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Beyond the brain: do peripheral mechanisms develop
impaired awareness of hypoglycemia?
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Impaired hypoglycemia
awareness

Impaired awareness of hypoglycemia,
which is a diminished ability to per-
ceive the onset of hypoglycemia, typ-
ically coexists with a reduction in the
counterregulatory hormone responses
to hypoglycemia and is a major prob-
lem for patients with insulin- or secret-
agogue-treated diabetes. It triples the risk
of experiencing severe hypoglycemia (1),
which can be fatal, and prevents patients
from achieving the glycemic control nec-
essary to minimize the risk of developing
the microvascular complications of the
disease. Impaired awareness of hypogly-
cemia exists in up to 25% of patients with
type 1 diabetes and up to 10% of patients
with insulin- or secretagogue-treated
type 2 diabetes (2). Thus, millions of peo-
ple with diabetes around the globe suffer
from this problem, making it a very sig-
nificant public health issue.

Healthy humans have a robust and
redundant counterregulatory response
that prevents the development of hypo-
glycemia. This response is triggered by
the detection of a fall in blood sugar by
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The mechanisms responsible for the development of the impaired
awareness of hypoglycemia often seen in insulin-treated patients

with diabetes remain uncertain, but cerebral adaptations to recurrent
hypoglycemia are frequently hypothesized. In this issue of the JCI, Ma et al.
demonstrate that neuropeptide Y (NPY) secretion from adrenal chromaffin
cells persists during exposure to recurrent hypoglycemia and activation

of the sympathetic nerves at the same time that epinephrine secretion is
reduced. This results in the inhibition of tyrosine hydroxylase, the rate-
limiting enzyme for catecholamine synthesis. These observations suggest
that a peripheral mechanism downstream from the brain contributes to the
development of impaired awareness of hypoglycemia.

glucose-sensing neurons in the ventral
medial hypothalamus and other areas
and mediated by the activation of hor-
monal and neural networks that ultimate-
ly increase hepatic glucose production
and feeding behavior to restore normo-
glycemia (3). In patients with type 1 dia-
betes and advanced type 2 diabetes, this
response is impaired (4). Such patients
are unable to prevent a fall in glucose
by reducing their own insulin secretion
because of the B cell failure associated
with their disease. They are also unable
to release glucagon in response to hypo-
glycemia, probably because of a failure
to reduce insulin levels within the islet
in response to the falling glucose levels
(5). They come to rely on hypoglycemia-
induced secretion of epinephrine from
the adrenal medulla and norepinephrine
from the sympathetic nerves to cause
the adrenergic symptoms that signal
the need to ingest carbohydrates. How-
ever, the glucose level required to elicit
this response is reduced following expo-
sure to hypoglycemia, and, with frequent
exposure to hypoglycemia, it drops into
the range at which humans experience
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neuroglycopenia. Patients with impaired
awareness of hypoglycemia do not know
they are experiencing hypoglycemia until
they become confused or lose conscious-
ness — a situation in which they cannot
help themselves recover from the drop in
blood sugar.

The mechanisms responsible for the
development of impaired awareness of
hypoglycemia remain uncertain. Many
investigators have focused on determin-
ing how glucose sensing is altered in the
brain. Some have suggested that cerebral
glucose transport is increased following
an episode of hypoglycemia, such that the
brain can obtain sufficient energy during
a subsequent episode to maintain normal
function (6, 7). Others have suggested
that transport of lactate and other mono-
carboxylic acids is upregulated following
hypoglycemia, such that the brain has
ready access to alternative fuels should
brain glucose levels fall again (8). Still
other investigators have focused on how
hypoglycemia might alter neurotransmit-
ter signaling in the brain during subse-
quent hypoglycemia, and changes in both
GABAergic (9, 10) and opioidergic (11, 12)
signaling have been identified. Relative-
ly little attention has been paid to how
recurrent hypoglycemia might directly
impact peripheral systems that participate
in the generation of the counterregulato-
ry response, despite the elegant work of
Sivtiz et al. (13) in 2001, which demon-
strated that adrenal sympathetic nervous
activity (SNA) was unchanged by recur-
rent episodes of hypoglycemia in rats and
that epinephrine responses were reduced
at the same time.

Elucidation of mechanisms

for impaired hypoglycemia
awareness

Inthe currentissue of the JCI, Ma et al. (14)
examined how recurrent episodes of hypo-
glycemia might directly act on the adrenal
medulla to reduce epinephrine secretion.
They observed that a single episode of
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hypoglycemia in a mouse increased urine
epinephrine secretion and, as expected,
that this measure of the counterregulato-
ry response was reduced following recur-
rent episodes of hypoglycemia or after
recurrent activation of the counterregu-
latory response using designer receptors
exclusively activated by designer drugs
(DREADD) technology. They then used
optogenetics to selectively depolarize
chromaffin cells in vitro and found that
cells derived from mice exposed to a sin-
gle episode of hypoglycemia before sac-
rifice demonstrated an increase in the
number of evoked events, whereas cells
derived from mice exposed to recurrent
episodes of hypoglycemia before sacrifice
had a reduction in the number of evoked
events. Using this in vitro model, they
also demonstrated that a single episode of
hypoglycemia prior to sacrifice was asso-
ciated with an increase in immunoreactiv-
ity of tyrosine hydroxylase, the rate-lim-
iting enzyme in catecholamine synthesis,
whereas recurrent episodes of hypoglyce-
mia prior to sacrifice were associated with
a reduction in this measure. Interestingly,
they also found that neuropeptide Y (NPY)
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B Following recurrent hypoglycemia

Fallin
blood sugar

Brain glucose sensing
(at lower levels)

Sympathetic
nerve activation

Stimulation of adrenal
chromaffin cells

@

/

yEpinephrine NPY
release release
®e .O °
oo

X

'

Persistent reduction of
hypoglycemia-induced epinephrine
release

immunoreactivity was significantly ele-
vated in the adrenal glands derived from
mice exposed to both single and recurrent
episodes of hypoglycemia. NPY is known
to be cosecreted from the adrenal medulla
with epinephrine and through binding to
Y1 receptors, tonically inhibiting expres-
sion of tyrosine hydroxylase. In NPY-KO
mice, the levels of tyrosine hydroxylase
immunoreactivity and urine catechol-
amine were not reduced by recurrent
episodes of hypoglycemia. The authors
conclude that NPY release mediates hypo-
glycemia-induced adrenal impairment of
catecholamine secretion (Figure 1).

What significance do these findings
have for patients with diabetes who devel-
op impaired awareness of hypoglycemia
following exposure to recurrent episodes
of hypoglycemia? Is it possible that hypo-
glycemia-induced adrenal NPY secretion
is responsible for the reduced catechol-
amine response seen in these patients?
Future studies will be necessary to answer
this question, but the work of Ma et al.
opens up a new area in which therapeutic
approaches to this critical complication of
diabetes can be considered.
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Figure 1. Proposed mechanism responsible

for inhibition of the epinephrine response to
recurrent hypoglycemia. (A) In response to an
isolated fall in blood sugar, the brain senses
hypoglycemia at a glucose concentration of
approximately 65 mg/dl and activates the sym-
pathetic nervous system. This activation results
in stimulation of the adrenal chromaffin cells,
which in turn leads to the release of epinephrine
and NPY. Epinephrine release following a single
episode of hypoglycemia increases the activity
of tyrosine hydroxylase, resulting in the replen-
ishment of epinephrine secretory stores. (B) In
response to repeated episodes of hypoglycemia,
the brain senses hypoglycemia at a lower glu-
cose concentration than that following exposure
to a single episode. This results in activation of
the sympathetic nervous system, followed by
stimulation of adrenal chromaffin cells. Because
NPY released during previous episodes of
hypoglycemia has reduced tyrosine hydroxylase
activity, the epinephrine secretory capacity of
the chromaffin cells is reduced, resulting in a
blunted counterregulatory response.

Consequences of recurrent
hypoglycemia versus a single
hypoglycemic event

Before additional translational work is
done in this area, it will be important for
these results to be confirmed by others,
particularly since work by Senthilkumaran
and Bobrovskaya (15) recently reported that
recurrent hypoglycemia actually increased
tyrosine hydroxylase protein while reduc-
ing the epinephrine response in a rat mod-
el, a response that is opposite to that seen
by Ma et al. In humans, recurrent hypogly-
cemia not only reduces the amount of epi-
nephrine released from the adrenal medul-
la in response to hypoglycemia, but also
reduces the glucose threshold that elicits
that response (4). Presumably, that change
in threshold is based on alterations present
in the glucose-sensing neurons, but future
work should determine whether changes
in adrenal SNA occurs in a glucose concen-
tration-dependent fashion and whether
the glucose concentration required to elicit
chromaffin cell catecholamine release is
higher in animals exposed to a single epi-
sode of hypoglycemia as opposed to recur-
rent episodes prior to sacrifice.
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Targeting the periphery

for impaired awareness of
hypoglycemia

Impaired awareness of hypoglycemia
affects many patients with insulin- and
secretagogue-treated diabetes and caus-
es personal (16) and family distress (17)
associated with the fear of hypoglyce-
mia. It has long been appreciated that
impaired awareness of hypoglycemia can
be reversed by scrupulous avoidance of
hypoglycemia for three or more weeks (18,
19), but given the very high prevalence of
hypoglycemia (20), this is very challeng-
ing for most patients to do in real life. The
development of new therapies ensuring
that the full counterregulatory response to
a fall in glucose is elicited every time the
plasma glucose falls below 65 mg/dl would
be welcome. The work of Ma et al. may
encourage some investigators to move out
of the brain and into the periphery to find
new targets for the prevention of impaired
awareness of hypoglycemia in diabetes.
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