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ABSTRACT

Monocarboxylate transporter 1 (MCT1) deficiency (OMIM# 616095), caused by variants in the SLCI6AI gene (OMIM#
600682), is responsible for the transport of monocarboxylates across the plasma membrane. This condition is recognized as
a rare genetic cause of impaired ketone body utilization in extrahepatic tissues, resulting in recurrent ketoacidosis triggered
by fasting and infection. To date, only 17 patients with this disorder have been identified. Individuals with homozygous var-
iants typically present at a younger age, exhibit developmental delays, and experience more severe ketoacidosis. We describe
the genotype and clinical phenotype of three Palestinian children with MCT1 deficiency from two unrelated families. In
an extended consanguineous family (Family A), whole exome sequencing identified a novel homozygous missense variant,
SLC16A1_p.Gly25Val, in patient 1. Patient 2 was homozygous for the same variant. In unrelated family B, exome sequencing
of patient 3 revealed another novel homozygous missense variant, SLC16A1_p.Leu403Phe. The clinical phenotypes and bio-
chemical abnormalities were similar across all three patients, characterized by acute recurrent vomiting, severe dehydration,
metabolic acidosis, and hyperuricemia. MCT1 deficiency should be considered in infants and children who experience recur-
rent ketoacidosis. We report two novel homozygous variants in the SLCI6A1 gene, further expanding the genotype-phenotype
spectrum of this rare disorder.

| Introduction ACAT]1 are involved in ketolysis, the breakdown of ketone bod-

ies into the key cellular energy source, acetyl CoA.

3-Hydroxybutyrate, acetoacetate, and acetone are called ke-
tone bodies. They are important alternative energy sources for
maintaining blood glucose levels during fasting. Ketone bodies,
however, are acids and cause ketoacidosis when accumulated.
Succinyl-CoA:3-ketoacid CoA transferase (SCOT) deficiency
and mitochondrial acetoacetyl-CoA thiolase (beta-ketothiolase
or T2; ACAT1) deficiency are rare inherited metabolic disorders
of ketone body utilization (Hori et al. 2015). Both SCOT and

© 2025 Wiley Periodicals LLC.

Monocarboxylate transporter 1 (MCT1) is one of the trans-
membrane transporters encoded by the SLCI6 gene family.
Among these, MCT1, MCT2, MCT3, and MCT4 transport
monocarboxylates such as lactate, pyruvate, and ketone bodies.
Monocarboxylate transporter 1 (SLC16A1, also called MCT1)
has been reported as a rare disorder of ketone body utiliza-
tion (Hori et al. 2015; Van Hasselt et al. 2014). Ketoacidosis, a
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pathologic state, occurs when ketone formation exceeds ketone
utilization. Typically, patients develop ketoacidosis during keto-
genic stress such as starvation, febrile conditions, and physical
stresses because ketone bodies produced in the liver accumu-
late due to defective utilization in extrahepatic tissues. Similar
to diabetic ketoacidosis, the clinical consequences are charac-
terized by vomiting, dehydration, and Kussmaul breathing that
may progress to decreased consciousness and, ultimately, death.
In contrast to diabetic ketoacidosis, patients with disorders of
ketone body utilization characteristically have normal or low
blood glucose levels (Van Hasselt et al. 2014).

MCTT1 is responsible for transporting monocarboxylates includ-
ing lactate, pyruvate, and ketone bodies across the plasma mem-
brane (Van Hasselt et al. 2014; Stanescu et al. 2022). Dominant
gain-of-function variants in the promoter region of the SLC16A1
gene, causing abnormal expression of MCT1 in pancreatic 8-
cells, have been identified in patients with exercise-induced
hyperinsulinemic hypoglycemia. Inactivating recessive ho-
mozygous or heterozygous variants in the SLCI6AI gene have
been identified in patients with ketone body utilization disorder
(Stanescu et al. 2022).

The clinical phenotype of MCT1 deficiency is characterized by
vomiting, severe ketoacidosis, and hypoglycemia and has been
reported in patients with homozygous and heterozygous vari-
ants (Bozaci and Unal 2022; Al-Khawaga et al. 2019). Patients
with homozygous variants usually present at a younger age,
have developmental delay, and more severe ketoacidosis. The
age of presentation of patients with heterozygous variants
varies from the neonatal period until childhood (Al-Khawaga
et al. 2019; Balasubramaniam et al. 2015). A rare presenta-
tion was reported in a girl with frequent absence seizures for
3years unresponsive to anticonvulsant therapy. Within 2 days
after initiation of a ketogenic diet (KD), the seizure frequency
dramatically reduced, but she developed metabolic acidosis
and hypoglycemia, which resolved after discontinuing KD (Le
et al. 2020).

There is increased evidence that metabolic stress is a major
contributor to neurodegeneration through oxygen and glucose
deprivation and that MCT1 plays a role in the responses of oli-
godendrocytes and oligodendrocyte precursor cells to metabolic
and ischemic stresses, suggesting that MCT1 function could
play an important role in the survival of oligodendrocytes and
oligodendrocyte precursor cells in their response to ischemic
white matter injury (Zhou et al. 2018).

Neuroimaging findings in MCT1 deficiency usually have a
distinctive pattern of bilateral symmetrical bandlike T2 hyper-
intense signal abnormality at the gray-white matter interface in-
volving the subcortical U fibers, most pronounced in the frontal
lobes and insulae, as well as bilateral symmetrical T2 hyperin-
tense signal abnormality in the basal ganglia and thalami (Al-
Khawaga et al. 2019).

In this report, we present the clinical phenotype and molecu-
lar genetic analysis of three patients with MCT1 deficiency. To
our knowledge, this is the first report of MCT1 deficiency in
Palestine, with only 17 patients documented in the literature to
date. We identified two novel homozygous missense variants in

the SLC16A1 gene, which further expands the genetic spectrum
of this rare disorder.

2 | Patients and Methods
2.1 | Patients

Informed consent for detailed clinical and biochemical phe-
notyping and the publication of results was obtained from the
patients’ legal guardians. Ethical approval was provided by
the Arab American University IRB committee (approval num-
bers 2022/C/10/N and 2024/A/3/C). This study adheres to the
guidelines of the Declaration of Helsinki and local ethical com-
mittee protocols. This study describes the clinical manifesta-
tions, genetic analysis, and biochemical abnormalities of three
Palestinian children with MCT1 deficiency. The diagnosis was
based on the clinical phenotype, urine organic acid analysis,
and whole exome sequencing. Clinical examination was per-
formed for the 3 patients at the time of the diagnosis and during
follow-up at the metabolic clinic.

2.2 | Sample Collection

Blood samples were collected from all three patients and DNA
extraction was performed using a Qiagen Flexigene Kit (Qiagen,
Hilden, Germany) according to the manufacturer's instructions.
The concentration and purity of the extracted DNA were con-
firmed using a Nanodrop spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). Informed consent for molecular
genetic analysis was obtained from all participants.

2.3 | Molecular Analysis

Whole exome sequencing (WES) was performed on DNA sam-
ples from Patient 1 and Patient 3. Library preparation was car-
ried out using the TruSeq Capture Exome Kit (Illumina). The
probe set was designed to enrich 214,405 exons. After sequenc-
ing on NextSeq 500, data was aligned to the reference human ge-
nome (hgl9) using a BWA aligner and variant calling by GATK
(Genome Analysis Toolkit). The final list of variants was anno-
tated by ANNOVAR using several databases of minor allele fre-
quency such as Pop Freq Max as well as variant effect predictors
such as SIFT, PolyPhen-2, and REVEL. Variants with low cover-
age, synonymous, predicted benign (SIFT, PolyPhen-2, REVEL),
MAF >1% on gnomAD, PopFreqMax, and our Palestinian in-
house database were filtered out.

2.4 | Sanger Sequencing

Touchdown PCR was conducted in a 25pL reaction mix-
ture containing 50ng of genomic DNA, 12.5uL of HS
Taq mix (PCRbio), 1uL of forward primer (10uM) 5’
GACACTCTGGCTGCTTCATG 3’, and 1L of reverse
primer (10uM) 5 TGGATTTGACCTGCATTTTGGA 3’, with
nuclease-free water added to reach the final volume. The cy-
cling conditions included an initial denaturation at 95°C for
2min, followed by 3cycles of denaturation at 95°C for 30s,
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annealing at 63°C-55°C (descending by 3°C) for 30s, and ex-
tension at 72°C for 30s, concluding with a final extension at
72°C for 10 min. Sequencing reactions were performed using
the BigDye Terminator v3.1Cycle Sequencing Kit (Applied
Biosystems) according to the manufacturer's protocol.
Sequencing was carried out on an Applied Biosystems 3500
DNA Analyzer.

3 | Results
3.1 | Clinical Reports

We report three patients (two females and one male) with
MCT1 deficiency. Patients 1 and 2 are from family A, while
patient 3 is from an unrelated family B. All patients are off-
spring of consanguineous marriages and are alive at the time
of the study. Symptoms in all three patients began before the
age of 1year.

Patient 1, an 8-year-old female from Family A, initially pre-
sented at 1year of age with fever, recurrent vomiting, lethargy,
and severe dehydration on physical examination. Laboratory
findings at presentation included metabolic acidosis (pH 7.29,
HCO, 8.3, pCO, 18), a serum lactic acid level of 2.3 mmol/L
(reference: 0.5-2.5mmol/L), serum ammonia at 77 umol/L
(reference: 35-80 umol/L), and markedly elevated serum uric
acid at 18 mg/dL (reference: 2.4-5.7mg/dL). Qualitative urine
organic acid analysis revealed significant excretion of lac-
tic acid, 3-hydroxybutyric acid, and acetoacetic acid, while
quantitative plasma amino acid analysis was unremarkable,
and liver transaminases were normal. WES at 2Vzyears of
age confirmed the diagnosis, identifying a novel homozygous
missense variant (SLC16A1_p.Gly25Val). By age 8, the patient
had experienced six episodes of ketoacidosis, the latest occur-
ring at 6years and 8 months. At her most recent follow-up,
she demonstrated normal cognitive function, an unremark-
able neurological exam, and excellent academic performance
(Table 1).

Patient 2, a 7-year-old female from Family A, first presented at
4months of age with recurrent vomiting, poor feeding, lethargy,
and severe dehydration on physical examination. Initial labora-
tory findings indicated severe metabolic acidosis (pH 6.98, HCO,
3.8, PCO, 18), elevated serum lactic acid (2.4 mmol/L), normal
serum ammonia (76 umol/L), and markedly high uric acid
(22mg/dL). Qualitative urine organic acid analysis and quanti-
tative plasma amino acid testing were not performed. A defini-
tive diagnosis was established at 5years of age based on clinical
phenotype and SLCI6AI gene sequencing, which revealed the
same homozygous missense variant (SLCI6A1_p.Gly25Val) pre-
viously identified in Patient 1 through WES.

Throughout her clinical course, she experienced five episodes
of ketoacidosis, the most recent occurring at age 5. At her latest
follow-up (7years old), she exhibited normal cognitive function
and an unremarkable neurological exam. However, she dis-
played hyperactivity and poor school performance. Although
a formal diagnosis of attention deficit hyperactivity disorder
(ADHD) was not pursued, the family declined referral to a pedi-
atric neurologist for further evaluation (Table 1).

Patient 3, from unrelated family B, is a 1-year-and-8-month-old
male who first presented at 6 months of age with fever, recur-
rent vomiting, lethargy, and respiratory distress. Physical exam-
ination revealed severe dehydration. Initial laboratory findings
included metabolic acidosis (pH 7.14, HCO, 6, pCO, 10), with a
serum lactic acid level of 1 mmol/L, ammonia of 72 umol/L, and
uric acid of 15.8mg/dL. Similar to Patient 1, qualitative urine
organic acid analysis demonstrated marked excretion of lactic
acid, 3-hydroxybutyric acid, and acetoacetic acid. Quantitative
plasma amino acid analysis and liver transaminases were
within normal limits, and a brain MRI conducted during the
first episode showed no abnormalities. WES identified a novel
homozygous missense variant (SLC16A1_p.Leu403Phe).

Throughout his clinical course, the patient experienced four ep-
isodes of ketoacidosis, the most recent occurring at 1year and
7months of age. At his latest follow-up (1year and 10 months),
he exhibited normal cognitive function, an unremarkable neu-
rological exam, and age-appropriate behavior and social interac-
tions (Table 1).

The exome sequencing conducted on patients 1 and 3 identified
both mitochondrial and copy number variants. No other clini-
cally relevant findings associated with monocarboxylate trans-
porters related to lactic acidosis or ketoacidosis were observed.
The two identified variants were confirmed through Sanger se-
quencing and were found to segregate within the two studied
families. Notably, the parents and all other family members who
carried the two variants in a heterozygous state did not experi-
ence any episodes of ketoacidosis (see Figure 1).

4 | Discussion

In this study, we report the clinical and molecular genetic find-
ings of three patients with MCT1 deficiency from two unrelated
families, representing the first documented cases in Palestine.
We identified two novel homozygous missense variants in the
SLC16A1 gene (p.Gly25Val and p.Leu403Phe), expanding the
genetic spectrum of this rare disorder. Our patients presented
with recurrent episodes of vomiting and severe ketoacidosis,
consistent with the known phenotype of MCT1 deficiency.
However, the absence of hyperammonemia, lactic acidosis, or
liver dysfunction, along with distinctive neuroimaging findings,
further refines the clinical characterization of this condition.
These findings underscore the importance of considering MCT1
deficiency in the differential diagnosis of recurrent ketoacidosis,
particularly in populations where consanguinity is common.

The p.Gly25Val and p.Leu403Phe variants identified in our pa-
tients are novel and were predicted to be pathogenic by in silico
tools, including CADD and AlphaMissense (Cheng et al. 2023;
Schubach et al. 2024). Both variants were absent from popula-
tion databases and our in-house control cohort, supporting their
likely deleterious impact on MCT1 function. These findings add
to the growing list of pathogenic variants in the SLCI6A1 gene
and highlight the genetic heterogeneity of MCT1 deficiency.
Clinically, our patients exhibited the hallmark features of MCT1
deficiency, including recurrent ketoacidosis triggered by fasting
or infection. However, the absence of hyperammonemia and
lactic acidosis distinguishes this condition from other metabolic
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TABLE1 | Clinical manifestations, laboratory findings, and genetic variants of the patients enrolled in the study.

Clinical findings

Age at
Sex/Age/ onset of Age at Clinical Number of  Last Neurological
Patient Family symptoms diagnosis Trigger manifestations episodes  episode outcome
1 Female lyear 2Y4years Fever Recurrent 6 6years Normal cognition,
8years vomiting, severe and behavior, and
Family A dehydration, lethargy, 8months  social interaction,
metabolic acidosis, excellent school
hypoglycemia, and performance.
hyperuricemia; 18 mg/
dL (RR 2.4-5.7mg/dL)
2 Female 4months Syears No Recurrent vomiting, 5 Syears Normal cognition
7years Trigger poor feeding, lethargy, and speech. Has
Family A severe dehydration, hyperactivity and
metabolic acidosis, suboptimal school
hyperuricemia; 22mg/ performance. A
dL (RR 2.4-5.7) formal diagnosis
of ADHD was
not made
3 Male 6months 11months  Fever Recurrent 4 lyearand Normal cognition,
lyear vomiting, lethargy, 7 months speech, social
10 months tachypnea, severe interaction,
Family B metabolic acidosis, behavior, and
hyperuricemia; motor milestones
15.8 mg/dL, high
CPK; 663U/L
Laboratory findings
Initial serum lactic  Initial serum ammonia
Initial blood gas acid mmol/L (normal rmol/L (normal Qualitative urine Plasma amino
pH/PCO,/HCO, 0.5-2.5mmol/L) 35-80 umol/L) organic acid analysis acid analysis
7.29/18/8.3 2.3 77 Massive excretion of lactic acid Normal

and ketones (3-Hydroxybutyric
and Acetoacetic acids)

6.95/18/3.8 2.4 76 Not performed Not performed

7.14/10/6 1 72 Massive excretion of lactic acid Normal
and ketones (3-Hydroxybutyric
and acetoacetic acids).

Genetic variants
In Silico Variant classification/ @ CADD Alpha missense
Gene Variant Zygosity prediction tools ACMBG guidelines score score
SLC1I6A1 NM_003051.4 Homozygous  SIFT: Deleterious, Novel/Variant of unknown 28 0.9562
c.74G>T PolyPhen: Probably significance (VUS)
(p.Gly25Val) Damaging (PP12, PM2P, PP3°)
SLC16A1 NM_003051.4 Homozygous SIFT: Deleterious, Novel/Variant of unknown 28 0.9562
c.74G>T PolyPhen: Probably significance (VUS)
(p.Gly25Val) Damaging (PP1?, PM2b, PP3¢)
SLCI6A1 NM_003051.4 Homozygous  SIFT: Deleterious, Novel/Variant of unknown 27 0.9914
c.1207C>T PolyPhen: Possibly significance (VUS)
(p.Leu403Phe) Damaging (PM2b, PP3°)

2PP1, or Pathogenic Supporting 1, is an ACMG/AMP criterion indicating co-segregation with disease.

YPM2, or Pathogenic Moderate 2, is an ACMG/AMP criterion that signifies a genetic variant's absence from controls (or at extremely low frequency if recessive) in
Exome Sequencing Project, 1000 Genomes Project, GnomAD, or Exome Aggregation Consortium.

°PP3, pathogenic supporting: For a missense or a splicing region variant, computational prediction tools unanimously support a deleterious effect on the gene.
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FIGURE1 | Pedigrees of the two families (A and B) with MCT1 de-
ficiency. Probands are marked with a black arrow (V/V). Heterozygous
(carrier) individuals are indicated as (N/V).

disorders, such as organic acidemias or mitochondrial diseases.
Additionally, the presence of hyperuricemia in all three patients,
likely secondary to ketoacidosis and hypovolemia, may provide
a new biochemical clue that may aid in diagnosis.

Our findings align with previous reports of MCT1 deficiency,
which describe recurrent ketoacidosis, normal or low blood
glucose levels, and normal serum ammonia and lactate levels
(Van Hasselt et al. 2014; Stanescu et al. 2022). However, the
neuroimaging findings in our patients add to the limited data
on central nervous system involvement in this disorder. While
brain MRI in one patient was normal, others have reported bi-
lateral symmetrical T2/FLAIR hyperintense lesions in the sub-
cortical white matter, basal ganglia, and thalami (Al-Khawaga
et al. 2019; Nicolas-Jilwan et al. 2020). These findings suggest
that MCT1 deficiency may affect brain regions with high energy
demands, particularly during metabolic stress. The role of MCT1
in maintaining brain energy homeostasis is further supported
by its upregulation during fasting, which ensures a sustained
supply of ketone bodies to the brain (Chasseigneaux et al. 2024).

The phenotypic variability observed in MCT1 deficiency, rang-
ing from severe early-onset disease in homozygous patients to
milder or later-onset presentations in heterozygous variants,

underscores the complex interplay between genetic and envi-
ronmental factors. For example, patients with heterozygous
variants may remain asymptomatic or present with symptoms,
such as recurrent vomiting or hypotonia, during infancy (Bozaci
and Unal 2022; Balasubramaniam et al. 2015). A rare case of a
heterozygous carrier presenting with absence seizures respon-
sive to a ketogenic diet further highlights the diverse clinical
manifestations of this disorder (Le et al. 2020). These observa-
tions suggest that additional genetic or environmental modifiers
may influence the severity and presentation of MCT1 deficiency.

While our study provides valuable insights into the genetic and
clinical spectrum of MCT1 deficiency, it has several limitations.
First, the small sample size limits the generalizability of our
findings. Second, functional studies to confirm the pathogenic-
ity of the identified variants were not performed, although in sil-
ico predictions strongly support their deleterious effects. Third,
long-term follow-up data on neurodevelopmental outcomes and
the impact of recurrent metabolic crises on brain function are
lacking. Future studies should address these limitations by in-
cluding larger cohorts, conducting functional assays, and evalu-
ating long-term outcomes.

5 | Conclusions

MCT]1 deficiency should be considered in infants and children
who present with recurrent episodes of ketoacidosis. We report
two novel missense variants in the SLC16A1 gene, which further
expand the genetic spectrum of MCT1 deficiency. As observed
in other patients with homozygous variants, the clinical pheno-
type was characterized by infantile-onset recurrent ketoacidosis
episodes, which decreased in frequency with advancing age.
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