyrate. They found that the glycemic threshold for the epinephrine response
occurred at a lower plasma glucose concentration and peak epinephrine, norepinephrine,
cortisol and growth hormone responses were significantly lower during ketone infusion.126
Veneman et al. noted similar changes in the magnitude of—and the glycemic threshold for
the development of—counterregulatory hormone responses, symptoms and cognitive
dysfunction during hypoglycemia with beta-hydroxybutyrate infusion.127 It is notable that
the presence of endogenous hyperketonemia after an episode of hypoglycemia (without
exogenous ketone infusion) has not been shown to produce changes in the counterregulatory
response when compared to blockade of ketone production (by acipimox, an inhibitor of
lipolysis).128

Augmentation of the hypothalamic-pituitary-adrenal axis
It has been hypothesized that elevated cortisol levels—along with elevated levels of
adrenocorticotrophic hormone (ACTH) and corticotrophin-releasing hormone (CRH)—in
response to antecedent hypoglycemia may contribute to defective counterregulation and the
development of hypoglycemia unawareness. In animal studies, rats pre-treated with CRH,
ACTH or corticosterone show blunting in the counterregulatory response to subsequent
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hypoglycemia to a comparable degree as animals exposed to antecedent hypoglycemia. This
action might be mediated in large part by CRH, since pharmacologic antagonism of the
CRH receptor 1 in the same animal models reversed the blunting effect of CRH pre-
treatment on the counterregulatory response.129 Yet, other animal studies have had contrary
findings: Jacobson et al. have found that CRH knockout (hence CRH and glucocorticoid
deficient) mice exposed to recurrent hypoglycemia do not show improvement in the blunting
of the counterregulatory response during subsequent hypoglycemia when compared to
control animals;130 Inouye et al. have reported that, while an episode of hypoglycemia
results in increased CRH mRNA expression in insulin-treated diabetic animals exposed to
an episode of hypoglycemia, exposure to antecedent hypoglycemia actually results in a less
pronounced rise in CRH mRNA.131 Exogenous cortisol infusion62 and ACTH infusion63
in healthy humans have been shown to attenuate the counterregulatory response to
subsequent hypoglycemia. Similarly, antecedent stimulation of both type 1 (with
fludrocortisone) and type 2 (with dexamethasone) glucocorticoid receptors in healthy
humans has been shown to blunt the levels of epinephrine, norepinephrine, glucagon and
growth hormone response to subsequent hypoglycemia.64 Further, while normal controls
exposed to antecedent hypoglycemia experience blunting of the counterregulatory response
during subsequent hypoglycemia, patients with primary adrenocortical failure (and therefore
an absence of a more pronounced cortisol response) exposed to antecedent hypoglycemia
display no change in counterregulatory hormone response to subsequent hypoglycemia.132
Yet, infusing cortisol to achieve levels comparable to those that occur during hypoglycemia
did not reduce the adrenomedullary (epinephrine) response of the neurogenic symptoms to
subsequent hypoglycemia in healthy humans.133 Moreover, Goldberg et al. have found that
that blockade of endogenous cortisol production during antecedent hypoglycemia does not
enhance the impaired counterregulatory responses to subsequent hypoglycemia.134 Thus,
the role of cortisol and the hypothalamic-pituitary-adrenal axis in defective
counterregulation is yet to be fully elucidated.

The opioid signaling system
The opioid signaling system has also been hypothesized to contribute to the development of
hypoglycemia unawareness by attenuating the counterregulatory response. Studies have
shown that β-endorphin levels are increased after hypoglycemic stress in humans.135
Subsequent human studies of insulin-induced hypoglycemia with and without blockade of
opiates by naloxone in well-controlled subjects with type 1 diabetes with defective
counterregulation and in healthy controls showed augmentation in the counterregulatory
response with use of naloxone—with naloxone resulting in increased epinephrine and
cortisol response in controls and increased epinephrine, growth hormone, and cortisol
response in the subjects with diabetes during hypoglycemia.136 Most recently, Leu et al.
reported that opioid receptor blockade with naloxone during antecedent hypoglycemia
prevented blunting of the counterregulatory response to subsequent hypoglycemia,
suggesting that the opioid signaling system may indeed play a role in defective
counterregulation.137

In summary, the potential mechanisms for the development of hypoglycemia unawareness
are numerous. Impaired sensing of hypoglycemia by the brain is likely the primary
contributor to hypoglycemia unawareness. This may occur as a result of structural changes
in glucose sensing neurons, alterations in neurotransmission or the availability of alternate
fuels for brain metabolism. Defective coordination of counterregulation may also have a role
in the development of hypoglycemia unawareness. To date, cortisol and the opioid signaling
system have been studied as possible causes of defective counterregulation that could
contribute to hypoglycemia unawareness. Future research is needed to understand the
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complex sequence of events that is necessary to develop hypoglycemia-induced autonomic
failure.

Conclusions
In summary, the physiologic response to hypoglycemia is a complex and well-coordinated
process. In healthy humans, there is an ordered, failsafe response system that begins with a
reduction in insulin secretion while blood glucose concentration is still in the physiologic
range. As blood glucose concentration declines further, peripheral and central glucose
sensors relay this information to central integrative centers to coordinate the secretion of
counterregulatory hormones (glucagon, epinephrine, norepinephrine, growth hormone and
cortisol, respectively) and avert the progression of hypoglycemia. Type 1 diabetes perturbs
these counterregulatory responses: circulating insulin levels cannot be reduced (due to
exogenous insulin therapy); glucagon secretion is blunted or absent; and epinephrine
secretion is blunted and shifted to a lower plasma glucose concentration. Moreover, type 1
diabetes may affect central glucose sensing. Counterregulation has also been shown to be
impaired in type 2 diabetes. In this setting, the glucagon response to hypoglycemia may be
normal or blunted, while epinephrine response remains intact, if not augmented. Patients
affected by type 1 and type 2 diabetes can develop the syndrome of hypoglycemia
unawareness. Hypoglycemia unawareness develops as recurrent iatrogenic hypoglycemia
shifts the glycemic threshold for counterregulation and development of hypoglycemic
symptoms to lower plasma glucose concentrations. In this setting, neurogenic symptoms—
which are usually the initial warning symptoms of hypoglycemia—are blunted and the first
manifestation of hypoglycemia becomes neuroglycopenia. The mechanisms underlying the
development of hypoglycemia unawareness may be related to both altered central sensing of
hypoglycemia and impaired coordination of responses to hypoglycemia. Many facets of the
coordination of the counterregulatory response and the development of hypoglycemia
unawareness remain unknown and will require further study in the future.
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Figure 1.
Neuroendocrine network coordinating the response to acute hypoglycemia. Dashed lines
represent areas of glucose sensing. Dark lines represent areas involved in counterregulation.
CNS, central nervous system; NTS, nucleus of the solitary tract; DMN, dorsal motor nucleus
of the vagus; ↓, decreased; ↑, increased; NE, norepinephrine; ACh, acetylcholine.
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Figure 2.
Counterregulatory factors and glucose threshold for their secretion in the normal setting and
in type 1 diabetes
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Table 1

Symptoms and signs of hypoglycemia

Symptoms

Neurogenic Neuroglycopenic

Shakiness Warmth

Tremulousness Weakness

Palpitations Difficulty in thinking

Nervousness/anxiety Difficulty speaking

Sweating Confusion

Hunger Tiredness

Tingling Drowsiness

Stupor

Seizures

Coma

Death

Signs

Autonomic activation Neuroglycopenia

Pallor Disorientation

Diaphoresis Hypothermia

Increased heart rate Focal neurological deficits

Increased systolic blood
pressure

Unresponsiveness
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