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The solute carrier family 16 member 1 (SLC76A7) gene encodes for monocarboxylate
transporter 1 (MCT1) that mediates the movement of monocarboxylates, such as
lactate and pyruvate across cell membranes. Inactivating recessive homozygous or
heterozygous mutations in the SLC716A7 gene were described in patients with recurrent
ketoacidosis and hypoglycemia, a potentially lethal condition. In the brain where MCT1
is highly localized around axons and oligodendrocytes, glucose is the most crucial
energy substrate while lactate is an alternative substrate. MCT1 mutation or reduced
expression leads to neuronal loss due to axonal degeneration in an animal model.
Herein, we describe a 28 months old female patient who presented with the first
hypoglycemic attack associated with ketoacidosis starting at the age of 3 days old.
Whole exome sequencing (WES) performed at 6 months of age revealed a ¢.218delG
mutation in exon 3 in the SLC7T6AT gene. The variant is expected to result in loss of
normal MCT1 function. Our patient is amongst the youngest presenting with MCT1
deficiency. A detailed neuroimaging assessment performed at 18 months of age
revealed a complex white and gray matter disease, with heterotopia. The threshold
of blood glucose to circumvent neurological sequelae cannot be set because it is
patient-specific, nevertheless, neurodevelopmental follow up is recommended in this
patient. Further functional studies will be required to understand the role of the MCT1
in key tissues such as the central nervous system (CNS), liver, muscle and ketone body
metabolism. Our case suggests possible neurological sequelae that could be associated
with MCT1 deficiency, an observation that could facilitate the initiation of appropriate
neurodevelopmental follow up in such patients.
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INTRODUCTION

The main ketone bodies are acetoacetate, 3-hydroxybutyrate,
and acetone, which act as the primary circulating energy source
during fasting. Ketogenesis, a three-step enzymatic process,
result in the formation of ketone bodies in the liver (1).
Ketone bodies play a critical role in biologically active tissues
where they are converted to acetyl-CoA, acting as an energy
source during energy depletion (fasting and or prolonged
exercise) (1). A significant proportion, ranging up to two-
thirds, of the brain’s energy demand is provided by ketone
bodies following extended starvation (2). Ketoacidosis occurs
when ketone formation exceeds that of their normal utilization,
resulting in a pathological status. The clinical manifestations of
genetic inborn errors of ketone utilization are similar to those
seen in diabetic ketoacidosis. While glucose levels are normal
to low in ketone body utilization disorders, a higher glucose
level is seen in diabetic ketoacidosis (3). Symptoms are expected
to be those seen in diabetic ketoacidosis and include vomiting,
dehydration, Kussmaul breathing, and osmotic diuresis, which
could ultimately advance to decreased consciousness and
death (2).

Succinyl-CoA: 3-oxoacid CoA transferase (SCOT) (4)
and mitochondrial acetoacetyl-CoA thiolase (ACAT1) (5)
deficiencies, characterized by severe intermitten ketoacidosis
evident in the neonatal periods, are among the originally
identified genetic causes of recurrent ketoacidosis. Efficient
ketolysis depends on the functioning of both SCOT and ACAT1,
which are critical for the breakdown of ketone bodies into
acetyl CoA, acting as a primary cellular energy source (6). More
recently, inactivating mutations in Monocarboxylate Transporter
1 (MCT1), both homozygous and heterozygous, have been
reported as a cause of profound ketoacidosis (6). MCT1, a
transmembrane transporter encoded by solute carrier family
16 member 1 (SLCI6AI) gene, transports monocarboxylates,
including lactate and ketone bodies (7). Glycoprotein CD147,
also called BSG, is required by MCT1 for proper subcellular
expression (8, 9).

We report a variant in the SLCI6A1 gene encoding MCT1 in a
neonate with recurrent acidosis, hypoglycemia, and neurological
sequelae. Individuals with ketoacidosis provoked by fasting or
infections have been reported with inactivating homozygous
or heterozygous pathogenic variants in the SLC16A1 gene,
however hypoglycemia was seen infrequently (6). The individuals
with homozygous pathogenic variants presented at younger
ages, had more profound ketoacidosis, and mild to moderate
developmental delay (6). Treatment with intravenous glucose or
dextrose results in blood gas profile improvement and clearance
of metabolic acidosis. The heterozygous family members of
patients with homozygous SLC16A1 pathogenic variants did not
report episodes of ketoacidosis, suggesting that heterozygous
pathogenic variants result in ketoacidosis when combined with
specific genetic and environmental factors (6).

CASE PRESENTATION

We describe a 28 months old female patient born to a first-degree
consanguineous parent. The patient was born at full term

following a normal vaginal delivery with a birth weight of 3.6 Kg.
Prenatal history was uneventful, with normal antenatal follow up
and ultrasound screening performed at 20 weeks of gestation.
The patient Apgar score was nine. At birth, the patient’s vitals
were within normal limits (Heart rate 130 beats per minute,
respiratory rate 45 breaths per minute, systolic blood pressure
65 mm Hg, temperature 36.9°C). Neonatal examinations showed
pink skin, with the patient resting symmetrically with the arms
and legs in flexion, cried vigorously when stimulated, and
moved all extremities equally. The red reflex assessment was
normal with symmetry in both eyes, without opacities, white
spots, or dark spots. There were no signs of dysmorphisms
or congenital malformation. The neck showed full range of
motion. There were no signs of neonatal infections or perinatal
asphyxia. At three days of age, she presented with hyperthermia
(temperature 37.8°C, HR: 140, RR: 42, BP: 90/45), hypoglycemia
(2.8 mmol/L) and metabolic acidosis with normal lactic acid. This
was managed with intravenous fluids, intravenous dextrose, and
sodium chloride intravenously (IV). Full septic workup for group
B streptococci, enteric gram-negative Escherichia coli, Listeria
monocytogenes, gonococci, chlamydia, rubella, toxoplasma,
cytomegalovirus (CMV), syphilis, and herpes simplex virus were
negative. At presentation, a comprehensive metabolic screening
including aminoacidopathy, organic aciduria, and urea cycle
defects was normal. Serum lactate, pyruvate, amino acids were
normal. Urine succenylacetone, orotic, and organic acids were
also normal. Evaluation of galactosemia, glycogen storage disease,
and mitochondria diseases were also negative. Galactose-1-
phosphate uridyltransferase level was normal. Assessment for
fatty acid oxidation defects, total and free carnitine levels, and
acyl carnitine were normal. The patients lipid profile is also
within normal limits. Hormonal deficiency was also excluded
(normal thyroid function tests, TSH, ACTH, growth hormone,
and cortisol levels). Despite extensive investigations, no septic,
metabolic, or endocrine causes of the metabolic acidosis or the
hypoglycemia were established and the patient was discharged
home. It was recommended that she should have frequent
feeds. At 6 months (and also at 11, 13, and 14 months) of
age, the patient continued to present with seizures, vomiting,
hypoglycemia, and metabolic acidosis (Table 1). Comprehensive
investigations performed at second presentation at 6 months
of age were positive for high anion gap metabolic acidosis
(21.05 mmol/L), hypoglycemia, and ketonuria (Table1). A
similar profile was also evident at 11, 13, and 14 months
of age. Each acute episode of illness was managed with
intravenous 0.9% saline, intravenous dextrose and intravenous
sodium bicarbonate. The parents were advised not to fast the
patient for long periods of time and feed frequently. The
parents were also asked to look for signs of any intercurrent
illness and check the patients blood glucose and seek medical
help early.

Following the exclusion of metabolic disorders, and due to
the significant family history for consanguinity in the parents
(first-degree cousins) and a similar phenotype seen in two
different generations in the maternal family (Figure 1A), genetic
analysis in the family was recommended. At 6 months of age,
Whole Exome Sequencing (WES) analysis was performed on
the patient and her parents. Written informed consent forms
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were completed from all family members involved in the study.
Genomic DNA of the patient and parents were isolated from

TABLE 1 | Biochemical profile during episodes of ketoacidosis.

Investigation Value Reference
Bicarbonate (mmol/L) 10 24-30
Sodium (mmol/L) 154 135-145
Potassium (mmol/L) 5.5 3.7-5.9
Chloride (mmol/L) 118 96-110
Calcium (mmol/L) 2.32 2.1-2.64
Albumin (gm/L) 49 28-44
Glucose (mmol/L) 2.8 3.3-5.5
URINALYSIS

UA ketones +++

UA glucose 4+

BLOOD GAS PROFILE

PH arterial (Units) 7.0 7.35-7.45
pCO2 (mmHg) 255 35-48
Sodium (mmol/L) 152 135-145
Potassium (mmol/L) 2.8 3.5-5
Chloride (mmol/L) 122 96-110
Bicarbonate (mmHg) 6.7 13-29
Base excess arterial —22.2 —3-2

Corrected anion gap for albumin
(mmol/L)

21.05 High anion gap metabolic acidosis

The investigation was carried on second presentation at 6 months of age. A similar profile
was evident at 11, 13, and 14 months of age.

peripheral blood samples for molecular genetic analysis. The
extraction and purification was conducted according to the
manufacturer’s protocol (QIAamp DNA Blood Maxi Kit, Qiagen,
Cat No.: 51194). Next-generation sequencing using an Illumina
system was used to capture the exonic region and flanking
splice junctions of the genome. All potentially pathogenic
variants were confirmed using Capillary sequencing. Sequence
and copy number alterations were reported according to the
Human Genome Variation Society (HGVS) and International
System for human Cytogenetic Nomenclature (ISCN) guideline,
respectively. Sanger sequencing was used to confirm the
mutation in the patient, both parents, and sibling. Applied
Biosystems Sequencing Analysis Software v6.0 and Applied
Biosystems SeqScape Software v3.0 were used for Sanger
sequencing analysis. The patient has been shown to be
homozygous for the c.218delG pathogenic variant in the
SLC16A1 Gene (p.Gly73ValfsX8 in exon 3 in the SLCI6AI gene,
rs1553208520) (Figure 1B). The patient’s mother and father are
heterozygous carriers for the ¢.218delG variant in the SLC16A1
Gene (Figure 1B).

Although developmentally, at the age of 18 months, the
patient has so far normal gross motor, fine motor, and
language skills, assessment of neurological functions was
initiated. The repeated episodes of seizure mandated an
assessment of neurological sequelae, where a brain MRI was
performed at the age of 18 months. MRI showed bilateral
symmetrical abnormal T2/Fluid attenuated inversion recovery
(FLAIR) hyperintense cortical/subcortical white matter signal
involving the superficial subcortical U fibers of the frontal

FFrppeerviment
R

FIGURE 1 | (A) The patient’s family pedigree. The chart is significant for consanguinity and a similar phenotype observed in several family members. Arrow points to
the affected patient. (B) Sanger sequencing for SLC16A1 mutation analysis. The patient is homozygous for SLC16A7 ¢.218delG in Exon 3. Heterozygosity for
€.218delG in Exon 3 of the SLC16A1 gene is displayed in the parents and sibling (brother). The Reverse Primer was used in the analysis. The colors represent bases:
green denotes A, red T, black G, and blue C. Forward Primer, GAGGGAGCAGTTTCCTTTATATT,; reverse primer, CTCACCTCCAATGACTCCAA.
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lobes, sub insular white matter, and the anterior temporal,
parietal, and occipital lobes with corresponding significant
diffusion restriction on Diffusion-weighted magnetic resonance
imaging (DWI) (Figures 2A-D). Heterogeneous T2/FLAIR
signal changes were also noted involving the basal ganglia
and thalami with corresponding diffusion restriction. Diffusion
restriction was also seen involving the rostrum and anterior
body of the corpus callosum. In addition, multiple bilateral gray
matter heterotopias were noted involving the posterior horns
and trigones of the lateral ventricles bilaterally (Figures 2A-D).
There is a signal change involving the cerebellar dentate nuclei.
Age appropriate myelination without volume loss was also
noted. MR spectroscopy appeared unremarkable with normal N-
acetylaspartate (NAA), choline and creatine without a significant
level of lactate.

Interestingly, our patient continued to demonstrate an
increase in body weight and food seeking behavior. She has
exhibited an increase in body weight, (above 97th percentile), a
phenotype that could be attributed to MCT1 inhibition.

DISCUSSION

The SLCI6AI1 gene encodes for MCT1 that mediates the
movement of monocarboxylates, such as lactate and pyruvate
across cell membranes (7). In the brain, lactate delivery
to neuronal cells produced by astrocytes is controlled by
monocarboxylate transporters (MCTs), and dysfunctional MCTs

FIGURE 2 | MRI Brain. Bilateral symmetrical abnormal T2/FLAIR hyperintense
white matter signal changes with diffusion restriction are seen mainly involving
the superficial subcortical U fibers with an anterior pre-dominance and
involvement of the subinsular white matter. The corpus callosum, thalami, and
basal ganglia are also involved. (A) Axial T2W1, (B) Coronal T2W1, (C) Axial
DW1, and (D) Axial TTW1. Red arrows points to heterotopia on T1W1.

are associated with epilepsy (10, 11), cognitive defects (12),
neurodegeneration (13, 14), and metabolic disorders (15).
Recently, inactivating recessive homozygous or heterozygous (in
exonic regions) mutations in the SLCI6AI gene was described
in patients with recurrent ketoacidosis and hypoglycemia (6).
Other genetic causes of recurrent ketoacidosis are SCOT
deficiency and ACAT1 deficiency, both of which are involved
in ketolysis (2). Interestingly, heterozygous mutation in the
SLC16A1 gene can also lead to clinical symptoms of MCT1
deficiency (16). It is possible that heterozygous mutation are
subjected to nonsense mediated mRNA decay (NMD), where
haploinsufficiency is a predicted in vivo mechanism responsible
for the phenotypes associated with heterozygous nonsense
alleles (17). The consequent lethal ketoacidosis, caused by the
inadequate balance between hepatic ketone bodies production
and their extrahepatic utilization, required urgent correction of
the resulting electrolyte imbalance (3).

We report a mutation in the SLCI6AI gene leading to
recurrent ketoacidosis and hypoglycemia. The ¢.218delG variant
occurs in exon 3 in the SLC16A1 gene (NM_003051.3). The effect
of the mutation at the protein level is difficult to predict, however,
aberrant splicing could be one of the predicted mechanism for
non-functional MCT1. The variant could also possibly causes a
frameshift starting with codon Glycine 73, changes this amino
acid to Valine residue, and creates a premature stop codon at
position 8 of the new reading frame. Therefore, the variant
seen in our patient is expected to result in loss of normal
MCT1 protein function. The aberrant protein function is either
attributed to MCT1 truncation or nonsense-mediated mRNA
decay. Furthermore, mutations in the canonical acceptor and
donor sites affect strongly conserved sequences that define exon-
intron boundaries (18). Any variants in the canonical sequences
might alter the interaction between pre-mRNA and proteins
involved in the intron removal, where our reported mutation,
occurring at the splice-acceptor site, is predicted to result in
aberrant splicing (18). In silico analysis of the c.218delG variant
of the SLCI6A1 gene is deleterious and is not detected in large
population cohorts (19), therefore we interpret c.218delG as a
pathogenic variant. Autosomal recessive inheritance is likely in
this patient due to the homozygous presence of the variant and
lack of SLCI6A1 phenotype in the parents.

Our patient is among the youngest reported MCT1 deficiency
cases with a detailed neuroimaging assessment. Following the
exclusion of other possible factors that could contribute to
the abnormal brain MRI findings, a hypothesis of a possible
genotype-phenotype correlation is suggested. In the brain,
glucose is the most important energy substrate while lactate
is an alternative one (20). The expression of MCT2 by
neurons provides an optimal transporter for lactate uptake
and utilization as an energy substrate in a status of increased
energy demand (21). MCTs exclusively transport lactate, and
change in transporters cause change in production of lactate
and their utilization. MCT1 is highly localized around axons
and oligodendrocytes (cells that myelinate nerve fibers) and its
inactivating mutation or reduced expression leads to neuronal
loss due to axonal degeneration in animal models and in
vitro studies (22). MCT1 is expressed in human astrocytes
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(23) functioning in neuron survival (24). Astrocytes are the
most abundantly available glial cell type in human central
nervous system (CNS) (23), therefore shedding light on the
importance of MCT1 in proper myelination (Figure 3). MCT1
expression is also reduced in amyotrophic lateral sclerosis
patients suggesting its role in the pathogenesis (24). To
our knowledge, this is the first report describing a detailed
neuroimaging assessment and neurological outcome in an infant
with MCT1 deficiency. Therefore, our case could potentially
expand the clinical spectrum of the genetic causes of recurrent
ketoacidosis. MRI findings have been described previously
in other monocarboxylate deficiencies such as MCT8 (25),
showing white matter disease as seen in our patient, however,
there hasn’t been any reported MRI on a MCT1 deficiency
patients. Our study has thus been the first to provide a
detailed neuroimaging assessment as a possible reference for
MCT1 deficiency related neurological abnormalities. Although
our case presents the first documentation of CNS alterations
in patients with SLCI6AI inactivating mutations, further
functional studies will be required to understand the role of
the MCT1 in key tissues such as the CNS, liver, muscle,
and ketone body metabolism. However, our description of
an expanded clinical spectrum sets the basis for future

research to dissect the intricate mechanisms behind the clinical
manifestations reported in this case. Defective role of MCT1
in mice CNS results in axon damage and neuronal loss
(24), yet it remains unclear at this stage whether this is a
direct effect of MCT1 loss in the CNS or a consequence
of profound ketoacidosis. The threshold of blood glucose to
circumvent neurological sequelae cannot be set because it is
patient-specific, nevertheless, neurodevelopmental follow up is
recommended in this patient. Finally, our comprehensive clinical
and genetic assessment sets the grounds for endocrinologists
and neurologists following up MCT1 deficiency patients,
serving as a reference for proper management, follow up, and
prognostic prediction.

The lactate shuttle hypothesis is supported by MCT1 presence
in the sarcolemma of oxidative skeletal muscle fibers (26). Similar
to oxidative skeletal muscle and heart muscle, the brain may
consume lactate during high-energy demands (27). An increasing
body of evidence suggests that lactate, rather than glucose is the
major neuronal energy substrate for tissue surviving an ischemic
insult, in addition to lactate neuroprotective function (28,
29). MCT overexpression provided additive neuroprotection,
emphasizing the importance of astrocyte-neuronal lactate
shuttling for preventing brain damage in conditions of high
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neuronal activity (30, 31). In certain circumstances lactate
may enter the brain from the circulation. MCT1 appears
restricted to vascular endothelium (31). During starvation and
diabetic hypoglycemia the brain must in part rely on supply
of monocarboxylates for production of energy. During breast-
feeding, lactate and other monocarboxylates (ketone bodies)
serve as important energy substrates for the infant brain (32, 33).
Several lines of evidence show that MCTT1 is strongly expressed
on blood vessels in human cortical layers (34), suggesting an
important role in human brain. In patients with medication-
refractory temporal lobe epilepsy (TLE), MCT1 has been shown
to have a critical role in the disease pathophysiology where MCT1
was deficient on microvessels in the epileptogenic hippocampal
formation (35).

Hypothalamic neuronal circuits play an essential role in
the control of feeding, glucosensing, controlling hypothalamic
orexigenic, and anorexigenic neuropeptides expression and
release (36-38). Interestingly, hypothalamic MCT1 expression
has been associated with feeding behavior regulation; in which
MCT1 inhibition results in increased food intake and weight gain
in animal models (39). This phenomenon has been attributed to
altered metabolic coupling between tanycytes and arcuate nucleu
neurons (39). Our patient exhibited an increase in body weight,
(above 97th percentile), a phenotype that could be attributed to
MCT1 inhibition (39). Recent studies also suggest that increased
expression of MCT1 and MCT4 play an important role in
the physiological functions of adipocytes during brown and
white adipogenesis (40), shedding light on possible mechanisms
involved in the increased body weight seen in our patient.
MCTs could, therefore, be a fundamental protein associated
with nutrient sensing and regulation of food intake, ultimately
constituting an interesting topic for future investigation.
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