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Hypoglycaemia in diabetes mellitus — protecting the brain
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Summary The human brain generally uses glucose as
its principal metabolic fuel but cerebral metabolism
and function during hypoglycaemia can be supported
by a variety of substrates. Different brain regions may
vary in this. The brain’s ability to sense a falling blood
glucose concentration and initiate a protective re-
sponse varies according to prior glycaemic experi-
ence. The brain’s ability to use non-glucose fuels
may ultimately be of therapeutic use. Meanwhile,

avoidance of even moderate hypoglycaemia during
normal clinical treatment of diabetes mellitus leads
to restoration of protective symptomatic responses
to early hypoglycaemia, without necessarily causing
a deterioration in overall glycaemic control. [Dia-
betologia (1997) 40: S 62-S 68]
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Presentation and consequences of hypoglycaemia

The principal danger of hypoglycaemia is the associ-
ated loss of brain function. Under normal circum-
stances, the brain is almost exclusively dependent on
glucose to fuel its metabolism and function and, since
its glucose stores are negligible, normal brain func-
tion relies upon an adequate supply of glucose from
its blood supply.

In animal models, prolonged very profound hypo-
glycaemia eventually results in neurone death (com-
pared with ischaemia, which results in non-selective
loss of all brain cell types) [1]. In clinical practice, ap-
parent full recovery is the rule even from severe epi-
sodes of hypoglycaemia. Permanent impairment of
brain function is seen only after the most severe epi-
sodes, usually associated with massive insulin over-
dose, often either deliberate or malicious [2]. In
general, the loss of brain function due to hypoglycae-
mia presents in any degree from mild confusion or
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disinhibition to coma and full recovery apparently oc-
curs within an hour of restoration of normoglycaemia
[3]. There are concerns that recurrent episodes of hy-
poglycaemia-associated coma may result in perma-
nent damage to cortical (intellectual) function al-
though in adults the data are inconclusive, with some
studies suggesting an acceleration of the age-related
decline in performance on I1Q testing [4], while others
relate this to associated diabetic neuropathy [5]. Pro-
spective studies of people who have been at particu-
lar risk for recurrent severe hypoglycaemia show no
effect on long-term cognitive function [6, 7]. There is
evidence of permanent impairment of 1Q after recur-
rent hypoglycaemic episodes occurring before the
age of 5years (i.e. affecting the developing brain)
[8]. (For a review of the possible long-term effects of
recurrent hypoglycaemia, see [9]).

Protective mechanisms against severe hypoglycaemia

In health, severe hypoglycaemia (now defined as the
state in which the patient is unable to self-treat be-
cause of impaired function and has to be treated by
someone else [10]), does not occur because of the ef-
ficient systems the body has to detect and deal with



S.A. Amiel: Hypoglycaemia in diabetes

a falling blood glucose concentration. Thus, in fasting
or in vigorous exercise, two circumstances under
which circulating blood glucose levels could poten-
tially fall, mechanisms of counterregulation are acti-
vated, which act to restore blood glucose levels. The
mechanisms of counterregulation include: 1) reduc-
tion in endogenous insulin secretion; 2) stimulation
of pancreatic glucagon secretion; 3) activation of the
sympathetic nervous system; 4) stimulation of adren-
aline, cortisol, growth hormone and other hormones
such as pancreatic polypeptide; and 5) a symptom
complex associated with the neurohumoral responses
that the subject can learn to recognise as a ‘warning’
and which also stimulates the subject to eat.

These mechanisms stimulate hepatic glucose pro-
duction, either directly (1 to 4) or indirectly, by pro-
viding substrates for gluconeogenesis (3 and 4); re-
ducing the rate of utilisation of glucose by peripheral
tissues such as muscle and fat (1, 3 and 4) and by pro-
viding new glucose (5).

Defects in counterregulation in diabetes

In diabetes, the mechanisms of counterregulation are
impaired. The ability to adjust insulin levels sponta-
neously is lost if sulphonylureas or exogenous insulin
are administered; the ability to secrete glucagon in re-
sponse to hypoglycaemia is lost or least in insulin de-
pendent patients [11] and in some patients, the ability
to mount an autonomic and adrenergic response may
also be impaired [11-13]. Loss of the efficiency of
these mechanisms increases the risk not only of hypo-
glycaemia per se but also of severe episodes with clin-
ically significant cognitive dysfunction.

Traditionally, impairments in counterregulation
seen in some patients with diabetes is thought to be
due to increasing disease duration and in some cases
to the chronic complications of diabetes especially
autonomic neuropathy, but this may not be the whole
explanation. Classic autonomic neuropathy does not
segregate with loss of symptomatic responses to hy-
poglycaemia [14], perhaps because the body becomes
more sensitive to the diminished counterregulatory
hormone responses it is able to mount [15]. Although
loss of subjective awareness of hypoglycaemia is un-
doubtedly more common with increasing disease du-
ration [16], it can occur early in the course of diabetes
[17] and may be reversible in all cases [18].

Onset of counterregulation is likely to be a brain
function. There is good evidence that the regions of
the body that sense hypoglycaemia and initiate the
counterregulatory responses are located in the brain
[19, 20]. There have been suggestions that hepatic
glucose sensing may be equally or more important
[21, 22], but the most recent investigations confirm
the primacy of the brain [23]. The precise localisation
of the putative glucose sensor is discussed elsewhere
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Table 1. Potential fuels for cerebral metabolism

Glucose
Ketone bodies
Lactate

Fatty acids
Glycerol
Amino acids

[24]. Thus, both the onset of counterregulatory hor-
mone responses and the onset of impaired perfor-
mance in tests of cognitive function are reflections of
how well the brain is functioning during a progressive
fall in blood glucose. There is compelling evidence,
discussed in more detail elsewhere [25], that a fall in
the rate of cerebral glucose uptake is associated with
or precedes both responses to hypoglycaemia [26].

Brain metabolism and hypoglycaemia

Although traditionally assumed to be an obligate glu-
cose consumert, the brain contains the enzyme sys-
tems necessary for the metabolism of a range of sub-
strates (Table 1). There is no prime facie reason why
brain tissue should not therefore use a range of meta-
bolic fuels to maintain its metabolism and function,
particularly during times of glucose lack. One of the
first substrates to be examined was ketones. In a now
famous study by Owen and colleagues [27], negative
ketone balance across the brain was observed in three
morbidly obese individuals after 6 weeks of near star-
vation dieting. The brain in these circumstances had
become a net consumer of ketone bodies. These data
were interpreted to suggest that after a period of ad-
aptation the human brain could convert to the use of
ketones as a metabolic fuel. These observations re-
ceived support from clinical observations that hypo-
glycaemia appeared to be better tolerated in persons
after prolonged fast [28] but the idea remained that
a period (unspecified) of adaptation was required
for the brain to switch on the necessary enzyme sys-
tems. This was despite an elegant study in rodents
[29] that demonstrated equal evidence of brain ke-
tone utilisation in rats made acutely hyper-
ketonaemic by ketone infusion as in animals made
subacutely ketonaemic by prolonged fasting.

We induced hypoglycaemia in healthy volunteers
in the presence or absence of an infusion of beta-hy-
droxybutyrate. Raising beta-hydroxybutyrate con-
centration tenfold during controlled stepped reduc-
tion in plasma glucose levels from 5 to 2.2 mmol/l de-
layed the onset and diminished the magnitude of the
adrenaline responses, and was better tolerated [30].
These data were compatible with the hypothesis that
the metabolism and therefore normal function (i.e.
not activated) of the glucose sensor could be sup-
ported during hypoglycaemia by the non-glucose
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Fig. 1. Effect of lactate on glucose thresholds for symptomatic
awareness and cognitive dysfunction during controlled stepped
hypoglycaemia in healthy male volunteers. Control study 74, in
the presence of lactate [ll. p <0.005 for differences between
studies. Adapted from [33], with permission

metabolic fuel beta-hydroxybutyrate. Cognitive func-
tion was not measured in that study, but in a more re-
cent but similar study, with a rather larger dose of
beta-hydroxybutyrate, a delay in the onset of cogni-
tive dysfunction was also demonstrable [31], thus
confirming that some effect of the ketone bodies was
cerebral, even if the detection of hypoglycaemia and
onset of counterregulation were not.

These studies provide an explanation for the clini-
cal presentation of ketotic hypoglycaemic states in
childhood [32]; however, except in the special circum-
stances of inborn errors of metabolism, ketones are
unlikely to provide a useful therapeutic manoeuvre
for protecting cerebral function during hypoglycae-
mia in pharmacological treatment of diabetes, al-
though ketogenic diets have been used in the man-
agement of children with some forms of intractable
epilepsy, perhaps ameliorating a problem of glucose
uptake. However, in insulin-induced hypoglycaemia
as encountered in the treatment of diabetes, circulat-
ing ketone levels are suppressed by insulin. Another
metabolic fuel with some potential for supplying the
brain’s metabolic needs is lactate. We recently dem-
onstrated that infusion of sodium lactate, raising the
circulating lactate levels to about 2.4 mmol/l was not
only able to lower the plasma glucose level at which
hormonal and symptomatic response to hypoglycae-
mia began but was also able to lower the glucose level
at which the onset of cognitive dysfunction (in this
case measured as a slowing or loss of accuracy in a
four-choice reaction time test) began, again during
controlled progressive step-wise hypoglycaemia in
healthy male volunteers [33]. These results are shown
in Figure 1 and have since been reproduced by others
[31], although reduction of the lactate (and fatty
acids) during hypoglycaemia in one study did not af-
fect counterregulatory responses [34].
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Regional variation in the metabolic capacity of the
brain

As with the ketone studies, infusion of lactate is not
an immediately useful therapeutic tool for the pre-
vention of higher brain dysfunction during hypogly-
caemia in the daily life of people with treated diabe-
tes. It does offer the potential for developing such
tools. Meanwhile these studies allow us to learn
more about the metabolism of the human brain both
regionally and locally. The possibility of regional dif-
ferences in cerebral metabolic potential is beginning
to assume clinical significance in the aetiology of hy-
poglycaemia unawareness in insulin-treated diabetes.
This syndrome is associated with impairment of the
normal counterregulatory responses to hypoglycae-
mia, such that the hormonal responses to a given hy-
poglycaemic challenge are diminished. As mentioned
above, it occurs in patients with long-standing diabe-
tes, but defects in counterregulatory responses to hy-
poglycaemia are also seen in people with very tightly
controlled diabetes [35] and have been induced dur-
ing intensified insulin therapy in people with rela-
tively short diabetes duration [17]. The principal de-
fect appears to be a lowering of the plasma glucose le-
vel initiating the counterregulatory response, associ-
ated with a delay in the onset of the symptoms of hy-
poglycaemia [36]. This argues that the cells of the ce-
rebral glucose sensor adapt to some circumstance of
intensified insulin therapy (or to their blood supply)
such that they can better maintain their metabolism
and function during subsequent hypoglycaemia. If
all the brain tissue could so adapt, the syndromes of
acute hypoglycaemia would be the same in inten-
sively- as in conventionally-treated diabetes, albeit
occurring at lower glucose levels but with the same
relationship of symptomatic and protective responses
preceding (and therefore protecting against) the
more profound hypoglycaemia needed to cause sig-
nificant cognitive impairment. Indeed, there is evi-
dence to support this view, with deterioration of per-
formance on multiple cognitive function tests
(brought to a single value as a summed Z-score)
[17]; the Stroop test and finger tapping all apparently
occurring at a lower glucose level in hypoglycaemia
unaware subjects when tested formally [24, 37]. Nev-
ertheless, the clinical syndromes of hypoglycaemia
unawareness are clearly associated with increased
risk of severe hypoglycaemia, especially in intensified
insulin therapy, where both hypoglycaemia without
symptoms and severe hypoglycaemia (where cortical
brain function is so disturbed that the victim is unable
to self-treat and requires resuscitation by someone
else) are three times more frequent than in patients
receiving conventional therapy [6, 10, 38]. Our own
data, using a single test of cognitive function (four-
choice reaction time), have repeatedly noted a differ-
ence in the way the glucose sensing areas and the
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Fig.2. Effect of intensified insulin therapy on adrenaline re-
sponses to hypoglycaemia. Adapted from [36] with permission

cognitive areas of the brain behave in hypoglycaemia
unaware people, with no evidence of a lowering of
the glucose level for cognitive dysfunction in hypo-
glycaemia despite marked lowering of the glucose
level for counterregulatory hormone and symptom
responses [18, 39]. Similarly, Widom and Simonson
[40] were unable to find an effect of glycaemic control
on glucose thresholds for deterioration in perfor-
mance of individual cognitive function tests. These
data provide a mechanism for the increased risk of
both asymptomatic and severe hypoglycaemia in in-
tensively treated diabetes and also provide evidence
of regional differences in the way brain tissue, and/
or its circulatory responses, adapts to different de-
grees of glycaemic control. Regional differences
even within the cerebral cortex might also explain
the discrepancies between our data using the four-
choice reaction time test and those of others using
other cognitive function tests, which use different ce-
rebral pathways. Further evidence of a difference in
regional cerebral metabolic capacity is provided by
preliminary evidence from an on-going study of the
brain’s ability to use non-esterified fatty acids
(NEFA) during hypoglycaemia. Elevation of NEFA
(as well as triglyceride and glycerol) may reduce cate-
cholamine and symptom responses to hypoglycaemia
but does not appear to be able to support cognitive
function [41]. Thus, there is accumulating evidence
of regional variations in cerebral metabolism and
function, which may eventually be exploitable in de-
vising therapies to protect higher brain function dur-
ing hypoglycaemia and provide defence against se-
vere hypoglycaemia without warning. Recent studies
with positron emission tomography suggest regional
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Fig.3. Normalisation of glucose thresholds for subjective
awareness (with no effect on thresholds for cognitive dysfunc-
tion) by avoidance of recurrent clinical mild-moderate hypo-
glycaemia in 6 tightly controlled hypoglycaemia-prone IDDM
patients. Adapted from [18]

variations of glucose metabolism itself in human
brain, which may be explored in an attempt to under-
stand the functional responses of the brain to hypo-
glycaemia and how they adapt in clinical situations
[42].

The role of amino acids in human cerebral metab-
olism remains to be fully investigated. Cryer et al.
[43] recently suggested that including alanine in the
pre-bedtime snack may help prevent hypoglycaemia
at night. While this may be because the amino acid
provides a stimulus for glucagon secretion or a fuel
for gluconeogenesis, it is also possible the amino acids
are able to support cerebral function during hypogly-
caemia directly — a possibility currently under investi-
gation in our laboratory.

Restoration of the defective counterregulation of
insulin-dependent diabetes (IDDM)

The elevation of non-glucose substrates to support
cerebral metabolism and function during hypoglycae-
mia remains an exciting avenue for further explora-
tion. Meanwhile, there is already evidence that the
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metabolism of the human brain can be manipulated
to protect against episodes of severe hypoglycaemia
with cognitive dysfunction in patients under treat-
ment for diabetes.

The defective symptomatic and counterregulatory
responses to hypoglycaemia that can be induced in di-
abetic patients during intensification of insulin ther-
apy have already been discussed. Such patients show
a lowering of the plasma glucose level at which the
hormonal and symptomatic responses to hypoglycae-
mia occur. A similar defect can also be induced acute-
ly in non-diabetic healthy volunteers by recent prior
mild hypoglycaemia (3 or 2.8 mmol/l) [44] and in peo-
ple with diabetes [45], leading to suggestions that re-
current mild hypoglycaemia experienced during the
drive for normoglycaemia in diabetes (as exemplified
by intensified therapy) underlies the defects seen
more chronically in intensively treated IDDM. One
of the contenders for this adaptation is an upregula-
tion of glucose transporters in brain exposed to
chronic or recurrent hypoglycaemia and recently
there has been a demonstration of increased mRNA
for GLUT]1 transporters (the endothelial transporter
presumably responsible for glucose crossing the
blood-brain barrier) in an animal model of recurrent
hypoglycaemia, while the neuronal glucose trans-
porter, GLUT3, remains apparently unaffected [46].
If this hypothesis is correct, then avoidance of even
minor degrees of hypoglycaemia in clinical life may
prevent the development of defective glucose
counterregulation in diabetes or even be able to re-
store it in patients with hypoglycaemia unawareness.

We studied two groups of people with long-stand-
ing diabetes each with a history of recurrent severe
hypoglycaemia [18]. The first group were typical of
hypoglycaemia-prone tightly controlled diabetic pa-
tients with HbA, . levels near the normal range, but
the other group were classified as in poor control,
with high glycated haemoglobin levels and generally
high blood glucose readings, which nevertheless occa-
sionally and often unexpectedly fell into severe hypo-
glycaemia. Their responses to a formal hypo-
glycaemic challenge were tested under laboratory
conditions and were found to be defective, starting
late (i.e. at lower plasma glucose levels than would
be seen normally) and with a reversed hierarchy of
responses, with impaired cognition (four-choice reac-
tion time) occurring at a higher plasma glucose level
than symptomatic and protective responses. Each pa-
tient then embarked on a regimen of diabetes man-
agement that aimed only at avoiding blood glucose
readings below 3.5 mmol/l. Re-study was not per-
formed until after 3 weeks of no documentation of
blood glucose values below 3 mmol/l (on intensive
home monitoring including regular nocturnal
checks). This was achieved by scrupulous attention
to the timing of injections, and meal and snack inges-
tion, and full compensation of insulin dose for
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exercise in the subjects with well-controlled diabetes,
with conversion to basal-bolus regimens for the pa-
tients in poor metabolic control where needed. Par-
enthetically, the most important ‘error’ in the pa-
tients’ initial regimens was the lack of postprandial
snacks and the failure to appreciate the duration of
the hypoglycaemic effects of sustained or vigorous
exercise. After an average of 4 months’ avoidance of
even mild clinical hypoglycaemia, a dramatic restora-
tion of the catecholamine, growth hormone and corti-
sol responses was seen, together with restoration of
subjective awareness of hypoglycaemia and, perhaps
most important, a restoration of the protective hierar-
chy of hormonal and symptomatic responses occur-
ring before the onset of cognitive dysfunction during
progressive controlled hypoglycaemia. The avoid-
ance of hypoglycaemia was not associated with any
deterioration of average glycaemic control. HbA,
did not alter during the study in either group. Similar
results had been found in patients with short-duration
diabetes and recurrent hypoglycaemia, although with
less complete restoration perhaps because of less
complete elimination of preceding hypoglycaemia
[17], but the Lancet study [18] not only showed the
possibility of restoration of hypoglycaemia awareness
in long-duration disease, but also in patients with
generally poor control, suggesting a common aetiol-
ogy and a common potential cure for all cases of hy-
poglycaemia without warning.

What clinical messages can we learn from these
data? Perhaps the most important is that good diabe-
tes control should include a lower as well as a higher
limit to the desirable glycaemic range. Defects in
counterregulation can be induced in healthy subjects
(albeit acutely) by lowering blood glucose transiently
to 3 mmol/l, and such glucose levels should not be con-
sidered acceptable in the management of diabetes.
Relaxation of diabetic control may sometimes be nec-
essary in a patient who has developed hypoglycaemia
unawareness but is not absolutely necessary if the pa-
tient can avoid blood glucose concentrations below
the non-diabetic range (e.g. less than 4 mmol/l). With
the same degree of effort as currently put into avoid-
ing blood glucose concentrations above the non-dia-
betic range, we may then be able to achieve truly
‘good’ glycaemic control. One of the major problems
is the lack of exogenous insulins that can mimic either
the very high but very transient prandial bursts of en-
dogenous insulin from the healthy pancreas, or the
constant low background of insulin excreted over-
night, although some of the new insulin analogues of-
fer hope for the future. Meanwhile an understanding
of the action profiles of insulin and the interactions
that eating, exercise and even alcohol can have on its
effects can go a considerable way towards protecting
against loss of counterregulatory responses and severe
hypoglycaemia in the most intensively treated diabe-
tes.
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