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Abstract

Citrin deficiency is an autosomal recessive disorder caused by mutations in the
SLC25A13 gene. The disease can present with age-dependent clinical manifes-
tations: neonatal intrahepatic cholestasis by citrin deficiency (NICCD), failure
to thrive, and dyslipidemia by citrin deficiency (FTTDCD), and adult-onset
type II citrullinemia (CTLN2). As a nationwide study to investigate the clinical
manifestations, medical therapy, and long-term outcome in Japanese patients
with citrin deficiency, we collected clinical data of 222 patients diagnosed
and/or treated at various different institutions between January 2000 and
December 2019. In the entire cohort, 218 patients were alive while 4 patients
(1 FTTDCD and 3 CTLN2) had died. All patients <20 years were alive. Patients
with citrin deficiency had an increased risk for low weight and length at birth,
and CTLN2 patients had an increased risk for growth impairment during ado-
lescence. Liver transplantation has been performed in only 4 patients
(1 NICCD, 3 CTLN2) with a good response thereafter. This study reports the
diagnosis and clinical course in a large cohort of patients with citrin deficiency
and suggests that early intervention including a low carbohydrate diet and
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long-term outcome.
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1 | INTRODUCTION

Citrin is a Ca2+—binding aspartate/glutamate carrier
located at the inner mitochondrial membrane, is mainly
expressed in liver mitochondria, and is encoded by the
SLC25A13 gene. Citrin transfers cytosolic reducing equiva-
lents produced during hepatic glycolysis into the mitochon-
dria as part of the malate-aspartate reduced nicotinamide
adenine dinucleotide (NADH) shuttle." A defect in citrin
causes an impaired aspartate-malate NADH shuttle func-
tion and results in decreased availability of cytosolic aspar-
tate as one of the substrates of the urea cycle enzyme
argininosuccinate ~ synthetase.” Dysfunction of the
aspartate-malate shuttle induces excessively increased cyto-
solic NADH and decreased mitochondrial NADH.> As a
consequence of cytosolic NADH/NAD+ elevation, hepatic
utilization of glucose in glycolysis and of lactate in gluco-
neogenesis is impaired.4 At the same time, mitochondrial
NADH/NAD+ reduction may disturb the beta-oxidation
pathway, resulting in a severe energy deficit of hepatocytes
in citrin deficiency and inadequate low blood ketone pro-
duction during hypoglycemia.’

Citrin deficiency is an autosomal recessive disorder
caused by mutations in the SLC25A13 gene' that presents
with age-dependent clinical manifestations: neonatal
intrahepatic cholestasis by citrin deficiency (NICCD:
OMIM 605814), failure to thrive and dyslipidemia by citrin
deficiency (FTTDCD), and adult-onset type II citrullinemia
(CTLN2: OMIM 603471).5"® Neonates or infants with citrin
deficiency present with intrahepatic cholestasis and
diverse metabolic abnormalities, including citrullinemia,
hyperammonemia, hypergalactosemia, and hypoglycemia;
this condition is referred to as NICCD. The clinical mani-
festations of NICCD improve often spontaneously at the
end of infancy. After recovery from NICCD, some patients
remain symptomatic with fatigue, recurrent episodes of
hypoglycemia, failure to thrive, and dyslipidemia. They
may prefer a lipid-rich and carbohydrate-restricted diet.
This condition is characterized by failure to thrive and dys-
lipidemia; hence, classified as FTTDCD.® Following a
silent remission period until after adolescence, less than
20% of patients develop a fatal metabolic disease, CTLN2,
which is characterized by severe liver steatosis accompa-
nied by hyperammonemia, cognitive impairment, and sud-
den episodes of unconsciousness due to brain edema.”'”

MCT supplementation can be associated with improved clinical course and

citrulline, Citrullinemia type 2, CTLN2, long-term survival, MCT, NICCD

Citrin deficiency is a more prevalent condition in Asian
regions, particularly in Japan.'' The incidence is 1 per
17 000 births in Asia,'? but much lower in Western coun-
tries. However, some patients may remain undiagnosed
due to an unusual clinical course or due to an oligo- or
even asymptomatic phenotype. There are several reports
describing SLC25A13 gene variants in patients with citrin
deficiency, of which about 11 mutations are prevalent in
Japanese patients.'*'°

In recent years, several publications addressed the
management of citrin deficiency.'”*° However, the natu-
ral course of the disease under this management and the
long-term outcome of patients with this condition have
not been sufficiently ascertained. Therefore, we con-
ducted a nationwide study to investigate clinical manifes-
tations, medical therapy, and long-term outcome in
Japanese patients with citrin deficiency. In this study, we
present the results of this nationwide study and discuss
the long-term outcome and medical management in this
large patient cohort of Japanese origin.

2 | MATERIAL AND METHODS

2.1 | Study participants

In 2018, we invited 1009 medical institutions, including the
respective departments of pediatrics, endocrinology and
metabolism, neonatology, genetics, and transplant surgery,
to participate in a questionnaire survey regarding patients
with citrin deficiency (Data S1). Each institution was a med-
ical center that serviced a local area in Japan and had
approximately 300 beds, based on previous survey reports.*
The questionnaire aimed to establish whether healthcare
professionals had diagnosed or provided medical treatment
to patients with citrin deficiency. Of the 1009 institutions,
731 (72%) responded, and 104 confirmed that patients with
citrin deficiency had been diagnosed and/or treated at their
facility. Thereafter, in 2019, we delivered a second question-
naire survey (Data S2) to these 104 institutions, of which
82 (79%) responded. Until the end of 2020, we hereby col-
lected clinical data of 222 patients with citrin deficiency
who had been diagnosed and/or treated in 104 institutions
between January 2000 and December 2019. Data collection
in this study was entirely retrospective.
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2.2 | Diagnosis and data evaluation

The 222 patients with citrin deficiency were all diagnosed
based on clinical manifestations, family history, metabo-
lite analysis (blood amino acid analysis), and/or DNA
analysis. Data of these 222 patients were analyzed in
detail, in which a patient who visited several institutions
was regarded as a single patient.

Of the total 222 patients enrolled in this study,
59 patients with citrin deficiency had already been publi-
shed before: 1 patient in,** 8 patients in,”* and 52 patients
in**; two patients were part of two independent
publications.****

Patients with confirmed pathogenic SLC25A13 variants
on both alleles (74%, 164/222) were considered as being def-
initely diagnosed. Patients in whom only a single patho-
genic variant was detected (8%, 18/222) and patients
without any pathogenic SLC25A13 variants (18%, 40/222)
were only considered citrin deficient patients in the pres-
ence of typical manifestations such as elevated transami-
nases (>100 U/L) together with cholestasis and together
with elevated amino acids concentrations including threo-
nine (Thr), citrulline (Cit), and methionine (Met).

Physical manifestations were assessed and recorded by
the clinicians who had diagnosed and/or treated the
patients. Intellectual assessments were performed by clini-
cal psychologists, pediatricians, and/or child psychiatrists
using standardized tests, such as the Wechsler Preschool
and Primary Scale of Intelligence (WPPSI), Wechsler Intel-
ligence Scale for Children (WISC), Wechsler Adult Intelli-
gence Scale (WAIS), Kaufman Assessment Battery for
Children, Illinois Test of Psycholinguistic Abilities, and/or
Enjoji Scale of Infant Analytical Development. An intelli-
gence quotient (IQ) or developmental quotient (DQ) <70
in the follow-up evaluation tests was considered as
impaired intelligence or development, respectively.

2.3 | Statistical analysis

Comparison of height and weight between groups was
performed using Mann-Whitney U test in the Graphpad
Prism 8 (GraphPad Software). Comparison in the plasma
amino acids concentrations before and after undergoing
medical treatment was performed using the Wilcoxon
signed-rank test. p values of <0.05 were considered statis-
tically significant.

3 | RESULTS

In this study, 222 patients with citrin deficiency were
enrolled and divided for all further analysis into 3 groups,

\, SSEM WI ]_Eyjﬁ

namely A. NICCD, B. post-NICCD including asymptom-
atic and FTTDCD, and C. CTLN2 according to their age
of onset and/or age of diagnosis (Table 1). Moreover, we
categorized NICCD and post-NICCD patients into
3 groups (0-3 years, 4-10 years, >11 years) according to
their age in January 2021. Most patients were diagnosed
based on clinical symptoms, but 49 patients (26%) in the
NICCD group were detected based on elevated citrulline
concentrations in dried blood spots as part of newborn
screening (NBS) using tandem mass spectrometry.

3.1 | Survival and outcome

Within the entire cohort, 218 patients were alive,
3 patients were deceased from however mainly unrelated
causes, and 1 patient was deceased from pancreatitis
(Data S3). In detail, 1 male FTTDCD died during a traffic
accident at the age of 22 years. The other 3 deceased
patients were affected by CTLN2, including 1 male
patient suffering from acute lymphocytic leukemia who
died at the age of 79 years, 1 male patient who died from
lung cancer at the age of 54 years, and 1 female patient
who died from pancreatitis at the age of 54 years. More-
over, although the majority of CTLN2 patients (11/17)
were normally employed with no significant disability
(grade 0 or 1) in the modified Rankin Scale, two CTLN2
patients developed severe disability (grade 5).

3.2 | Clinical manifestation

Table 2 and Data S4 show the clinical manifestation in
patients with citrin deficiency present at any time in the
past or at the time the survey was conducted. All patients
with NICCD (0-3 years, 4-10 years, and >11 years
groups) had initially presented clinical signs and symp-
toms related to the disease and were accordingly diag-
nosed during infancy. In detail, many patients with
NICCD had developed cholestasis, elevated transami-
nases, fatty liver, hyperlipidemia, hypoglycemia, and
hypoproteinemia. Growth impairment was a significant
complication although only a few patients had significant
short stature (<—2.0 SD). However, most of these mani-
festations had already improved at the time the survey
was conducted. Older patients with citrin deficiency have
a risk of hepatoma or hepatocellular carcinoma.'®*
Three patients with CTLN2 had developed liver tumor
such as hepatoma or hepatocellular carcinoma. Clinical
manifestations including poor weight gain, fatigue,
anorexia, elevated transaminases, hyperlipidemia, hypo-
proteinemia, and fatty liver had been frequently devel-
oped in both NICCD (>11 years) and CTLN2 group.
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TABLE 1 Three pathogenic types in patients with citrin deficiency
Item NICCD

Number of patients (Sex male/female) 192 (91/101)

Median age (IQR)
5 months-15 years
10 months)

Median age of onset (IQR) 1 month (2 weeks—

2 months)

2 months (1 month
—5 months)

Median age at diagnosis (IQR)

Diagnosis through NBS 49 (26%) (0-3 years:

N =17, 4-10 years:
N = 14, >11 years:
N=18)

47.8 (47.0-49.3)
47.0 (45.8-48.7)
2626 (2453-2760)
2530 (2298-2722)
172.1 (169.2-176.5)

Median birth length (cm), (IQR), males
Median birth length (cm), (IQR), females
Median birth weight (g), (IQR), males
Median birth weight (g), IQR), females
Median adult height (cm), (IQR),

males (> 17 years old) (N =10)
Median adult height (cm), (IQR), 156.8 (155.1-161.6)
females (> 17 years old) (N=11)

Abbreviation: IQR, interquartile range.

9 years 2 months (5 years

Post-NICCD
13 (6/7)

CTLN2
17 (11/6)

55 years 8 months (47 years
1 month-65 years
2 months)

18 years 6 months
(10 years 9 months—
23 years 10 months)

2 years 6 months (1 years
3 months-5 years
7 months)

40 years 5 months (24 years
5 months-53 years
8 months)

48 years (33 years-61 years
1 month)

6 years 8 months (3 years
6 months-9 years
3 months)

47.0 (47.0-48.0)
44.4 (44.2-44.6)
2595 (2500-2720)
2550 (2397-2710)

176.7 (176.1-177.9) 168.3 (164.4-171.8) (N = 8)

N=3)
153.2 (151.6-154.6) 151.2 (145.9-154.5) (N = 6)
N=3)

There were no significant differences in height and body weight between male NICCD and post-NICCD (p = 0.343 and p = 0.860, respectively). The height in
female post-NICCD was lower than those in female NICCD (p = 0.021). However, there was no significant difference in the body weight between female
NICCD and post-NICCD (p = 0.989). Their height and weight at birth were shorter and lighter than those of normal Japanese newborns (height: 49.0 + 1.9 cm
in males and 48.5 + 1.8 cm in females) (body weight: 3000 + 400 g in males and 3000 + 400 g in females).>* There was no sufficient information available for

the data at birth of the CTLN2 patients.

These manifestations are suggested to be frequently pre-
sent in patients with citrin deficiency.

In order to check the rate of growth impairment due to
the disease itself or its management, we collected the length
at birth and during follow-up measurements (Figure 1). In
patients >17 years of age, the height in male NICCD
patients (N = 10) was higher than those in male CTLN2
(N = 8) although the difference was not significant
(p = 0.101) (Table 1). In female patients >17 years of age,
the height in NICCD patients (N = 11) was significantly
higher than those in CTLN2 (N = 6) (p = 0.014) (Table 1).

3.3 | Molecular genetic background

Table 3 and Datas S5 and S6 list information concerning the
molecular genetic background. Details to variants in
SLC25A13 gene were available for 186 patients (163 fami-
lies), in whom 22 different variants were detected. Of those,
six variants, namely c.1177+1G>A (34%, 112/326 alleles),

c.852_855delTATG (28%, 91/326), c1311+1G>A (8%,
26/326), c.674C>A (6%, 18/326), ¢.1750_1751
[insNM_138459.3:2672_24;1750+72_72_1751-4dup] (4%,
14/326), and c¢.1638_1660dup (3%, 9/326) were found on
83% of the alleles (270/326). Forty-eight patients (43 families)
have homozygous mutations, 115 patients (105 families)
have compound heterozygous mutations, and 17 patients
(15 families) have heterozygous mutations found on only
one allele. Four patients (4 families) without DNA analysis
were family members of patients with known mutations.
Twenty-two pathogenic variants included 8 nonsense vari-
ants (36%), 4 missense variants (18%), 5 splice donor/
acceptor site variants (23%), 3 del/dup variants (14%), 1 silent
variant (5%), and 1 intron variant (5%).

3.4 | Medical management

The dietary and medical management for all patients is
summarized in Table 4 and Data S7. To highlight
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FIGURE 1
citrin deficiency. Percentiles describe Japanese controls

Cross-sectional data on the height in patients with

Male patients

0: NICCD: N = 88, m: FTTDCD: N = 6, m: CTLN2: N =8
Female patients

0: NICCD: N =97,e: FTTDCD: N=7,®: CTLN2: N=6

differences during infancy and childhood, results are
shown for NICCD and post-NICCD in the aforemen-
tioned three age groups. The most common dietary inter-
vention in NICCD patients was the supplementation of
medium-chain triglycerides (MCT) (used as oil or MCT
formulas in 40% (16/40) or 90% (36/40) patients, respec-
tively), while a carbohydrate-restricted diet, which does
not include self-restricted diet, was prescribed by clini-
cians in only 15% (6/40) of patients in the 0-3 years old
in the NICCD group. Fifteen percent (29/192) of patients
with NICCD underwent carbohydrate restriction after
1 year of age though many patients with NICCD have
chosen a self-restricted carbohydrate intake. Thirty-six
percent (70/192) of patients with NICCD underwent
MCT formulas or oil after 1 year of age. Drugs were
rarely used in the present cohort, and especially standard
drugs for hyperammonemia such as arginine, sodium
benzoate, and sodium phenylbutyrate were not used at
all in the NICCD and FTTDCD groups.

3.5 | Liver transplantation

A living donor liver transplantation (LDLT) was performed
in only 4 patients (NICCD: 1 and CTLN2: 3). One male
patient diagnosed with NICCD received LDLT at the age of
9 months when suffering from acute liver failure related to
NICCD. Two male patients diagnosed with CTLN2 under-
went LDLT at the age of 43 years and 37 years, respectively,
to treat recurrent hyperammonemic attacks with concur-
rent signs of cerebral edema. One female CTLN2 patient
underwent LDLT at the age of 12 years to improve her
quality of life that was endangered due to frequent meta-
bolic attacks induced by carbohydrates and sugar intake.

3.6 | Laboratory analyses

Table 5 and Data S8 show the plasma amino acid concen-
trations in patients with citrin deficiency before and dur-
ing undergoing medical therapy. In the NICCD, plasma
threonine (Thr), citrulline (Cit), methionine (Met), tyro-
sine (Tyr), ornithine (Orn), and arginine (Arg) concentra-
tions at the time of diagnosis were significantly higher
than those during treatment. Plasma glutamine (Gln),
alanine (Ala), valine (Val), leucine (Leu), and isoleucine
(Ile) concentrations were significantly lower than those
during or after treatment. Moreover, even in patients
diagnosed as CTLN2, increased plasma Thr and Cit con-
centrations before treatment were significantly lower fol-
lowing the start of treatment, and previously decreased
plasma Gln and Ala concentrations were normalized
after treatment.

4 | DISCUSSION

Citrin deficiency is a very rare condition in many parts of
the world but is more prevalent in Asian regions, particu-
larly in Japan.'' The type of disease, clinical course, and
outcome in citrin deficiency are mainly determined by
the time of onset. As illustrated in this study, the severity
of the disease can vary substantially and there is a broad
clinical heterogeneity between the different forms of cit-
rin deficiency and the various manifestations in children
and adults. Based on the complex clinical picture, there is
even the possibility that patients remain undiagnosed. In
this study, we report the clinical situation from a large
cohort managed in a single country and try to highlight
the characteristics of this disease.

In the group of the youngest patients, those affected by
NICCD, most were diagnosed based on their clinical mani-
festation and the diagnosis was usually confirmed by gene
analysis. Medical therapy started in this group generally
within 6 months of life. Only 26% of NICCD patients in
this study were detected by NBS using tandem mass spec-
trometry to measure amino acids including Cit, Met, Tyr,
Arg, Val, and Leu + Ile in DBS. According to previous
reports, up to 50% of patients with NICCD may be
detected by NBS.*> The nationwide NBS for inherited
amino acid disorders including both types of citrullinemia
was started in Japan in 2014 though this NBS had been
performed in some areas already before. Even after
January 2014, only 31% of NICCD patients (23/75) in this
study were detected through NBS. Of the total 23 patients,
4 patients presented with hypoglycemia (17%), 4 patients
with hyperammonemia (17%), 13 patients with elevated
transaminases (57%), 20 patients with cholestasis (87%), 2
patients with hyperlipidemia (9%), 10 patients with
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TABLE 4 Medical therapy in patients with citrin deficiency
Groups NICCD Post-NICCD CTLN2
Treatment/Age 0-3(N=40) 4-10(N=74) >11(N=78) 0-3(N=1) 4-10(N=4) >11(N=8) >11(N=17)
Carbohydrate restriction 6 (15%) 14 (19%) 15 (19%) 1 0 (0%) 1 (13%) 8 (47%)
MCT oil 16 (40%) 33 (45%) 32 (41%) 1 2 (50%) 3 (38%) 9 (53%)
MCT formula 36 (90%) 50 (68%) 37 (47%) 1 1(25%) 1(13%) 0 (0%)
Galactose free formula 4 (10%) 17 (23%) 22 (28%) 0 0 (0%) 0 (0%) 0 (0%)
Vitamin A 13 (33%) 29 (39%) 29 (37%) 0 1(25%) 1(13%) 1(6%)
Vitamin D 21 (53%) 33 (45%) 36 (46%) 0 1 (25%) 1 (13%) 1 (6%)
Vitamin E 21 (53%) 33 (45%) 32 (40%) 0 1(25%) 1(13%) 1(6%)
Vitamin K 23 (58%) 40 (54%) 40 (51%) 0 1(25%) 1(13%) 1(6%)
Ursodeoxycholic acid 21 (53%) 27 (37%) 29 (37%) 0 1(25%) 0 (0%) 4 (24%)
Sodium pyruvate 0 (0%) 0 (0%) 8 (10%) 0 0 (0%) 1 (13%) 2 (12%)
Arginine 0 (0%) 0 (0%)) 4(5%) 0 0 (0%) 1(13%) 5(29%)
Essential amino acids 1(3%) 0 (0%) 0 (0%) 0 0 (0%) 0 (0%) 5 (29%)
L-carnitine 1(3%) 3 (4%) 3 (4%) 0 0 (0%) 0 (0%) 3 (18%)
Sodium benzoate 0 (0%) 0 (0%) 0 (0%) 0 0 (0%) 0 (0%) 1 (6%)
Sodium phenylbutyrate 0 (0%) 0 (0%) 0 (0%) 0 0(0%) 0 (0%) 2 (12%)

hypoproteinemia (43%), 5 patients with fatty liver (22%),
and 13 patients with prolonged PT (57%), respectively.
However, when Shigetomi et al. retrospectively surveyed
Cit values in the NBS of 13 patients with NICCD, only one
patient exceeded the citrulline cutoff concentration at
74.5 pmol/L, while the other 12 patients presented Cit con-
centrations below the cutoff.** Zhang et al. could detect
only 4 patients with citrin deficiency when studying the
NBS from 146, 152 newborns.?® Therefore, in line with the
findings from our study, the present NBS approach can
detect only part of NICCD patients, highlighting the need
for a high awareness in healthcare professionals to diag-
nose patients based on their symptoms such as cholestasis
at early infancy. In plasma amino acids of patients with
NICCD, Cit, Met, Tyr, and Arg concentrations were ele-
vated, and Val, Leu, and Ile concentrations were lowered
(Table 5 and Data S8). To improve the detection accuracy
in the NBS, the ratio of total increased amino acids values
(Cit + Met+Tyr + Arg)/total decreased amino acids values
(Val + Leu + Ile) measured in DBS may improve the
detection rate. Moreover, the total bile acids (T-BA) con-
centrations in DBS may be a helpful additional parameter
for detecting patients with citrin deficiency.*® The combi-
nation of the ratio of Cit + Met+Tyr + Arg/
Val + Ile + Leu and T-BA concentrations in the DBS may
increase the sensitivity of NBS for citrin deficiency. More-
over, these aforementioned amino acids and T-BA concen-
trations at age 1 month are considered to discriminate
between patients with and without citrin deficiency.*

The best method to confirm the diagnosis is gene
analysis, particularly since the genetic background in
Japanese patients is well described.'*'® According to
these previous reports, there are a few prevalent vari-
ants in the SLC25A13 gene in Japanese patients,
namely, c.852_855delTATG, c.1177+1G>A,
c.1638_1660dup, c.674C>A, c.1311+1G>A, and
€.1750_1751[insNM_138459.3:2672_24;1750+72_72_1751-4-
dup] mutations in SLC25A13 gene was 33.2%, 37.6%, 3.4%,
5.3%, 8.2%, and 4.6%, respectively.'®*” These 6 mutations
were accounted for 92.3% in the total alleles'® and were the
most common mutations in this study also.

The aforementioned six prevalent mutations in
Japanese patients with citrin deficiency are largely con-
tributing to the relatively high incidence of the disease,
and lead to increased awareness and understanding of
the disease in many clinicians, which may contribute to
the improved outcome. There are some reports about
clinical manifestations in patients with ¢.1177+1G>A or
.852_855delTATG mutations.'®*®*! In homozygous
¢.11774+1G>A or homozygous c.852_855delTATG muta-
tions, there were phenotype-genotype correlations
because low height and weight at birth, elevated trans-
aminases (>100 U/L), cholestasis, hypoproteinemia, and
prolonged prothrombin time were frequently reported
(Data S9). Moreover, even in compound heterozygous
genotypes including ¢.11774+1G>A or c.852_855delTATG
mutations, there were likely to be phenotype-genotype
correlations (Data S9). However, among siblings of the
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(Continued)

TABLE 5

12)

(E) CTLN2 (W

Ile Orn Lys Arg
191.6

Leu

Val

Met

Cit

Ala

Gly

Gln

Glu

Thr

173.3 (84.8-

108.5 (68.6-

44.1

85.8 (73.5-

157.7

71.4

25.3

603.7 134.4 250.0 168.0 (62.1-

6.1

4

116.9 (92.1-

After

179.5)

139.1) (144.2-

(37.5-
61.8)
0.161

114.6)

143.7-

(56.3-
83.0)

0.110

(20.0-
33.7)

0.139

(39.0- (541.6- (117.5- (204.1- 306.3)

54.3)
0.088

142.5)

215.9)
0.167

214.1)

0.161

292.8)
0.038*

161.1)

0.226

634.4)
0.025*

0.260

0.124

0.124

0.028*

0.018*

p value

Abbreviations: Thr, threonine; Glu, glutamic acid; Gln, glutamine; Gly, glycine; Ala, alanine; Cit, citrulline; Val, valine; Leu, leucine; Iso, isoleucine; Orn, ornithine; Lys, lysine; Arg, arginine; IQR, interquartile range.
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same family, there were only weak phenotype-genotype
correlations because these siblings did not always present
the same clinical manifestations including elevated trans-
aminases, cholestasis, and hypoglycemia. Interestingly,
the height and body weight at birth and the result of
NBS were different between the same family members
with the disease.

Most of the patients with citrin deficiency revealed
specific food preferences with an aversion to high carbo-
hydrate foods and a preference for high-protein or
high-fat foods.>® For patients with citrin deficiency,
protein- and fat-rich diet with restricted carbohyd-
rate including a protein:fat:carbohydrate ratio being
15%-25%:40%-50%:30%-40% along with the appropri-
ate energy intake is recommended (ratio in healthy
controls is 10%-15%:25%-35%:50%-60%).>> This food
prevalence is important in disease management. Some
recent studies have demonstrated the effectiveness of
MCT oil in addition to the diet.'® The use of lactose-free
formula should be considered in patients with hyper-
galactosemia. MCT formula or oil may be reduced follow-
ing the improvement of liver function and cholestasis.
There are patients that had previously undergone MCT
formula or/and lactose intake restriction but have stopped
these dietary interventions at the time of investigation
(Data S7). The use of MCT formula for NICCD patients
may improve thriving and alleviate cholestasis (Table 2)."”

MCT are absorbed mainly as medium-chain fatty
acids and metabolized to acetyl-CoA by p-oxidation,
enhance tricarboxylic acid cycle activity, and increase
adenosine triphosphate concentrations in hepato-
cytes.>**** Moreover, MCT supplementation can pro-
mote lipogenesis, resulting in improvement of NADH/
NAD+ ratio through the malate-citrate shuttle and
reduction of oxidative stress.>>** Therefore, MCT supple-
ment may improve the aberrant metabolic state resulting
from dysfunction of aspartate-malate shuttle. Only
37 percent (83/222) of patients with citrin deficiency in
this study are receiving MCT oil or MCT formulas. Based
on the biochemical rationale, it may advisable that
patients continue receiving MCT supplements even after
the improvement of their clinical status.

Moreover, some studies have demonstrated the effec-
tiveness of arginine and of sodium pyruvate in addition
to the diet and MCT supplementation.’® Lipid-soluble
vitamins including retinol palmitate, alfacalcidol, and
tocopherol acetate®”*> and ursodeoxycholic acid** may
be used for patients with prolonged and/or persistent
cholestasis.

Living donor liver transplantation (LDLT) was per-
formed in only 4 patients (NICCD: 1 and CTLN2: 3).
Usually, unmanageable severe liver failure is seen as the
main indication for liver transplantation in citrin defi-
ciency, and there are only a few reports about this
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procedure in this condition.”®*® With the improved
awareness of clinicians, and the advanced medical thera-
pies for this condition, it can be hoped that more patients
are diagnosed and treatment is started early enough to
prevent the progression of liver cirrhosis and liver failure,
which then would probably result in a further reduced
incidence of severe liver disease.

One interesting aspect of citrin deficiency is the devel-
opment of length and weight. In our study, most patients
were born full-term but presented decreased length and
weight compared to the Japanese standard full term.
Numakura et al** reported lower birth weight
(2.6 £ 0.3 kg) and shorter length (47.7 + 2.2 cm) in the
NICCD patients compared to those of Japanese standard
subjects (3.0 + 0.4 kg and 48.8 + 1.9 cm, respectively).
This growth failure was suggested to be due to the
impairment of lipogenesis.”* While our study results were
similar to those of the aforementioned study, the findings
presented here suggest the final height in the NICCD
patients to be the same as in healthy Japanese controls.
Although growth impairment in patients with citrin defi-
ciency is likely to persist during adolescence, this report
suggests that early detection and intervention might
improve the growth impairment in patients with citrin
deficiency because the height in NICCD patients
>17 years of age was greater than those in CTLN2
patients of the same age.

Moreover, the overall survival of patients with citrin
deficiency in this study was exceptionally good, with only
a single CTLN2 patient who died from pancreatitis.*”*®
This is one of the complication in patients with CTLN2
since Komatsu et al. reported that 5 patients with citrin
deficiency (CTLN2) (5/19, 26%) had developed pancreati-
tis.*” In our study, a total of 4 CTLN2 patients (4/17, 24%)
have developed pancreatitis, showing a similar preva-
lence as in the report by Komatsu.’” We believe that
older patients with unexplained cirrhosis, liver failure, or
pancreatitis may in fact remain undiagnosed for their cit-
rin deficiency because this study included only a surpris-
ingly low number of deceased patients with citrin
deficiency.

There are some limitations because this study is a
cross-sectional cohort observational study. The clinical
guidelines for citrin deficiency in Japan were published
in 2015, possibly leading to a change in management of
those patients based on improved diagnostic methods
and overall medical treatment. Moreover, not all patients
enrolled in this study might have undergone the same
management modalities. Further, not in all patients, the
SLC25A13 genotype could be elucidated. As well, patients
were included in this study at different stages of their die-
tary and medical treatment, which likely influenced the
data on clinical manifestations and amino acids analyses.

Moreover, we acquired the data of many patients diag-
nosed with NICCD but only a limited number of those
diagnosed with CTLN2, who were not affected by NICCD
as infants. Therefore, we could not sufficiently explore
the specific aspect of adult citrin deficiency.

This study did not demonstrate a causal relationship
between early therapeutic interventions including dietary
treatment and an improved clinical course and long-term
outcome in NICCD. Rather, this study suggests the possi-
bility that dietary intervention may alleviate the clinical
manifestation and improve the long-term outcome in
NICCD as a result. It may be suggested that medical
management can contribute to preventing long-term
complications including liver tumors, liver cirrhosis, and
pancreatitis because these complications presented in
patients with CTLN2 were not developed in older
patients with NICCD. The impact of medical manage-
ment including dietary therapy on these long-term com-
plications need, however, to be carefully evaluated in
future studies.

In conclusion, we present here the clinical manifesta-
tion and long-term outcome in patients with citrin defi-
ciency through a nationwide study in Japan. This study
suggests the association of early intervention including a
low carbohydrate diet and MCT supplementation with an
improved clinical course and long-term outcome in
patients with citrin deficiency. Nevertheless, we recom-
mend to regularly follow up NICCD patients long-term
and continue efforts to better understand the progress of
disease and the impact of medical management, espe-
cially in CTLN2.
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