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Background Glucose is an important fuel for the brain. In glucose transporter 1
deficiency syndrome (GLUT1DS), the transport of glucose across the blood-brain
barrier is limited. Most individuals with GLUT1DS present with developmental prob-
lems, epilepsy, and (paroxysmal) movement disorders, and respond favorably to the
ketogenic diet. Similar to ketones, lactate is an alternative energy source for the brain.
The aim of this study is to investigate whether intravenous infusion of sodium lactate in
children with GLUT1DS has beneficial effects on their epilepsy.

Methods We performed a proof of principle study with two subjects with GLUT1DS
who were not on a ketogenic diet and suffered from absence epilepsy. After overnight
fasting, sodium lactate (600 mmol/L) was infused during 120 minutes, under video
electroencephalographic (EEG) recording and monitoring of serum lactate, glucose,
electrolytes, and pH. Furthermore, the EEGs were compared with pre-/postprandial
EEGs of both subjects, obtained shortly before the study.

Results Fasting EEGs of both subjects showed frequent bilateral, frontocentral
polyspike and wave complexes. In one subject, no more epileptic discharges were
seen postprandially and after the start of lactate infusion. The EEG of the other subject
did not change, neither postprandially nor after lactate infusion. Serum pH, lactate, and
sodium changed temporarily during the study.

Conclusion This study suggests that sodium lactate infusion is possible in individuals
with GLUT1DS, and may have potential therapeutic effects. Cellular abnormalities,
beyond neuronal energy failure, may contribute to the underlying disease mechanisms
of GLUT1DS, explaining why not all individuals respond to the supplementation of
alternative energy sources.
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Introduction

Glucose, the main source of energy for the brain, is trans-
ported across the blood-brain barrier by glucose transporter
protein type 1 (GLUT1).'~3 In GLUT1 deficiency syndrome
(GLUT1DS), glucose uptake into the brain is limited due to
decreased glucose transport capacity, leaving the brain with
a permanent energy deficit. GLUT1DS is caused by heterozy-
gous, often de novo, pathogenic variants in the SLC2A1 gene.
Low cerebrospinal fluid glucose concentrations in the con-
text of normoglycemia, with normal to low cerebrospinal
fluid (CSF) lactate concentrations, reflect the underlying
disease mechanism of GLUT1DS, and are pivotal laboratory
findings in establishing the diagnosis.4‘6

Drug-resistant epilepsy, paroxysmal movement disor-
ders, and developmental delay are symptoms of the classic
phenotype of GLUT1DS; however, individuals with mono-
or oligosymptomatic phenotypes are increasingly recog-
nized.>”:8 Typically, symptoms are worst after a fasting
period, for example, in the morning before breakfast.
Paroxysmal exercise-induced dyskinesia (PED) generally
occurs after voluntary movement. The majority of patients
respond well to ketogenic diet therapy (KDT), which pro-
vides the brain with ketone bodies as an alternative source
of energy. Nevertheless, not all patients respond well to
KDT.%10

Lactate can provide up to 8 to 10% of the brain’s energy
requirement under certain clinical circumstances,'’ and
even more when serum lactate is artificially raised.'>~1?
The underlying cellular mechanism can be explained by
the presence of the so-called astrocyte neuron lactate shut-
tle, stating that astrocytes convert glucose into lactate
through aerobic glycolysis, and subsequently shuttle lactate
as an energy source toward neurons.'®'?

Importantly, in clinical practice, lactate is generally seen
as awaste product and marker of severe, critical illness; there
is little attention for its potential therapeutic application.
Nevertheless, the therapeutical use of sodium lactate infu-
sion has been investigated in a few clinical studies.'® We
hypothesized that lactate could serve as an energy source for
the brain in individuals with GLUT1DS and that its applica-
tion would lead to an almost immediate decrease of quickly
reversible symptoms and signs, like epileptic seizures and
epileptiform discharges on electroencephalogram (EEG). To
test this hypothesis, we conducted a proof of principle study
with sodium lactate infusion in two children with GLUT1DS,
monitored with video EEG.

Methods

We performed a single-center, interventional, explorative,
open label, proof of principle study. The study was approved
by the institutional review board of the Radboud University
Medical Center and the Central and Regional Committee on
Research Involving Human Subjects (reference 2020-6231)
and was performed in accordance with the tenets of the
Declaration of Helsinki. Participating subjects and parents/
caregivers gave written informed consent.
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Inclusion and Exclusion Criteria

Patients were eligible for this study if they had a diagnosis of
GLUT1DS confirmed by a CSF profile that met the criteria for
GIUT1DS and/or identification of a pathogenetic heterozy-
gous SLC2A1 variant.!® Given the nature of this study, sub-
jects with GLUT1DS who did not tolerate or did not respond
to KDT were considered eligible.” They had to be at least
12 years old, and had to suffer from frequent, abundant or
continuous seizure activity according to the American Clini-
cal Neurophysiology Society (ACNS) guidelines.?® The exclu-
sion criteria were the following: following KDT during the
last year prior to this study, any additional chronic or acute
(at the moment of the study) medical condition, an increased
serum sodium concentration (above 145mmol/L), and a
history of an anxiety disorder.

Study Protocol

The subjects came to the hospital twice, both times after an
overnight fast. During the first visit, they underwent video
EEG recording using a standard 10- to 20-electrode mon-
tage.21 Every 15 minutes, a 30-second artifact-free epoch in
the awake state with eyes closed was selected from the EEG
recording for formal assessment by an expert neurophysiol-
ogist (NvA) of the background activity, and for the presence
of epileptiform discharges with or without a clinical corre-
late. In addition, the full EEG was evaluated for other changes
that might have been missed by sampling the 30-second
epochs. During epileptiform discharges greater than 5 sec-
onds, the subjects were tested clinically by a word recall test.
Furthermore, a hyperventilation test was performed twice
to provoke epileptiform discharges. After 25 minutes, the
subjects consumed a very carbohydrate-rich meal (within
15-30 minutes). After the meal, video EEG recording contin-
ued for another 25 minutes, in which the hyperventilation
tests were repeated. This segment was evaluated in the same
manner as the premeal EEG.

During the second visit, the subjects again underwent a
video EEG recording using the standard 10- to 20-elec-
trode montage.?! Recordings started after a venous can-
nula was inserted, around 10 a.m. To obtain baseline
recordings, video EEG recordings were started. These
recordings were continued during and after infusion of
sodium lactate until the subject’s serum lactate concen-
tration was normalized. The subjects remained in the
fasting state until 12.30 p.m. The video EEG recording
continued after the end of the sodium lactate infusion
for at least 60 minutes, and until serum lactate concen-
trations were normalized, and then evaluated offline as
outlined earlier. The subjects left the hospital after an
additional observation period of at least 60 minutes, with-
out any special treatment.

Sodium Lactate Infusion and Biochemical Monitoring
The subjects received infusion of 600 mmol/L sodium lac-
tate (Apotheek A15, Gorinchem, the Netherlands, prepared
by the Department of Pharmacy, Radboud University Medi-
cal Center, Nijmegen, the Netherlands). We aimed for a
lactate blood concentration of approximately 6 to 10
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mmol/L and, based on the infusion protocols used in
previous studies,'® first primed subjects with an infusion
rate of 0.10 mmol/kg bodyweight/min for 15 minutes,
and continued with an infusion rate of 0.06 mmol/kg body-
weight/min for another 105 minutes. Before, during, and
after infusion of sodium lactate, blood samples were
collected to monitor changes in pH, base excess, sodium,
potassium, chloride, bicarbonate, lactate, and glucose. At
baseline, the first blood sample was drawn via the venous
cannula, before sodium lactate infusion started. The rest of
the blood testing was conducted by capillary sampling
using finger pricks.

Results

Five patients known in our center were eligible for this
study. We included two 12-year-old girls diagnosed with
GLUT1DS and both suffering from absence epilepsy
(see =Table 1 and Bekker et al® for additional clinical
data). Both subjects had been on KDT in the past, but had
stopped more than a year prior to the start of this study.
Subject 1 had never reached full ketosis or symptom relief,
but stopped the diet prematurely because of gastrointesti-
nal side effects. Subject 2 had never benefitted from KDT
despite adequate ketosis. At the moment of the present
study, subject 1 used 250 mg acetazolamide twice a day,
and subject 2 used lamotrigine 100mg twice a day as
antiseizure medication.

The baseline (fasting) EEGs were similar for subjects 1 and
2, showing frequent bilateral, frontocentral polyspike
and wave complexes, with high amplitudes and durations
between 2 and 10 seconds. Clinically, both girls had absence
seizures during this part of the registration.

During the first visit, the postprandial EEG recording of
subject 1 showed almost no epileptiform discharges any-
more, and clinically, no more seizures were seen. The post-
prandial EEG at the first visit of subject 2, however, remained
unchanged compared to the baseline EEG, and she also had
seizures after breakfast. Hyperventilation did not provoke
epileptiform discharges before or after the carbohydrate-
rich meal in either subject.

In =Fig. 1, parts of the EEG recordings of the second
visit of subjects 1 and 2, before and after sodium lactate
infusion, are shown. Total amounts of approximately 360
and 440 mmol sodium lactate were infused in subjects 1
and 2, respectively. A video of the patients’ EEGs of both
visits are shown in =Video 1. The background activity of
subject 1 was normal for her age. Occasionally, the EEG
recording showed frontal epileptic discharges with spike-
and-wave complexes and isolated spike and waves. No
epileptiform discharges were seen in the EEG anymore
from 40 minutes after the start of lactate infusion. The
epileptic discharges and clinically recognizable absences
did not reoccur on the day of the study. The background
activity of subject 2 was also normal for her age. During
her EEG recording, multiple absence seizures were clini-
cally observed, with corresponding epileptiform dis-
charges in the EEG. There was no change in seizures,

Table 1 Subject characteristics
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9CSF analysis was done while on ketogenic diet therapy (KDT); the subject had asymptomatic hypoglycemia while on KDT.
®In the absence of an SLC2A1 gene mutation, CSF analysis was repeated to exclude transient cerebral glucose deficiency.
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Fig. 1 Fragments of the electroencephalogram (EEG) of subjects 1 and 2 during the second hospital visit: before, during, and after sodium
lactate infusion. Subjects (A-D) 1 and (E-H) 2 before the start of sodium lactate infusion (A and E), while hyperventilating during sodium lactate
infusion of 0.10 mmol/kg/min (B and F), while hyperventilating during sodium lactate infusion of 0.06 mmol/kg/min (C and G), and while
hyperventilating after sodium lactate infusion has stopped (D and H).

neither clinically nor on the EEG recording of subject 2, Discussion
during or after lactate infusion.
This study suggests that sodium lactate infusion is possible in
individuals with GLUT1DS, and may have a potential thera-
peutic effect. In subject 1, the clinical seizures and the
epileptic discharges on EEG completely disappeared after
lactate infusion, while no changes were observed in subject
2. Our observations in subject 1 suggest that lactate may
indeed serve as an alternative fuel for the brain in GLUT1DS,
like ketone bodies do.
As there are no previous studies to compare our results
Serum pH, lactate, and sodium concentrations did tempo-  with, we do not know the potential response variability
rary increase, as expected, during the study period in both  after “energy suppletion” in individuals with GLUT1DSI.
subjects (=Fig. 2). Subject 1 reported a tingling sensation in ~ There are, however, several studies that substantiated an
both arms, legs, and her face, developing a few minutes improvement in epilepsy after breakfast, which also
immediately after stopping the lactate infusion. The tingling  showed an improvement of EEG features after a meal or
sensation spontaneously disappeared after 2.5 hours. glucose infusion.??~2° These studies included in total 26

Video 1

EEGs of subjects 1 and 2. Online content including video
sequences viewable at: https://www.thieme-connect.
com/products/ejournals/html/10.1055/a-2134-8766.

Neuropediatrics  Vol. 54 No. 6/2023 © 2023. The Author(s).
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Fig. 2 Serum lactate and sodium concentrations, and serum pH, of both subjects during the study with lactate infusion. In both subjects,

sodium lactate was infused from t=0 to 120 minutes.

children in the age range of 4 to 19 years. An improvement
in the EEG was seen in 20/26 children. EEG improvements
occurred after 4 minutes to 2 hours postprandially or after
infusion of glucose. Our observations in subject 1 are in line
with these data, confirming that in her lactate may improve
brain function just as glucose does, at least for a relatively
short period of time.

Interestingly, the EEG of subject 2 did not improve, neither
after a meal nor after lactate infusion; she had also not
benefitted previously from KDT. The findings in subject 2
may indicate that her brain suffers from a problem that
cannot be solved by offering carbohydrates (breakfast) or
alternative energy sources (lactate or ketone bodies), and as
such confirm that additional cellular abnormalities, on top of
the chronic energy failure, may contribute to the underlying
disease mechanisms of GLUT1DS.30-33

There are several limitations to this study. Since this was a
proof of principle study, ethical guidelines allowed us to
include only two patients. This precluded us from drawing
conclusions on the effectiveness and safety of sodium lactate
infusion as a treatment for the epilepsy of individuals with
GLUT1DS in general. Additionally, these ethical guidelines
did not allow the use of magnetic resonance spectroscopy
(MRS) or positron emission tomography (PET) scans at this
stage of clinical research, so we were unable to provide direct
proof that the lactate was taken up by the brain. Next,
assuming that lactate would be an alternative energy source
for the brain, intravenous lactate infusion would not be a
practical chronic treatment and may cause undesired side
effects in the long term. However, this study presents the
beneficial side of lactate and sheds light on the complex
underlying disease mechanisms of GLUT1DS. By doing so, it
gives a potential new direction in developing therapeutic
possibilities in GLUT1DS. Interestingly, a similar way of

reasoning motivated other researchers to investigate the
effects of erythrocyte exchange transfusion in three patients
with GLUT1DS.34 Finally, pediatric patients with other (neu-
rometabolic) disorders may possibly benefit from the obser-
vation that lactate can be used therapeutically in some
conditions.

In conclusion, this study might suggest that lactate infu-
sion has the potential to offer a safe alternative source of
energy for the brain in individuals with GLUT1DS, without
major side effects, at least when used for a short period.
However, further research is needed to confirm these obser-
vations. Next, it is important to learn how to use this
knowledge while exploring potential new therapeutic pos-
sibilities for individuals with GLUT1DS.

Authors’ Contribution

LA.V.G.,, N.V.A,, and M.A.W. contributed to the conception
and design of the study. All the authors contributed to
acquisition and analysis of data, and drafting a significant
portion of the manuscript and figures.

Funding

This work was supported by funding from the GLUT1
Deficiency Foundation (Owingsville, KY, United States).
The authors confirm independence from the sponsors; the
content of the article has not been influenced by the
SpPONSors.

Conflict of Interest
None declared.

Acknowledgments
We would like to thank the individuals with GLUT1DS and
their families who contributed to our research.

Neuropediatrics  Vol. 54 No. 6/2023 © 2023. The Author(s).

369



370

Effects of Sodium Lactate Infusion in Glucose Transporter 1 Deficiency Syndrome

References

1

N

w

(&1

(=)}

~

o]

o

Neuropediatrics

Mabher F, Vannucci SJ, Simpson IA. Glucose transporter proteins in
brain. FASEB ] 1994;8(13):1003-1011

Fukumoto H, Seino S, Imura H, Seino Y, Bell GI. Characterization
and expression of human HepG2/erythrocyte glucose-transport-
er gene. Diabetes 1988;37(05):657-661

Cremer JE. Substrate utilization and brain development. ] Cereb
Blood Flow Metab 1982;2(04):394-407

Seidner G, Alvarez MG, Yeh ]I, et al. GLUT-1 deficiency syndrome
caused by haploinsufficiency of the blood-brain barrier hexose
carrier. Nat Genet 1998;18(02):188-191

Leen WG, Klepper ], Verbeek MM, et al. Glucose transporter-1
deficiency syndrome: the expanding clinical and genetic
spectrum of a treatable disorder. Brain 2010;133(Pt 3):
655-670

Klepper J, Akman C, Armeno M, et al. Glut1 Deficiency Syndrome
(Glut1DS): State of the art in 2020 and recommendations of the
international Glut1DS study group. Epilepsia Open 2020;5(03):
354-365

De Vivo DC, Trifiletti RR, Jacobson RI, Ronen GM, Behmand RA,
Harik SI. Defective glucose transport across the blood-
brain barrier as a cause of persistent hypoglycorrhachia,
seizures, and developmental delay. N Engl ] Med 1991;325
(10):703-709

Brockmann K. The expanding phenotype of GLUT1-deficiency
syndrome. Brain Dev 2009;31(07):545-552

Bekker YAC, Lambrechts DA, Verhoeven ]S, et al. Failure of
ketogenic diet therapy in GLUT1 deficiency syndrome. Eur ]
Paediatr Neurol 2019;23(03):404-409

Hao J, Kelly DI, Su ], Pascual JM. Clinical aspects of glucose
transporter type 1 deficiency: information from a global registry.
JAMA Neurol 2017;74(06):727-732

Taher M, Leen WG, Wevers RA, Willemsen MA. Lactate and its
many faces. Eur ] Paediatr Neurol 2016;20(01):3-10

van Hall G, Stremstad M, Rasmussen P, et al. Blood lactate is an
important energy source for the human brain. ] Cereb Blood Flow
Metab 2009;29(06):1121-1129

Gallagher CN, Carpenter KL, Grice P, et al. The human brain utilizes
lactate via the tricarboxylic acid cycle: a *C-labelled microdial-
ysis and high-resolution nuclear magnetic resonance study. Brain
2009;132(Pt 10):2839-2849

Boumezbeur F, Petersen KF, Cline GW, et al. The contribution of
blood lactate to brain energy metabolism in humans measured by
dynamic '>C nuclear magnetic resonance spectroscopy. ] Neurosci
2010;30(42):13983-13991

Wyss MT, Jolivet R, Buck A, Magistretti P], Weber B. In vivo
evidence for lactate as a neuronal energy source. ] Neurosci
2011;31(20):7477-7485

Pellerin L, Magistretti PJ. Sweet sixteen for ANLS. ] Cereb Blood
Flow Metab 2012;32(07):1152-1166

Pellerin L, Magistretti P]. Glutamate uptake into astrocytes stim-
ulates aerobic glycolysis: a mechanism coupling neuronal activity
to glucose utilization. Proc Natl Acad Sci U S A 1994;91(22):
10625-10629

Vol. 54 No. 6/2023 © 2023. The Author(s).

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

van Gemert et al.

van Gemert LA, de Galan BE, Wevers RA, Ter Heine R, Willemsen
MA. Lactate infusion as therapeutical intervention: a scoping
review. Eur | Pediatr 2022;181(06):2227-2235

Leen WG, Wevers RA, Kamsteeg E-], Scheffer H, Verbeek MM,
Willemsen MA. Cerebrospinal fluid analysis in the workup of
GLUT1 deficiency syndrome: a systematic review. JAMA Neurol
2013;70(11):1440-1444

Hirsch LJ, Fong MWK, Leitinger M, et al. American clinical
neurophysiology society’s standardized critical care EEG termi-
nology: 2021 version. J Clin Neurophysiol 2021;38(01):1-29
Seeck M, Koessler L, Bast T, et al. The standardized EEG electrode
array of the IFCN. Clin Neurophysiol 2017;128(10):2070-2077
Akman CI, Engelstad K, Hinton V], et al. Acute hyperglycemia
produces transient improvement in glucose transporter type 1
deficiency. Ann Neurol 2010;67(01):31-40

Brockmann K, Wang D, Korenke CG, et al. Autosomal dominant
glut-1 deficiency syndrome and familial epilepsy. Ann Neurol
2001;50(04):476-485

Imtiaz H, Can A, Tapos D, Weber A. Teaching Neurolmage: fasting
EEG in glucose transporter-1 deficiency syndrome. Neurology
2022;98(07):e774-e775

Ito Y, Gertsen E, Oguni H, et al. Clinical presentation, EEG studies,
and novel mutations in two cases of GLUT1 deficiency syndrome
in Japan. Brain Dev 2005;27(04):311-317

Parolin G, Drigo P, Toldo I, et al. Pre- and postprandial electroen-
cephalography in glucose transporter type 1 deficiency syndrome:
an illustrative case to discuss the concept of carbohydrate respon-
siveness. ] Child Neurol 2011;26(01):103-108

Roulet-Perez E, Ballhausen D, Bonafé L, Cronel-Ohayon S, Maeder-
Ingvar M. Glut-1 deficiency syndrome masquerading as idiopath-
ic generalized epilepsy. Epilepsia 2008;49(11):1955-1958

von Moers A, Brockmann K, Wang D, et al. EEG features of glut-1
deficiency syndrome. Epilepsia 2002;43(08):941-945

Weber YG, Storch A, Wuttke TV, et al. GLUT1 mutations are a cause
of paroxysmal exertion-induced dyskinesias and induce hemolytic
anemia by a cation leak. ] Clin Invest 2008;118(06):2157-2168
Peters TMA, Merx ], Kooijman PC, et al. Novel CSF biomarkers of
GLUT1 deficiency syndrome: implications beyond the brain’s
energy deficit. ] Inherit Metab Dis 2022

van Gemert LA, Leen WG, Draaisma ]JM, Roeleveld N, Willemsen
MA. Head circumference in glucose transporter 1 deficiency
syndrome: normal for individuals, abnormal as a group. Eur ]
Paediatr Neurol 2022;38:73-76

Pervaiz I, Zahra FT, Mikelis CM, Al-Ahmad A]. An in vitro model of
glucose transporter 1 deficiency syndrome at the blood-brain
barrier using induced pluripotent stem cells. ] Neurochem 2022;
162(06):483-500

Tang M, Gao G, Rueda CB, et al. Brain microvasculature defects and
Glut1 deficiency syndrome averted by early repletion of the
glucose transporter-1 protein. Nat Commun 2017;8:14152
Wang RC, Lee EE, De Simone N, et al. Red blood cells as glucose
carriers to the human brain: modulation of cerebral activity by
erythrocyte exchange transfusion in Glut1 deficiency (G1D). ]
Cereb Blood Flow Metab 2023;43(03):357-368



