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Abstract

Context: Hyperglycemia after resuscitation in both critically-ill adults and preterm newborns is associated with increased mortality
and poor brain outcome. Lactose, composed of 50% glucose and 50% galactose is the unique means Nature offers to the newborn,
who in absence of modern care suffers from severe bioenergetic impairment, similarly to adults resuscitated after cardiac arrest.
Aim of this study is to review these issues, to understand how we may improve outcomes in intensive care units.
Evidence Acquisition: A review study was conducted in 2017 through searching on Science Direct, PubMed, Wiley, and Blackwell
databases. The search was performed using bioenergetics, cardiac arrest, critical illness, hyperglycemia, glucose, galactose, new-
born and resuscitation, as key words. Finally, 24 articles in English were assessed in this study, thereby comprised 2 guidelines (2015
American heart association and guidelines for both Adult and Neonatal Resuscitation.
Results: Correct glycemic control strategy in extreme ATP deficit conditions, such as after resuscitation from a cardiac arrest or a
complicated or preterm birth can improve outcome. 2015 American heart association (AHA) guidelines do not recommend glucose
infusion after cardiac arrest. Data on glucose administration following brain insult in newborn are limited. Outcomes of apply-
ing the hypothesis allowed to assess that glucose, an excellent substrate, turns to a harmful one, able to worsen brain outcome,
likely due to its needing phosphorylation prior to be utilized. Un-phosphorylated galactose can be utilized by Hexose phosphate
dehydrogenase.
Conclusions: Awareness that conditions of extreme cellular ATP deficit may lead to a vicious cycle in which glucose would not be
freely available as a substrate may rise studies for applying new strategies in clinical practice in the future. The need to balance
among the opportunity to avoid both hypo- and hyper-glycaemia tells us that we may have missed the opportunity to learn from
Nature how to care for both resuscitated newborns and critically-ill adults. A far-fetched hypothesis arises that to ameliorate long-
term brain outcomes, we may imitate Nature which, to start up glucose catabolism, offers a solution composed of 50% glucose and
50% galactose.
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1. Context

Critical illness is common worldwide and is associated
with high risk of mortality, and adverse brain outcome. In
recent years glycemic management among critically-ill pa-
tients, has been a topic of extensive study. Hyperglycaemia
after resuscitation in both critically-ill adults and preterm
newborns (1) was found to be predictive of poor outcome
after brain injury (2) and was identified as a risk predictor
for in-hospital mortality (3). What do adults resuscitated
after a severe stroke or a cardiac arrest have in common
with a newborn requiring resuscitation? Strikingly sim-
ilar bioenergetic impairment. These conditions are con-
ceivably characterized by a progressively worsening lack of
cellular chemical energy (ATP). Lactose, composed of 50%
glucose and 50% galactose is the unique means Nature of-
fers to the newborn, who in absence of modern care suffers
from severe bioenergetic impairment, similarly to adults
resuscitated after cardiac arrest. Aim of this study is to re-

view these issues, to understand how we may improve out-
comes in ICU.

2. Evidence Acquisition

A review study was conducted in 2017 through search-
ing on Science Direct, PubMed, Wiley, and Blackwell
databases. The search was performed using bioenerget-
ics, cardiac arrest, critical illness, hyperglycemia, glucose,
galactose, newborn and resuscitation, as key words. The
objective of the review was to evidence a paradox regard-
ing glucose, the best metabolic energy substrate, which ap-
parently becomes harmful in conditions of extreme bioen-
ergetic impairment, such as those regarding adults and
newborns after resuscitation. A recent hypothesis on the
role of Hexose phosphate dehydrogenase, an enzyme able
to utilize also unphosphorylated hexoses, among which
especially galactose was also taken into consideration, to
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evaluate whether Nature offers a solution to overcome a
bioenergetic impairment such as that consequent to birth.

3. Results

Moderate to severe hyperglycemia is spontaneous in
critical ill-patients, due to stress hormone and inflamma-
tory cytokine incretion promoting insulin resistance. Crit-
ical illness is also associated with elevated risk of devel-
oping type 2 diabetes mellitus (4). In past years, hyper-
glycemia has been viewed like an epi-phenomenon, until it
was found that it associates with increased mortality and
worse clinical outcome in both diabetic and non-diabetic
patients (5). Concern for the glycemic management in
intensive care units (ICU) raised, with a focus on hyper-
glycemia (6), identified as a risk predictor for in-hospital
mortality in nondiabetic patients and poor functional re-
covery in nondiabetic stroke survivors (3), especially when
treated with early reperfusion therapy (7). Hyperglycemia
is a primary risk factor of poor outcome after brain in-
jury (2). Results from two single-center studies (8, 9) were
in contrast about tight versus moderate glycemic man-
agement in critically-ill patients. Intensive insulin treat-
ment seemed to provide no benefit, but there is agreement
as to limit the rise in blood glucose after a stroke or car-
diac arrest. To date serum glucose tight control is recom-
mended to avoid both hypo- and hyper-glycaemia, accord-
ing to the NICE-SUGAR trial, the best study on glycemic con-
trol strategies among ICU patients (10). There is now gen-
eral consensus about glycemic management of critically-
ill patients; guidelines recommend to maintaining blood
glucose lower than 180 mg/dL (11).

Besides adults, also in preterm newborns, hyper-
glycemia duration and grade is associated with increased
mortality and poor outcome (1). Clinical data address-
ing the optimal glucose concentration following brain in-
sult in newborn are limited. Obviously, hypoglycemia was
also associated with adverse neurological outcome (12).
Infants at risk for poor glycemic control are preterm, in-
trauterine growth restriction and small for gestational age
ones, as well as term neonates from a diabetic mother.
Disturbances of glucose homeostasis, rather than that hy-
poglycemia per se are more bound to lead to worse out-
comes. In neonates requiring resuscitation, Guidelines
recommend to treat with 10% glucose solution (D10W) in
order to maintain blood glucose in the normal range (13).
No specific target glucose concentration can be recom-
mended for newborns (13). In more severely affected in-
fants in ICU, increased mortality was associated to vari-
ability of glucose concentration (14). In this regard, hy-
perglycemia, common among critically ill patients, be-
sides being consequent to therapies, is essentially a salvage

means for the body sensing a decline in overall ATP con-
tent: an extreme attempt of the body to survive relying
on the only carbohydrate it is able to synthesize, Glucose
(Glu). However, liver gluconeogenesis has a high metabolic
cost (4 moles of ATP each neosynthesized mole of Glu). As
is the case for inflammation, beneficial but cause of tis-
sue damage, seemingly Glu can become harmful, paradox-
ically especially for the brain, the organ that most needs
it. Glu is an “expensive” nutrient, in that it requires the
use of 2 equivalents of ATP to enter glycolysis, therefore,
serious deficit in cellular energy charge renders it difficult
to be utilized. This may explain why many clinical studies
found that hyperglycemia increases the risk or cerebral in-
jury in adults after stroke (3, 5) and 2015 American Heart
Association (AHA) guidelines recommend to avoid glucose
infusion in the resuscitation after a cardiac arrest (15, 16),
as it causes hyperglycemia due to Glu redistribution, with
worse neurological outcomes. Clinical studies ICU patients
appeared to support tight Glu concentration control by in-
sulin administration; but subsequent trials showed some
potential harm: the goal may not be the mere Glu lower-
ing, as it can cause hypoglycemia. Consistently, the use of
the incretin hormone, glucagon-like peptide (GLP) 1 is as-
sociated with a lower risk of hypoglycemia (17, 18).

How should we deal with extreme, next-to-death, con-
ditions? Firstly, we should distinguish among normal
body conditions and extreme ones like after resuscitation,
where the cellular ATP content is severely deficient. In nor-
mal conditions, when the cell energy charge is fine, Glu
is the body principal carbohydrate, but it can lay beyond
reach in conditions of impaired cellular energy charge.
Secondly, we may compare, the conditions of resuscita-
tion after a cardiac arrest with those of a birth, which even
when uncomplicated encompasses a period of asphyxia.
Wat does Nature suggest us? In the scenario of a birth in
the absence of care, if the baby survives, he would receive
breast milk. In fact, in case of uncomplicated birth, guide-
lines recommend the baby should be put to the breast
within one hour of birth. Mature human milk contains
about 5% fat, 0.9% protein, 0.2% minerals and 7.0% lac-
tose. Lactose, the principal macronutrient in human milk,
positively correlating with its yield, is composed of 50%
Glu and 50% galactose (Gal) (19). There seems to be a bias
among those-lucky-babies who did not require resuscita-
tion and those who did, in that the former deserve imme-
diate breast feeding, i.e. administration of a mixture of
Glu/Gal, while the latter do not. At best severely ill new-
borns will receive 10% Glu solution intravenously. While
avoidance of hypoglycemia is obviously desirable, how can
we be sure that the mere use of glucose instead of a solu-
tion of 50% Glu and 50% Gal (like in milk) is better to re-
duce long-term neurologic morbidity?
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4. Conclusions

A comprehensive glycemic control strategy in extreme
ATP deficit conditions, such as after resuscitation from a
cardiac arrest or a complicated birth, is lacking, and the
range of blood glucose concentration that is associated
with the least brain injury following asphyxia cannot be
defined based on definite evidence. Current guidelines
focus on the need to avoid supplemental glucose during
and/or following resuscitation, in both these conditions.
In this respect, Gal may be regarded as a rescue substrate
the body cannot synthesize on its own, with the exception
of the mammary gland, but must assume it from the out-
side, as in breastfeeding. It is delivered from a mother
to the newborn for a limited period: to what end? It is
herein proposed that Gal is a rescue nutrient predisposed
by Nature after a period of asphyxia, when the cellular
ATP content is impaired. Such assumption, needs to con-
sider our previous research that pioneered the hypothe-
sis of myelin aerobically producing ATP, to support axo-
plasm through the functioning of the ectopic five respi-
ratory complexes, fed by tricarboxylic acid cycle (20). Gal
is a better substrate than Glu for aerobic metabolism in
myelin in vitro (21), consistently with its being a booster
of aerobic metabolism. Gal would become the substrate
of hexose-6-phosphate dehydrogenase (H6PD, E.C. 1.1.1.47),
a membrane-bound enzyme active on many phosphory-
lated and non-phosphorylated hexoses among whch de-
oxyglucose catalyzing a pentose phosphate pathway (22).
Unphosphorylated Gal is a preferential substrate of H6PD
(23). It was shown that Gal can sustain ATP production
in myelin where H6PD is expressed and functionally as-
sociated to complex I of respiratory chain. Gal was re-
ported to ameliorate glucose oxidative energy metabolism
in myotubes (24). This would be especially useful for
neurons, that generate ATP by oxidative phosphorylation
(OXPHOS), which renders them vulnerable to asphyxia or
stroke. A neuroprotective action of Gal on brain oxidative
metabolism was postulated. We have hypothesized that
the Leloir pathway is essentially devoted to the anabolic
D-gal metabolism, considering that in the first days after
birth the UDP glucose pathway is quite defective in liver,
while H6PD would account for the catabolic one. May it be
that we should listen to the cry for help of the body after re-
suscitating? What if we imitated nature and administer a
solution composed of 50% Glu and 50% gal, not only to the
infant but even to the adult after cardiac arrest? Wouldn’t
it be better than administering crystalloids alone? The
awareness of the conditions of extreme cellular ATP deficit
transforming Glu from an excellent substrate to a danger-
ous one, too costly to start catabolism with, should let us
explore new strategies. In fact, long-term cognitive impair-

ment after critical illness or complicated or preterm birth
can become a public health problem, given the growing
number of preterm resuscitated newborns and of acutely
ill patients treated in ICU, globally.
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