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Hyperglycemia
Common in critically ill patients with

" : - The benefits of intensive insulin therapy are
and without diabetes

'- - - -0 counterbalanced by relative hypoglycemia in
people with diabetes

Counterregulatory responses occur at
- ==-* higher thresholds of blood glucose, which
may contribute to increased mortality.

Relative hypoglycemia may result
_____ - from defects in the brain's ability
to sense blood glucose levels.

Can the brain be targeted to
------------ « restore proper detection of blood
glucose levels?

ARTICLE HIGHLIGHTS

« In the intensive care unit, higher blood glucose is associated with higher mortality among patients without diabe-
tes but lower mortality in patients with preexisting diabetes.

« Implicated in this effect of diabetes is “relative hypoglycemia,” which results when the glycemic threshold for per-
ceiving hypoglycemia is increased.

¢ Mechanisms underlying this process are poorly understood, but detection of hypoglycemia by glucose-sensing
neurons situated behind the blood-brain barrier is incompatible with available data.

¢ Alternatively, hypoglycemia detection may involve glucose-responsive neurons with direct access to the circula-
tion; impairment of these neurons may underlie relative hypoglycemia. Therapeutic strategies that reverse this
impairment may alleviate this problem.
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“Relative hypoglycemia” is an often-overlooked complication of diabetes character-
ized by an increase in the glycemic threshold for detecting and responding to hypo-
glycemia. The clinical relevance of this problem is linked to growing evidence that
among patients with critical iliness, higher blood glucose in the intensive care unit is
associated with higher mortality among patients without diabetes but lower mortal-
ity in patients with preexisting diabetes and an elevated prehospitalization HbA;. Al-
though additional studies are needed, the cardiovascular stress associated with
hypoglycemia perception, which can occur at normal or even elevated glucose levels
in patients with diabetes, offers a plausible explanation for this difference in out-
comes. Little is known, however, regarding how hypoglycemia is normally detected
by the brain, much less how relative hypoglycemia develops in patients with diabe-
tes. In this article, we explore the role in hypoglycemia detection played by glucose-
responsive sensory neurons supplying peripheral vascular beds and/or circumven-
tricular organs. These observations support a model wherein relative hypoglycemia
results from diabetes-associated impairment of this neuronal glucose-sensing pro-
cess. By raising the glycemic threshold for hypoglycemia perception, this impairment
may contribute to the increased mortality risk associated with standard glycemic
management of critically ill patients with diabetes.

Although other causes exist, hypoglycemia is most often caused by insulin or other
glucose-lowering medications taken by patients with diabetes. When this occurs,
powerful counterregulatory responses (CRRs) are mounted that act collectively to re-
turn the blood glucose level to normal. Included among these CRRs is a robust sym-
pathetic nervous system discharge and the secretion of the counterregulatory
hormones epinephrine, norepinephrine, growth hormone, cortisol, and glucagon (1).
While these responses are crucial to the recovery of euglycemia, they also constitute
a significant physiological stress (2) that increases the risk of cardiovascular events
and death (3,4). Evidence also suggests that a single bout of iatrogenic hypoglycemia
is sufficient to activate the immune system and induce systemic inflammatory
markers for at least a week (5). Avoiding hypoglycemia and associated CRRs is there-
fore of paramount importance in the management of patients with diabetes.

This article focuses on a phenomenon known as “relative hypoglycemia,” wherein
the blood glucose threshold for perceiving and responding to hypoglycemia is in-
creased. In normal human subjects, the glycemic threshold ranges from ~50 mg/dL
to 60 mg/dL (2.8 mmol/L to 3.4 mmol/L) (6), but in patients with diabetes, this
threshold value can be much higher. Consequently, CRRs are mounted at normal or
even elevated blood glucose levels in patients with relative hypoglycemia (6-9), pos-
ing a serious risk to patients with underlying critical illness. As discussed in greater
detail below, relative hypoglycemia has emerged as a major clinical concern because
the standard glycemic target recommended for patients in the ICU (100-180 mg/dL)
is associated with increased mortality risk among some critically ill patients with diabetes
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Glucose Sensing and Relative Hypoglycemia

(10-15). Although mechanisms under-
lying this increased risk remain to be
established, the stress of relative hypo-
glycemia and associated CRRs is likely
to contribute.

The goal of this article is to offer a
conceptual framework within which to
understand the problem of relative hy-
poglycemia from both clinical and basic
science perspectives. After briefly re-
viewing the impact of diabetes on the re-
lationship between mortality risk and
glycemic management in the intensive
care unit (ICU), we examine what is
known and what is not known about
how the brain senses hypoglycemia and
how diabetes affects this process.

Not addressed in this article is the prob-
lem of hypoglycemia unawareness (for-
mally known as hypoglycemia-associated
autonomic failure), a second disorder of
hypoglycemia detection. This disorder is
seen primarily in insulin-treated patients
with diabetes and results from repeated
bouts of hypoglycemia. For reviews of this
topic, see Martin-Timén and Del Canizo-
Gbémez (16) and Sanchez-Rangel et al.
(17).

GLYCEMIA AND MORTALITY RISK
IN THE ICU

Hyperglycemia is common among critically
ill patients, both those with and without di-
abetes, owing to complex interactions be-
tween stress hormones (catecholamines,
glucagon, growth hormone, and cortisol)
and cytokines. These responses raise the
blood glucose level by increasing hepatic
glucose production while also reducing
both insulin secretion and tissue insulin
sensitivity (18,19). Glucose-raising medi-
cations (such as corticosteroids) and cer-
tain forms of nutritional support can also
predispose to hyperglycemia in the criti-
cal care setting.

While this hyperglycemia requires
treatment, the optimal glycemic target re-
mains controversial after more than 2
decades of investigation. At issue is that
randomized controlled trials (RCTs) investi-
gating outcomes of intensive insulin ther-
apy in the ICU have yet to distinguish
between patients with and those without
diabetes (20-24). Most patients included
in these trials did not have preexisting dia-
betes, as acute-onset stress hyperglyce-
mia is relatively common among critically
ill patients. However, growing evidence in-
dicates that whereas higher ICU blood

glucose is strongly associated with higher
mortality in patients with stress hypergly-
cemia who do not have diabetes, higher
ICU blood glucose is associated with lower
mortality in patients with preexisting dia-
betes and high HbA,. (e.g., =8.0%) (Fig. 1)
(10-15). While the specific mechanism of
injury remains to be established, relative
hypoglycemia and the adverse impact of
CRRs on patient outcomes are leading
candidates.

In the ICU setting, relative hypoglycemia
is defined as having occurred following
either a =30% decrease from estimated
preadmission glycemia (11,12) or any
drop into the blood glucose range of
70-110 mg/dL (or 3.9-6.1 mmol/L) for
patients with preadmission HbA,. =8.0%
(13). Evidence that mortality risk increases
significantly among ICU patients meeting
these criteria (10—-15) has prompted calls
for an individualized approach that takes
the preadmission, time-averaged glucose
level into account (based on HbA, levels)
(15). This possibility awaits a well-designed
RCT that achieves adequate separation of
blood glucose levels between intervention
and control groups while stratifying by
HbA,. level and minimizing hypoglycemic
events. These observations also highlight
the need for an improved understanding of
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mechanisms underlying relative hypoglyce-
mia, about which little is currently known.

IMPACT OF DIABETES ON THE
GLYCEMIC THRESHOLD FOR
HYPOGLYCEMIA DETECTION

The glycemic threshold for activating CRRs
in normal individuals was first established
by measuring the blood glucose level at
which various CRRs are first detected during
a graded hypoglycemic clamp (6,7). Em-
blematic of this work is a seminal article
showing that in normal subjects, this glyce-
mic threshold ranges between 51 mg/dL
(2.8 mM) and 61 mg/dL (3.4 mM), depend-
ing on the specific response measured (6).
In the same article, the glycemic threshold
for activating most (but not all) of these
responses was shown to be increased by
~45% in patients with type 1 diabetes.
Years later, two separate groups (8,9) used
the same graded hypoglycemic clamp
method to document a comparable in-
crease (~40-50%) in the glycemic thresh-
old in patients with type 2 diabetes. These
findings were interpreted to suggest that
sustained hyperglycemia raises the glycemic
threshold for detecting and reacting to hy-
poglycemia, a phenomenon subsequently
termed relative hypoglycemia (Fig. 2).

Blood Glucose

[ ] 80-140 mg/dL
] 140-180 mg/dL
. > 180 mg/dL

<6.5%

6.5-7.9%

> 8.0%

HbAlc

Figure 1—Impact of prehospitalization blood glucose level (assessed by HbA,. level) on the re-
lationship between glycemic control in the ICU and mortality risk. Note that, whereas higher
ICU blood glucose is associated with higher mortality in patients with stress hyperglycemia that
do not have diabetes, higher ICU blood glucose is associated with lower mortality in patients
with preexisting diabetes and high HbA,.. Data were analyzed using a multivariable analysis
model that incorporated mean ICU blood glucose and the APACHE IV prediction of mortality.
Modified with permission from Krinsley et al. (10).
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Figure 2—Schematic depiction of the phenomenon of relative hypoglycemia. CRRs are mounted when blood glucose levels are lowered below their
biologically defended value, regardless of whether this value is normal (gray line) or elevated, as is common among patients with diabetes (red
line). Relative hypoglycemia results when the blood glucose threshold for detecting hypoglycemia and activating CRRs is elevated into the normal
or even hyperglycemic range. BDLg, biologically defended level of glycemia.

DEFINING THE RELATIONSHIP
BETWEEN GLUCOSE LEVELS IN
BLOOD AND BRAIN

Having established the glycemic thresh-
old for hypoglycemia detection in hu-
mans, investigators commenced studies
that employed magnetic resonance spec-
troscopy (MRS) to investigate the effect
of clamped hyperglycemia on glucose lev-
els in the brain. The MRS method in-
volves placing the subject’s head in a
powerful magnet and quantifying the
size of the glucose MRS spectral peak in
a small, well-defined brain area (typically
in the occipital cortex). By simultaneously
monitoring blood and brain glucose lev-
els while changing the level of glucose in
the bloodstream, investigators were able
to show that blood glucose levels are at
least fivefold higher than levels in brain
at baseline and that brain levels increase
only modestly in response to a sustained
increase of the plasma glucose level (25).

These studies also established that dia-
betes and obesity blunt the effect of
clamped hyperglycemia to raise brain
glucose levels. Data from Hwang et al.
(25) show that when the blood glucose
level is raised during a hyperglycemic
clamp, the corresponding increase of

brain glucose is 20% lower in obese indi-
viduals and 50% lower in patients with
type 2 diabetes compared with healthy
controls. A separate study from the same
group (26) showed a similar (~30%) re-
duction in the fractional increase of brain
glucose levels during clamped hypergly-
cemia among type 1 diabetes patients
(mean HbA,. of 7.6%). More recently it
was shown (27) that following a 12-week
period of tight control to lower the HbA;.
level in a cohort of type 2 diabetes patients
(from 9.9% to 7.7%), the extent to which
clamped hyperglycemia increases the brain
glucose level was raised by 20% compared
with baseline. This evidence that preexist-
ing hyperglycemia reduces glucose trans-
port from blood to brain offers a potential
explanation for relative hypoglycemia. The
validity of this explanation, however, rests
on the notion that a low level of glucose in
the brain is the primary mechanism under-
lying detection of hypoglycemia.

THE BRAIN GLUCOSE-SENSING
MODEL

For convenience, we refer to this mecha-
nism of hypoglycemia detection as the
“brain glucose-sensing model.” This theory
posits that brain glucose sensing is mediated

by specialized glucose-responsive neurons
located within brain parenchyma and that
hypoglycemia is detected when the glu-
cose level in brain interstitial fluid (ISF) sur-
rounding these neurons drops below a
critical threshold. Support for the brain
glucose-sensing model includes evidence
that glucose-responsive neurons are con-
centrated in brain areas involved in glu-
cose homeostasis (28) and that the activity
of these neurons is sensitive to changes in
local glucose concentration (29). Further,
CRRs can be triggered in experimental ani-
mals by central administration of gluco-
penic agents that block cellular glucose
metabolism (e.g., 2-deoxy-b-glucose) (30).
Interfering with brain glucose metabolism
is therefore sufficient to activate counter-
regulatory responses normally engaged by
hypoglycemia. As detailed in the following
sections, however, several fundamental as-
pects of the response to hypoglycemia
cannot be explained by this type of mech-
anism. An alternative mechanism must
therefore exist.

PROBLEMS WITH THE BRAIN
GLUCOSE-SENSING MODEL

One concern about this model is that it
relies on brain levels of the regulated
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variable as the primary source of affer-
ent information. This is an inherently in-
efficient means by which to promote
homeostasis because it ensures that the
brain level must change before adaptive
responses are mounted. Consequently,
this type of arrangement requires that
brain glucose levels change more or less
continuously. In addition to being mal-
adaptive, studies that have monitored
brain glucose levels over time suggest
that this is not the case (25).

The thermoregulatory system offers a
useful example for how we might think
about brain glucose sensing. In this sys-
tem, afferent information is provided to
hypothalamic thermoregulatory centers
by sensory fibers innervating the skin
and other peripheral tissues rather than
by detecting the temperature within the
brain (31). Consequently, placing an ani-
mal in a cold environment elicits rapid
and robust adaptive responses that pro-
tect core body temperature despite the
fact that the brain’s temperature does
not change (32). This is the expected out-
come if the goal of homeostasis is to en-
sure stability of the brain temperature,
and it would not be possible if the brain
temperature had to change for adaptive
responses to be mounted. On teleologi-
cal grounds, therefore, the brain glucose-
sensing model seems maladapted to the
goal of ensuring stability in the brain’s
fuel supply.

Beyond such theoretical concerns is a se-
ries of more substantive problems with this
model. The first is that changes in the brain
glucose level elicited by a corresponding
change in the plasma level are both damp-
ened and delayed, as noted above. Specifi-
cally, Hwang et al. (25) reported that when
the blood glucose level is rapidly doubled
(from 6 mmol/L to 12 mmol/L) during a hy-
perglycemic clamp, the brain glucose level
rises only very slowly to a plateau value
that is only ~1.2 mmol/L over baseline, a
value fivefold lower than the peak value in
blood. This amounts to a very dampened
response. Could this blunted brain response
result instead from an effect of hypergly-
cemia to increase the rate of brain glucose
utilization? Were this to occur, it would
give the appearance of relatively reduced
glucose entry into the brain. However, a
study undertaken to investigate this hy-
pothesis shows that, in human subjects,
the rate of brain glucose utilization is not
substantially altered by experimental hy-
perglycemia (33). Moreover, the rate at

which the brain glucose level increases in
response to a clamped increase in the
blood setting is quite slow: the maximal
rate of increase is ~0.3 mmol/L per 10 min,
reaching steady state only after 90 min of
clamped hyperglycemia.

Based on these collective findings, we
infer that a change in the blood glucose
level must be both pronounced and pro-
longed to elicit a change of brain glucose
detectable to most glucose-sensing neu-
rons. The fact that the brain glucose level
remains relatively stable over time, even
in the face of pronounced changes of gly-
cemia, is consistent with a homeostatic
system that evolved to protect the brain
against changes in glucose availability.

Another challenge to the brain glucose-
sensing model stems from evidence that
the effect of a hypoglycemic clamp on
brain glucose levels does not differ be-
tween humans with and without diabetes.
This small study (34) shows that as pre-
dicted, brain glucose levels in normal hu-
man subjects are lower on average during
hypoglycemia than at their normoglyce-
mic baseline. However, the magnitude of
this effect was quite variable, with esti-
mated brain glucose levels ranging by
fourfold (between 0.3-1.2 pumol/g) after
the blood glucose level had been dropped
from ~6 mmol/L to 3 mmol/L. This degree
of variability is far greater than the glyce-
mic threshold for activating CRRs (6).
Moreover, this study also showed that
the decrease of brain glucose levels be-
tween subjects with and without type 1
diabetes (mean HbA;. 7.7% + 1.4%) did
not differ in response to the same degree
of clamped hypoglycemia. Although more
work is needed, these findings highlight
an apparent lack of a relationship be-
tween the brain glucose level and the
threshold for CRR activation.

Perhaps the most compelling evidence
against the brain glucose-sensing model
is that hypoglycemia elicits CRRs much
more rapidly than can be accounted for
by the corresponding change in brain glu-
cose level. As noted above (25), it takes
tens of minutes for the brain glucose level
to change substantially in response to a sus-
tained, robust change in the blood glucose
level. In contrast, the adrenomedullary re-
sponse to hypoglycemia (i.e., epinephrine
secretion) is virtually instantaneous (35).

Taken together, these findings leave
little doubt that afferent information
relevant to the circulating glucose level
is conveyed to autonomic centers much
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more rapidly than can be accounted for
by a change in the level of glucose in
brain ISF. Alternative explanations for hy-
poglycemia detection by the brain must
therefore exist.

THE BLOOD GLUCOSE-SENSING
MODEL

One possibility is referred to here as the
blood glucose-sensing model. This model
proposes that the level of glucose in the cir-
culation is detected by glucose-responsive
sensory neurons innervating the vascula-
ture, and this afferent glucose-sensing infor-
mation is then conveyed to glucoregulatory
centers in the brain. According to this the-
ory, CRRs are mounted when the level of
glucose in the bloodstream (rather than in
the brain) drops to a level incompatible
with proper brain function (36,37) (Fig. 3
and Table 1).

In support of this model is evidence that
specific vascular beds are innervated by
glucose-sensing neurons, including the he-
patic portal vein (38—40) and carotid body
(41). Watts and Donavan have shown fur-
ther that responsiveness to hypoglycemia
is dependent on afferent signals generated
by sensory neurons innervating the hepatic
portal vein and adjacent vascular beds
(39,40).

In addition to sensory neurons that in-
nervate peripheral vasculature, glucose-
sensing neurons are concentrated in brain
areas known as circumventricular organs.
As these brain areas lack a properly formed
blood-brain barrier (BBB), neuronal pro-
cesses are exposed directly to the circula-
tion and, thus, are well positioned to detect
the circulating glucose level. Among these
brain areas is the median eminence, lo-
cated on the floor of the mediobasal hypo-
thalamus, adjacent to the third cerebral
ventricle. This brain area is specialized to
detect and respond to circulating hormones
and nutrient-related signals and to convey
this afferent information to neurocircuits lo-
cated behind the BBB (42,43), and it is
richly supplied with neurons that express
glucokinase (44), a glycolytic enzyme
whose activity varies according to the
glucose concentration. Like pancreatic
[-cells, these neurons are specialized to
sense glucose. In addition, tanycytes, as-
trocytes, and other glial cells implicated
in glucose homeostasis are concentrated
in this brain area (43,45-48).

Glucose-responsive neurons are also
found in the area postrema (49), a
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Figure 3—Schematic illustration of detection of the circulating glucose level by glucose-responsive neurons supplying the vasculature, either pe-
ripheral vascular beds (such as the hepatic portal vein) or circumventricular organs (such as the median eminence [ME] or area postrema [AP]).
The bottom image depicts the role played by impaired neuronal glucose sensing in the mechanism linking sustained hyperglycemia to relative hy-
poglycemia. Circumventricular organs include the following: subfornical organ (SFO), organum vasculosum of the lamina terminalis (OVLT), ME,

and AP. CNS, central nervous system.

circumventricular organ located at the
base of the hindbrain (50). This structure
is situated adjacent to both the nucleus of
the solitary tract and dorsal motor nucleus
of the vagus, nuclei crucial to afferent and
efferent functions of the parasympathetic
nervous system, respectively. This brain
area is therefore well placed to rapidly
transduce glucose-sensing information
into adaptive autonomic responses. While
the roles played by the median eminence,
area postrema, and other circumventricu-
lar organs in hypoglycemia detection re-
quire additional study, we presume that a
distributed system exists for detecting
glucose levels in the bloodstream and

conveying this information to glucoregu-
latory neurocircuits located behind the
BBB.

IMPLICATIONS FOR RELATIVE
HYPOGLYCEMIA

As noted above, the brain glucose-sensing
model views relative hypoglycemia as the
result of a deleterious effect of sustained
hyperglycemia on the efficiency of glu-
cose transport from blood into the brain,
such that the brain glucose level is lower
than expected for a given plasma level.
The validity of this theory is challenged
by the rapidity with which CRRs are

mounted in response to hypoglycemia
and several other serious flaws.

In comparison, data implicating im-
paired neuronal glucose sensing in the
pathogenesis of relative hypoglycemia are
much stronger. In this context, the glucor-
egulatory phenotype of patients with ma-
turity-onset diabetes of the young type 2
(MODY?2) (9) is of strong interest. MODY2
is a form of diabetes caused by a partial
loss-of-function mutation of the gene en-
coding glucokinase, the enzyme that phos-
phorylates glucose specifically in glucose-
sensing cells. It is expressed in some
neurons as well as in the liver and pan-
creatic B-cells, and it mediates the initial,
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Table 1-Comparison of brain glucose-sensing and blood glucose-sensing models

Model

Sensing mechanism

Hypoglycemia detection

Explanation for relative
hypoglycemia

Brain glucose sensing

Blood glucose sensing

Detection of glucose in brain ISF
by glucose-sensing neurons in
hypothalamus and elsewhere.

Brain areas involved in glucose
homeostasis receive afferent

drops below a critical
threshold.

below a critical threshold.

input regarding the circulating
glucose level from glucose-
sensing neurons that supply
the vasculature and brain
areas that lack a BBB.

The level of glucose in brain ISF

The blood glucose level drops

Sustained hyperglycemia reduces
glucose transport across the
BBB and into brain ISF, thereby
lowing the brain glucose level
for any blood glucose level.

Sustained hyperglycemia impairs
glucose sensing by afferent
neurons supplying the
vasculature, such that the
brain perceives the blood
glucose level to be lower than
it truly is.

rate-limiting step in cellular glucose sensing.
It therefore follows that glucose sensing by
both neurons and B-cells is impaired in
MODY?2 patients.

The question addressed by Chakera
et al. (9) is whether defective neuronal
glucose sensing is sufficient to cause rela-
tive hypoglycemia. Consistent with this
hypothesis, they found not only that the
glycemic threshold for CRRs is increased
by ~50% in MODY?2 patients but also that
crossing this threshold elicits an exagger-
ated increase of epinephrine secretion,
a response driven solely by the brain.
Moreover, this exaggerated epinephrine
response cannot be attributed to preex-
isting hyperglycemia, since HbA, levels in
MODY2 patients were only marginally
above those of healthy control values.

Based on these findings, we infer that
the mechanism linking sustained hypergly-
cemia to relative hypoglycemia involves
impaired neuronal glucose sensing (Fig. 3).
Extending this logic, we suggest further
that the effect of sustained hyperglycemia
to reduce brain glucose transport is not
required for relative hypoglycemia to de-
velop. Instead, we favor the explanation
offered by the blood glucose-sensing model
that hyperglycemia impairs the function of
glucose-responsive neurons exposed to glu-
cose in the circulation, and this blunted glu-
cose responsiveness leads in turn to relative
hypoglycemia.

In theory, the deleterious effect of hy-
perglycemia on neuronal glucose sensing
could involve the same mechanisms that
impair glucose sensing in the pancreatic
B-cells in patients with type 2 diabetes
(51,52). Consistent with this notion, the
mechanism underlying defective cellular
glucokinase activity in B-cells from patients

with type 2 diabetes appears to involve an
effect of hyperglycemia to reduce glycoly-
sis and to overwhelm cellular mitochon-
drial metabolism (51). Interventions that
limit excessive B-cell glucose flux appear
to reverse the defect (53). Further evi-
dence suggests that intact glucokinase ac-
tivity depends on B-cell insulin signal
transduction, which is defective second-
ary to insulin resistance in obesity and
type 2 diabetes (54,55). Taken together,
these considerations suggest that re-
duced neuronal glucokinase activity con-
tributes to the pathogenesis of relative
hypoglycemia not only in MODY2 but also
in type 2 diabetes.

GLUCOREGULATORY
NEUROCIRCUITS AND GLUCOSE
HOMEOSTASIS

Growing evidence suggests that the mech-
anism underlying the counterregulatory re-
sponse to hypoglycemia involves activation
of glucoregulatory neurocircuits in the hy-
pothalamic ventromedial nucleus (VMN), a
brain area known for its role in glucose ho-
meostasis (56-58). Interestingly, activation
of a specific subset of VMN neurons is im-
plicated not only in the response to hypo-
glycemia but also in the pathogenesis of
hyperglycemia. This assertion is based on
studies in which these VMN neurons were
selectively inactivated in a mouse model of
uncontrolled insulin-deficient diabetes in-
duced by experimental destruction of in-
sulin-secreting [-cells. Remarkably, this
intervention resulted in nearly complete
normalization of their hyperglycemia (56).
In mice, therefore, neurons that are nor-
mally engaged in response to hypoglycemia
become drivers of hyperglycemia in mice
with insulin-deficient diabetes.

One interpretation of these data is that
as diabetes develops, the brain’s ability to
sense the circulating glucose level becomes
impaired, owing perhaps to impaired glu-
cokinase activity in glucose-responsive
neurons. This defect in turn may activate
neurocircuits normally engaged in the re-
sponse to hypoglycemia, creating a vicious
cycle (59,60). This type of pathogenic se-
guence offers an interesting alternative ex-
planation for how relative hypoglycemia
and hyperglycemia are linked in individuals
with diabetes. Based on these considera-
tions, therapeutic reversal of diabetes-
associated impairment of neuronal glucose
sensing may have salutary effects on both
relative hypoglycemia and hyperglycemia.

CAN RELATIVE HYPOGLYCEMIA BE
AVERTED?

Growing evidence indicates that in ro-
dent models of diabetes, the brain can
be targeted to return the biologically de-
fended blood glucose level to normal
(59,61). Exemplifying this phenomenon
are studies in which the peptide fibro-
blast growth factor 1 (FGF1) was admin-
istered directly into the brain in rodent
models of type 2 diabetes. This work
shows not only that diabetic hyperglyce-
mia is ameliorated but also that the ef-
fect is sustained for weeks or months
following a single intracerebroventricular
(icv) injection of FGF1 in both rat and
mouse models of type 2 diabetes (62).
Interestingly, this profound and sustained
glucose-lowering effect appears to occur
without eliciting relative hypoglycemia. This
assertion is based on a study (63) con-
ducted in two groups of Zucker diabetic
fatty rats (a model of type 2 diabetes), one
of which received an icv FGF1 injection
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while the other received icv vehicle. Three
weeks later (after blood glucose levels had
normalized in the former group), a 3-h in-
travenous insulin infusion was performed
with the goal of lowering the blood glucose
level of vehicle-treated controls to match
those of the FGF1-treated animals. To as-
sess the stress associated with glucose low-
ering in the vehicle group, plasma levels of
corticosterone (the rodent equivalent of
cortisol) were measured at both the begin-
ning and the end of the study. Whereas
corticosterone remained unchanged over
the course of the study in FGFl-treated,
normoglycemic rats, a threefold rise was
observed in vehicle-treated rats after their
blood glucose levels were precisely
matched to those receiving icv FGF1 in-
jection (63). Stated differently, the use of
insulin to rapidly normalize the elevated
blood glucose level of Zucker diabetic
fatty rats induced what appears to be
relative hypoglycemia, but this response
was not evident when the same blood
glucose levels were achieved via the cen-
tral action of FGF1. These findings raise
the possibility that FGF1 action in the
brain normalizes diabetic glycemia in part
by correcting an underlying neuronal glu-
cose-sensing defect.

CONCLUSIONS

Recent literature suggests that relative
hypoglycemia is strongly associated with
higher mortality risk in critically ill patients
with diabetes. Although the underlying
mechanisms remain uncertain, we favor
the hypothesis that sustained exposure to
hyperglycemia impairs glucose sensing by
neurons as well as pancreatic 3-cells. This
combination of defects creates a vicious
cycle that elevates the defended blood glu-
cose level while also impairing insulin se-
cretion, with relative hypoglycemia arising
as a clinically relevant downstream conse-
guence. Based on this synthesis, we antici-
pate that future strategies aimed at
reversing the underlying sensory defect
can ameliorate or even eliminate the prob-
lem of relative hypoglycemia in patients
with diabetes. To achieve this goal will re-
quire an improved understanding of how
brain glucose sensing works in normal indi-
viduals and how it becomes impaired in
patients with diabetes.
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