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Neuroprotective effects of lactate and
ketone bodies in acute brain injury

Guillaume Plourde' , Hélene Roumesz, Laurent Suissa3,
Lorenz Hirt4, Emilie Doche3, Luc Pellerin®*,
Anne-Karine Bouzier-Sore?* and Hervé Quintard®

Abstract

The goal of neurocritical care is to prevent and reverse the pathologic cascades of secondary brain injury by optimizing
cerebral blood flow, oxygen supply and substrate delivery. While glucose is an essential energetic substrate for the brain,
we frequently observe a strong decrease in glucose delivery and/or a glucose metabolic dysregulation following acute
brain injury. In parallel, during the last decades, lactate and ketone bodies have been identified as potential alternative
fuels to provide energy to the brain, both under physiological conditions and in case of glucose shortage. They are now
viewed as integral parts of brain metabolism. In addition to their energetic role, experimental evidence also supports
their neuroprotective properties after acute brain injury, regulating in particular intracranial pressure control, decreasing
ischemic volume, and leading to an improvement in cognitive functions as well as survival. In this review, we present
preclinical and clinical evidence exploring the mechanisms underlying their neuroprotective effects and identify research

priorities for promoting lactate and ketone bodies use in brain injury.
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Introduction

Acute brain injury refers to brain damage that occurs
suddenly, such as traumatic brain injury (TBI), stroke,
subarachnoid hemorrhage (SAH) or global ischemia,
for example. The insult itself leads to a primary
injury, which is followed by secondary brain damage,
a pathologic cascade that arises hours to days after the
initial injury. The main mechanisms leading to devel-
opment of secondary brain injury are cerebral blood
flow disturbances, hypoxia and a strong decrease of
glucose delivery to the brain.! To improve patient out-
come, the goal of neurocritical care, after detection of
the acute brain injury, is to avoid or reverse the under-
lying cascades that occur during this secondary brain
injury period by optimizing cerebral blood flow,
oxygen supply and substrate delivery to the brain.'
Glucose is an essential substrate to satisfy brain
energy requirements. However, its availability is fre-
quently reduced following acute brain injury.”* In the
last decades, lactate and ketone bodies have been iden-
tified as alternative fuels to provide energy to the brain
and preserve glucose for other critical metabolic needs.

Results are also accumulating concerning their poten-

tial neuroprotective effects and clinical applications.
In this review, we present available data supporting

a therapeutic benefit of lactate and ketone bodies in
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acute brain injury. We also review preclinical and clin-
ical evidence exploring the mechanisms underlying
their neuroprotective effects, and identify research pri-
orities in the field of neuroenergetics.

Glucose for brain energy supply

While the brain represents only 2% of the total body
mass, its glucose consumption is around 20% of the
systemic consumption, which represents more than
10 times the predicted value relative to its mass.
Glucose is an essential substrate to maintain normal
brain metabolism and function. It is required for gly-
colysis, which in turn provides 2 ATP, and 2 pyruvate
molecules that can enter the tricarboxylic acid (TCA)
cycle to ensure energy production, in majority through
the generation of reducing equivalents (NADH and
FADH,), which are then used in the electron transport
chain to generate around 30 additionnal ATP mole-
cules (the exact yield of ATP from one round of the
TCA cycle can vary but it has been experimentally esti-
mated that NADH can contribute about 2.5 to 3 ATP,
and each FADH; can contribute about 1.5 to 2 ATP)
(Figure 1). In addition to providing energy to the
brain, glucose is a precursor in the synthesis of

neurotransmitters and participates in the pentose phos-
phate pathway (PPP), also known as the hexose mono-
phosphate shunt. The PPP is a metabolic pathway that
runs parallel to glycolysis and is essential for NADPH
and pentose sugar production, as well as for redox
homeostasis. Indeed, the PPP plays a crucial role in
maintaining reduced glutathione (GSH) levels in cells
by supplying the necessary reducing equivalents in the
form of NADPH. Reduced glutathione acts as a critical
antioxidant and contributes to the cellular defense
mechanisms against oxidative stress due to reactive
oxygen species (ROS) production. The PPP is therefore
a major pathway for neuronal protection after an acute
brain insult during which high amount of ROS are
produced.

During the acute phase following brain injury, cere-
bral glucose availability may become insufficient to
meet the metabolic demands due to cerebral blood
flow failure, blood-brain barrier dysfunction or diffu-
sion impairment.” Indeed, glucose storage is very low in
the brain: if glycogen can be found in astrocytes, its
consumption during ischemia can sustain brain func-
tions for only 2 minutes (measurements made in rats®)
In human, a decrease in glycemia linked with a decrease
in cerebral glucose concentration was demonstrated to
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Glucose metabolism pathway. In the cytoplasm, glucose is metabolized to pyruvate through glycolysis. This pyruvate can

either provide lactate or be redirected to the mitochondria to provide ATP through (i) the Krebs cycle (TCA cycle) coupled to and

(i) oxidative phosphorylation (OXPHOS).
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be deleterious in the context of acute brain injury, lead-
ing to neuroglycopenia.”®

Glucose infusion following brain injury has been
tested decades ago on a rat model of brain ischemia,
aiming to reverse this substrate-deprived state and
restore brain energy metabolism. Surprisingly, it was
associated with increased mortality and extension of
injury.” Since then, these results have been consistent-
ly replicated in various experimental models of ische-
mic brain injury.'®"? In clinical setting, spontaneous
high plasma glucose levels have also been associated
with increased infarct size, worse clinical outcomes
and increased mortality in ischemic stroke and SAH,
especially when it happens before or early after
ischemia.'*!?

With the same idea in mind to control glucose level,
insulin therapy was tested, based on the early promis-
ing results of intensive insulin therapy in critically ill
surgical patients.'® Many trials have investigated
whether insulin-based glycemic control could improve
the outcomes of brain-injured patients. Among these,
the large GIST-UK trial failed to show a benefit of
intensive insulin therapy in patients with acute stroke,
although it was likely underpowered due to slow enroll-
ment which justified its early termination.'” Overall,
this trial and other studies pooled in two recent system-
atic reviews suggest that tight glycemic control causes
more symptomatic and asymptomatic hypoglycemic
episodes, both associated with poor outcomes. "'

These challenges in glucose availability, combined
with frequent abnormal metabolic states following
brain injury, impair its efficient incorporation into
brain metabolism and explain the necessity of using
alternative fuels to ensure adequate energy supply.

Ketone bodies and lactate as
alternative fuels

It is well established that the brain is metabolically
flexible and can metabolize other substrates, such as
ketone bodies (KB) and lactate.’*>! KB are produced
in the liver from fatty acids. They represent a major
source of energy for the brain in neonates, who rely on
breastfeeding for their diet which is rich in lipids. In
adults, when glucose availability is limited in situations
such as fasting, a very low-carbohydrate diet (ketogenic
diet), or prolonged exercise, KB are produced as alter-
native fuels and used significantly by the brain.*> The
three main KB synthetized by the liver are acetoacetate
(AcAc), beta-hydroxybutyrate (BHB; AcAc can be
converted to BHB, which is the predominant KB in
circulation) and acetone, a minor KB that is produced
as a byproduct. KB enter the brain via monocarboxy-
late transporters (MCTs) and provide energy to the

brain in the form of acetyl-CoA entering the tricarbox-
ylic acid cycle to be oxidized, hence reducing reliance
on glycolysis for energy production. This alternative
energy production turns out to be highly efficient:
BHB, one of the main KB, is converted to acetyl-
CoA through only three enzymatic reactions, com-
pared to the ten reactions with several rate-limiting
enzymes required to convert glucose to acetyl-CoA. It
has been shown in non-fasted adult humans infused
with [2,4-"*C,]-BHB and using 'H-'"*C polarization
transfer spectroscopy that KB can cross the blood-
brain barrier and are metabolized by the brain.*
These observations have been confirmed in pre-clinical
studies.”® In euglycemic conditions, KB are predomi-
nantly metabolized by neurons and account for 6% of
total coenzyme A oxidation in normal conditions.*

Concerning lactate, experiments suggest that it is
commonly used for basal brain metabolism under
physiological conditions.”® Notably, Pellerin and
Magistretti described a metabolic cooperation between
astrocytes and neurons using lactate, termed the
astrocyte-neuron lactate shuttle (ANLS).** In this
model, glutamate released as part of synaptic activity
is then taken up by astrocytes, one of their major
function to avoid exitotoxicity. Concomitantly with
glutamate uptake, a Na™ influx will occur and its intra-
cellular concentration will rise. As a consequence, Na™/
K™ ATPase activity will increase, leading to enhanced
glucose utilization and lactate production by astro-
cytes. This astrocytic lactate is then transferred to neu-
rons, through the MCTs (isoforms MCT1 and 4 for
astrocytes, MCT?2 for neurons; same transporters as
the ones used for KB). Once in neurons, lactate is con-
verted back to pyruvate and used as an energetic sub-
strate. Since its description, the ANLS has gained
popularity and has been validated in experimental
models in vitro, ex vivo and in vivo, although remaining
controversial.>>?® Using infusion of [3-'*C]lactate and
13C magnetic resonance spectroscopy (MRS) it has
been shown in rats that lactate efficiently crosses the
blood-brain-barrier and then is preferentially a neuro-
nal substrate.”” These observations were confirmed in
another study that showed that extracerebral lactate
contributes at least two-fold more to replenish the neu-
ronal than the glial pyruvate pools.”® Authors conclud-
ed that utilization of exogenous lactate takes place
primarily in neurons rather than in astrocytes.’’
Moreover, lactate entry into neurons through its trans-
porter MCT2 was shown to be necessary to sustain
brain function.”® ' Under supraphysiological condi-
tions, lactate can represent up to 60% of brain
energy supply.

More recently, prevailing lactate uptake by the brain
over glucose has been described in a healthy rat
model*? and in exercising man,**3* likely reflecting
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an adaptation of the cerebral metabolic ratio to tran-
sient hyperlactatemia and relative glucose shortage.
A similar observation has been made in patients with
acute brain injury, in which an increase in lactate pro-
duction occurred during spontaneous glucose depletion
despite the absence of brain hypoxia.>*>=° Finally,
blocking lactate transport in a rat model of cerebral
ischemia altered functional recovery, suggesting an
essential role of lactate in basal neuroenergetics.’
This obligatory role was further confirmed in another
rat model of neonatal hypoxia-ischemia, in which
reductions in brain lesion volume and ROS production
were observed when lactate was injected, but not
when it was co-administered with oxamate, a lactate
dehydrogenase inhibitor therefore avoiding its
conversion into pyruvate and its metabolism.*® KB
metabolism was also found to be amplified in a
model of trauma.* In a juvenile rat model of TBI
infused with [2,4-'°C,]-BHB, it has been shown using
3C MRS that KB were extensively metabolized,
mainly in neurons.®

Thus both KB and lactate can serve as alternative
oxidative substrates for the brain and are mainly
metabolized by neurons. They both enter through
MCTs and deliver energy after their oxidation in the
TCA cycle, entering either at the acetylCoA or at the
pyruvate level, respectively (Figure 2). In both cases,
their metabolism also lead to the conversion of cyto-
solic NAD" into NADH and thus modify the redox
potential of the cell (during the conversion of BHB into
AcAc or lactate into pyruvate).

Based on such preclinical evidence, the idea of pro-
viding fuel support to brain-injured patients progres-
sively emerged and a few clinical trials started. Bouzat
et al. were the first to infuse hypertonic lactate in
patients with severe TBI undergoing cerebral micro-
dialysis (CMD) monitoring. They observed a signifi-
cant increase in extracellular cerebral glucose.*’
Hypertonic lactate therapy was also shown to improve
neuroenergetics (CMD glucose concentration) in TBI
patients monitored with CMD.*' Overall, these data
suggest that both endogenous and exogenous
lactate are associated with an increased cerebral glucose
availability. This “excess” glucose may then be redir-
ected for other metabolic purposes, such as the neuronal
PPP.*

Taken altogether, challenges in glucose availability
after an acute brain injury, combined with the
possibility of the brain to metabolize efficiently KB
and lactate, offer new perspectives. A direct modula-
tion of neuronal metabolism by these alternative energy
substrates could be of major interest in the search for
therapeutic avenues in the context of acute brain
injury.

Alternative fuels and the
pentose-phosphate pathway

Neuronal glycolysis is controlled by the enzymatic
complex APC/C-Cdhl (anaphase-promoting complex/
cyclosome-cdc20 homolog 1) that degrades the progly-
colytic enzyme 6-phosphofructo-2-kinase/fructose-2,6-
bisphosphatase-3 (PFKFB3). The enzyme PFKFB3 is
less abundant in neurons than in astrocytes, resulting in
a lower glycolytic rate and in the redirection of glucose-
6-phosphate through the PPP.*** Astrocytes, on the
other hand, exhibit a greater PFKFB3 activity, result-
ing in higher glycolytic rate and lactate production.
Hence, this compartmentalization suggests that neu-
rons use glucose preferentially for regulation of their
redox state rather than for energy requirements.*> In
stressed states, such after an oxygen-glucose deprived
condition, the reperfused neurons showed elevated
PFKFB3 expression.*® Such changes directed neuronal
glucose metabolism from PPP to glycolysis compared
to normal neurons, resulting in increased ROS produc-
tion and apoptosis during reperfusion. Interestingly,
both KB and lactate are oxidative substrates and pro-
vide acetylCoA or pyruvate, respectively, while con-
tributing to the conversion of cytosolic NAD™ into
NADH. An increase in the NAD"/NADH ratio will
inhibit glycolysis and redirect glucose through the PPP,
and therefore increase the pool of reduced glutathione.
Indeed, it has been shown that both alternative fuels
can decrease ROS damages,*®*’° whereas the activity
of G6PD, the key enzyme of the first (and irreversible)
step of the PPP, was significantly increased when phys-
iological concentrations of L-lactate were applied on
neuronal cultures.”'

Lactate and ketone bodies to control
neuroinflammation

Emerging data suggest that lactate and KB have anti-
inflammatory properties, but the underlying mecha-
nisms remain unclear. Microglia are key regulators of
brain homeostasis and act as Janus-faced cells regard-
ing neuroinflammation.’ After an ischemic event,
microglia are activated and release pro-inflammatory
factors, such as TNF-a, IL-18, IL-6 and IFN-y, exhib-
iting a pro-inflammatory or “M1” microglial pheno-
type.”> On the other hand, microglia can also
promote tissue and vascular remodeling via expression
of anti-inflammatory factors such as IL-10, VEGF,
TGF-B and BDNF, exhibiting an anti-inflammatory
or “M2” phenotype. These microglial phenotypes are
tightly linked to their metabolism, and lactate was
shown to switch microglial profiles from a glycolytic
M1 to an oxidative M2 phenotype, hence promoting
microglial energy production.®® Lactate has been
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shown to inhibit microglia-mediated neuroinflammation
through the Akt-pathway leading to elongation of
microglial processes.”> BHB was shown to exert similar
effects through induction of microglial ramifications and
promoting an anti-inflammatory response in a Akt-
dependant manner.>® There is also evidence that a keto-
genic diet reduces ROS generation and suppresses
inflammasome activation.”’ In another study, ketogenic
diet and BHB post-treatment reduced infarct volume
and suppressed the over-activation of microglia in a
mouse model of middle cerebral artery occlusion
(MCAO).”® Together with glucose redirection through
the PPP, these anti-inflammatory effects might consti-
tute an elegant hypothesis to explain some of the clinical
benefits observed with alternative fuel supplementation
in acute brain injury.

Increase in cerebral blood flow

In an in vitro study on rat hippocampal and neocortical
slices, cerebral vasomotor tone was influenced by the
metabolic state of the tissue. In hypoxic conditions,
astrocyte glycolysis and lactate production were
increased, causing vasodilation via an attenuation of
prostaglandin uptake.’>® In a cohort of patients
with severe acute brain injury (SAH and TBI), a lactate
infusion increased extracellular glucose levels and cere-
bral blood flow estimated by transcranial Doppler.®'
Explanation of this mechanism is not well understood.
Lactate act as a transmitter of metabolic information by
modulating prostaglandin action and cerebral vasodila-
tation causing cerebral blood flow to increase, regulates
the NAD"/NADH redox ratio by conversion to pyru-
vate, and/or activates a G-protein coupled receptor in
neurons, astrocytes, and capillz:trie:s.60’62‘63 Interestingly,
KB can also increase cerebral blood flow as shown in
mice by MRI,* and in human healthy subjects by PET
scan® and the Kety-Schmidt technique.®®

Control of brain edema

Intracranial hypertension (sustained and significant
elevation of intracranial pressure) is one of the major
challenges faced by neurocritical care clinicians follow-
ing TBI, massive SAH or hypoxic-ischemic brain
injury. To control intracranial pressure (ICP), conven-
tional treatment is based on a stepwise approach
mostly described in TBI and involves deep sedation
and analgesia, correct positioning of the patient, and
hypertonic sodium chloride or mannitol infusions.®” If
the efficacy of osmotic therapy to control ICP is well
established, it is also associated with side effects,
among which are hyperchloremic acidosis and fluid
overload.®® Based on its favorable characteristics (nat-
urally present molecule and no additional chloride),

sodium lactate has been identified as a potential
agent to control ICP while avoiding these deleterious
effects. It was first tested in a randomized trial in
humans against mannitol in the treatment of intracra-
nial hypertension during severe TBI. In this study, lac-
tate was associated with a greater and more prolonged
decrease in ICP than mannitol.®* This result has since
been replicated, and was also shown to prevent intra-
cranial hypertensive episodes and fluid overload.**-7%"!
This control of brain edema might explain why lactate
has been associated with increased tissue oxygenation.
In rat models of TBI, exogenous sodium lactate
increased cerebral tissue oxygen pressure, possibly via
improvement of oxygen diffusion due to reduced tissue
edema.””? The antiedematous effect of sodium lactate
might be induced by an increased expression of VRAC,
KCC2 and AQP4, channels involved in cell volume
regulation and free water movements across mem-
branes, rather than by an osmotic effect.””
Concerning KB, their antiedematous effects were
examined in rats with transient occlusion of middle
cerebral artery. The administration of BHB (30 mg.
kg ".h™") significantly reduced cerebral infarct area
and edema formation.”

Prevention of neuronal damage

As described just before, KB have been associated with
reductions in lesion volume after middle cerebral artery
occlusion,”®’* and also after TBL.”>7® In vitro experi-
ments on cultured cortical neurons showed that a
BHB-based treatment prevents neuronal death induced
by glucose deprivation or hypoxia by stimulation of the
autophagic flux thus preventing autophagosome accu-
mulation and improving neuronal survival.”’
Moreover, both lactate and KB can limit excitotoxicity,
reducing neuronal death as well as lesion volume. In a
glutamate excitotoxicity context, pyruvate coming
from lactate is metabolized to produce ATP. This
ATP in turn activates the PI3K pathway leading
to KATP channels opening. This results in hyperpolar-
ization of the neuron, decreasing neuronal excitability
and leading to a neuroprotective effect.”®
The neuroprotective effect of KB, targeting glutamate
excitotoxicity, has also been shown in rat neocortical
neurons.*® In this deleterious context, KB can compete
with the CI™ anion and inactivate the vesicular gluta-
mate transporters (VGLUTs), decreasing presynaptic
glutamate release.”’ A summary of in vivo studies show-
ing a reduction of the infarct volume after KB admin-
istration can be found in Table 2 of the following
review.®® Lactate was also shown to decrease brain
lesion volume in several rat models after acute brain
injuries such as neonatal hypoxia-ischemia,®®®! TBI
and stroke. 38178



1084

Journal of Cerebral Blood Flow & Metabolism 44(7)

Improvement of recovery and survival

Both substrates have been associated with improve-
ment of cognitive function. In a rat model of neonatal
hypoxia-ischemia, lactate administration was associat-
ed with short and long term improvement of motor and
cognitive functions.*® Improvement of long term cog-
nitive functions was also observed after lactate injec-
tions in rat models of TBI or stroke.®®®® A ketogenic
diet or BHB administered post-treatment improved
neurological function in a mouse model of MCAO.®
Finally, in a recent meta-analysis of 49 studies on
murine models of TBI, ketones were associated with
an improved survival, particularly in the adult sub-
group.®® Interestingly, the plasma level of ketosis was
the only predictor of the neuroprotective effect.
Another meta-analysis of studies on animal models of
stroke described a protective effect of ketosis on out-
come’ while a recent review summarized the different
studies showing the neuroprotective effet of KB in
acute brain injuries (different models, different species,
different ages).>

Lactate and ketone bodies as
pharmacological agents for acute
brain injury

Lactate can be administered either as an intravenous or
an intracerebral solution of sodium lactate.”’ Most
interventional studies on TBI used intravenous solu-
tions with an osmolality ranging from 500 mmol/L to
1000 mmol/L, the latter being approximately iso-
osmolar to 20% mannitol.**#1:61:6992.93 1y two studies,
investigators injected sodium lactate directly into the
brain using a microdialysis technique with 4 and
8 mmol/L microdialysis solutions.**** Both methods
of lactate administration aimed to improve brain func-
tion and reduce damage associated with head trauma.
Currently, there is no clear consensus on the optimal
method of administration of lactate.

Ketone bodies can be administered through various
formulations. Ketogenic diets are based on carbohy-
drate deprivation, either by fasting or by enteral
formulas containing medium-chain triglycerides and
low amounts of carbohydrates. An exclusive ketogenic
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lactate and KB regulate the oxidative stress by increasing the NAD*/NADH ratio. (g) Altogether, beneficial effects of exogenous
lactate and KB lead to increase recovery and survival, as well as improvement of cognitive functions. ANLS: astrocyte-neurone lactate
shuttle; KB: ketone bodies; OXPHOS: oxidative phosphorylation; PPP: pentose phosphate pathway; ROS: reactive oxygen species;
TCA: tricarboxylic acid; vGLU: vesicular glutamate transporters. Related reference numbers are shown in brackets [].
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diet such as used to treat epilepsy in children takes 3 to
5 days to reach therapeutic blood levels. These delays
render the ketogenic diet of limited interest in acute
neurocritical care. Moreover, ketogenic diets are diffi-
cult to prepare and compliance is a challenge.”> KB
may also be infused as intravenous sodium BHB or
sodium acetoacetate solutions. Finally, enteral KB are
now available in the form of ketone esters (such as
1,3-butanediol monoester of beta-hydroxybutyrate or
glyceryl-tris-3-hydroxybutyrate, two precursors of KB).
The compound (R)-3-hydroxybutyl (R)-3-hydroxybuty-
rate is now considered a safe food supplement for
humans by the U.S. Food and Drug Administration.
Ketone esters induce a rapid and significant ketosis
after a single oral intake and as such, represent an inter-
esting therapeutic avenue in acute care.*'”

Conclusion and perspectives

After being considered as unwanted metabolic waste,
lactate and KB are now widely viewed as integral parts
of brain metabolism. Data accumulating over the last
thirty years support their important role in energy pro-
duction during rest states, as well as alternative sub-
strates in case of glucose shortage or unavailability.
They have also been tested as therapeutics in animal
models and human cohorts with acute brain injury
exhibiting beneficial results concerning excitotoxicity,
neuroinflammation, cerebral blood flow control,
reduction of brain lesion volume, improvement of cog-
nitive function and survival (Figure 3). KB and lactate
share a commun mechanism: modulation of brain
metabolism. Indeed, when administrered, lactate and
KB exert a glucose-sparing effect leading to neuronal
glycolytic regulation and redirection of glucose through
the PPP which helps to fight against ROS produced
during oxidative stress (Figure 3). Overall, data in
animal models and small human cohorts call for a con-
firmation of their benefits in large therapeutic trials
targeting acute neurocritical care populations. After
decades of preclinical research and encouraging new
clinical data, we are at the dawn of a new period
during which lactate and ketone bodies might become
an integral part of neurocritical care therapeutics.
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