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Pathogenesis and Management of Citrin Deficiency
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Abstract:

Citrin deficiency (CD) is a hereditary disorder caused by SLC25A13 mutations that manifests as neonatal
intrahepatic cholestasis caused by CD (NICCD), failure to thrive and dyslipidemia caused by CD (FTTDCD),
and adult-onset type 2 citrullinemia (CTLN2). Citrin, an aspartate-glutamate carrier primarily expressed in the
liver, is a component of the malate-aspartate shuttle, which is essential for glycolysis. Citrin-deficient hepato-
cytes have primary defects in glycolysis and de novo lipogenesis and exhibit secondarily downregulated
PPAR0, leading to impaired B-oxidation. They are unable to utilize glucose and free fatty acids as energy
sources, resulting in energy deficiencies. Medium-chain triglyceride (MCT) supplements are effective for
treating CD by providing energy to hepatocytes, increasing lipogenesis, and activating the malate-citrate shut-
tle. However, patients with CD often exhibit growth impairment and irreversible brain and/or liver damage.
To improve the quality of life and prevent irreversible damage, MCT supplementation with a diet containing
minimal carbohydrates is recommended promptly after the diagnosis.

Key words: citrin, SLC25A13, neonatal intrahepatic cholestasis caused by citrin deficiency, adult-onset type 2

citrullinemia, medium-chain triglycerides

(Intern Med 63: 1977-1986, 2024)
(DOI: 10.2169/internalmedicine.2595-23)

Introduction

Two clinical and genetic forms of citrullinemia have been
identified. Type I citrullinemia (CTLN1) (OMIM 215700) is
caused by a deficiency in argininosuccinate synthase 1
(ASS1) in the urea cycle, whereas adult-onset type 2 citrul-
linemia (CTLN2) (OMIM 603417) is caused by deficiency
of citrin, an aspartate-glutamate carrier in the inner mito-
chondrial membrane (1, 2). CTLN1 and CTLN2 are caused
by the pathogenic variants of ASS/ and SLC25A13, respec-
tively. Citrin deficiency (CD) is prevalent in Japan and was
first reported by Miyakoshi et al. (3) in 1968, with its causa-
tive gene (SLC25A13) first identified by Kobayashi et al. (1)
in 1999. Elucidation of the etiology has revealed that CD
presents with age-dependent symptoms, manifesting as neo-
natal intrahepatic cholestasis caused by CD (NICCD)
(OMIM 605814), failure to thrive and dyslipidemia caused
by CD (FTTDCD), and CTLN2 (2).

We herein review the pathogenesis and treatment of CD
and the prevention of irreversible damage due to CD.

1. Citrin and Its Encoding Gene

Citrin is an aspartate-glutamate carrier in the inner mito-
chondrial membrane consisting of 675 amino acid residues
with Ca™-binding domains and has the characteristic struc-
ture of a calcium-binding mitochondrial solute-carrier pro-
tein. Citrin is mainly expressed in the liver and is a compo-
nent of the malate-aspartate shuttle, which transports NADH
produced by glycolysis from the cytosol to the mitochondria
and regenerates cytosolic NAD" (Fig. 1) (1, 4). As a compo-
nent of this shuttle, citrin is indispensable for hepatic glyco-
lysis, de novo lipogenesis, and energy metabolism (5). Citrin
binds to fluxed Ca™, enhances aspartate-glutamate carrier ac-
tivity, increases ATP production, and protects hepatocytes
from stress (4, 6).

Citrin is encoded by SLC25A13, which is 160 kb in size,
consists of 18 exons, and is located on chromosome 7q
21.3 (1, 2, 4). Citrin is expressed in the liver, kidneys, and
heart. Aralar is an isoprotein of citrin that is mainly ex-
pressed in the brain, muscles, and heart. Citrin and aralar
complement each other as aspartate-glutamate carriers. Due
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Figure 1. Glycolysis and lipogenesis in the liver. Acetyl-CoA: acetyl coenzyme A, KG: ketogluta-
rate, ChREBP: carbohydrate-responsive element-binding protein, CiC: citrate carrier, NADH": nic-

otinamide adenine dinucleotide hydrogen, NAD*:
oxaloacetate, OGC: 2-oxoglutarate carrier, PyC:

ment-binding protein-1, TCA: tricarboxylic acid

to their differential expression, citrin and aralar are essential
components of the malate-aspartate shuttle in the liver and
brain, respectively.

2. Pathogenic SLC25A13 Variants and the
Genotype-phenotype Relationship

CD is a hereditary disease caused by SLC25A13 patho-
genic variants, and patients are either homozygous or com-
pound heterozygous for these variants. More than 100 citrin
pathogenic variants have been reported, including frameshift,
nonsense, and missense mutations (7). CD is prevalent in
East Asian countries, including Japan, and frequent muta-
tions have been reported in this population. The carrier rates
are estimated to be 1:42 and 1:65 in northern and southern
Japan, respectively (8, 9). Pathogenic variants act in a loss-
of-function manner and do not exhibit a genotype-phenotype
relationship. Other genetic and environmental factors are
also associated with this phenotype.

3. Energy and Glucose Metabolism in the
Liver

The liver consumes approximately 20% of the daily ca-
loric requirements. During fasting, hepatocytes utilize free
fatty acids that are mobilized from adipose tissues as an en-
ergy source. During the postprandial hyperglycemic period,
hepatocytes take up glucose via glucose transporter 2
(GLUT?2) and use most of it for glycogenesis and some for
de novo lipogenesis, amino acid synthesis, and as an energy
source (10). Hepatic de novo lipogenesis regulates energy
metabolism  through the regulation of peroxisome
proliferator-activated oo (PPAR); its promotion upregulates

nicotinamide adenine dinucleotide-oxidized, OAA:
pyruvate carrier, SREBP-1: sterol regulatory ele-

PPARc, and its suppression downregulates PPAR«x
(Fig. 2A) (11-13). PPARa promotes the uptake, utilization,
and catabolism of fatty acids by upregulating the genes in-
volved in fatty acid transport, fatty acid binding and activa-
tion, and fatty acid B-oxidation. De novo lipogenesis also
plays an important role in lipid supply during growth spurt
periods, such as fetal development, infancy, and adoles-
cence (14-16).

4. Energy and Glucose Metabolism in the Liv-
ers of Patients with CD and Changes after
Medium-chain Triglyceride Supplementation

Individuals with CD have a primary defect in hepatic gly-
colysis and de novo lipogenesis due to impairment of the
malate-aspartate shuttle and show secondary downregulation
of PPAR« due to impaired de novo lipogenesis and/or endo-
plasmic reticulum (ER) stress (Fig. 3) (12, 17-20). There-
fore, hepatocytes of individuals with CD are unable to util-
ize glucose and free fatty acids for energy, resulting in en-
ergy deficiencies (5).

In individuals with CD, hepatic glycogenesis, gluconeo-
genesis, and ketogenesis are impaired owing to a lack of he-
patic energy and cytosolic NAD" and the downregulation of
PPARo. Children often fail to consume minimal carbohy-
drates due to food preferences or illnesses, resulting in hy-
poketotic hypoglycemia.

As shown in Fig. 2B, cytosolic NAD*, ATP, glycogenesis,
lipogenesis, and cytosolic aspartate levels were predicted to
be reduced in citrin-deficient hepatocytes (5, 18-20).

Medium-chain triglycerides (MCTs) are absorbed without
bile acids, are primarily metabolized in hepatocytes, provide
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Figure 2. A: Glucose metabolism in control livers. B: Glucose metabolism in citrin-deficient livers.
C: Metabolic changes in citrin-deficient livers following medium-chain triglyceride (MCT) supple-
mentation. Black lines represent glycolysis, glycogenesis, and the TCA cycle, whereas blue lines rep-
resent de novo lipogenesis. ATP: adenosine triphosphate, M-A shuttle: malate-aspartate shuttle, M-C
shuttle: malate-citrate shuttle, MCFA: medium-chain free fatty acids, PPARa: peroxisome
proliferator-activated receptor o, TCA: tricarboxylic acid

X - ’f
BN

Citrin deficiency

Carbohydrates B-oxidation
(diet) gluconeogenesis
Fats
(diet) Triacylglycerol | VLDL

Free fatty acids

Figure 3. Fatty liver in citrin deficiency. Hepatocytes synthesize new fat from dietary carbohy-
drates and fats and synthesize old fat from incorporated plasma-free fatty acids. Fat accumulates
when the fat synthesis and uptake exceeds -oxidation and VLDL levels (exported fat). New fat up-
regulates PPARo., whereas old fat downregulates PPARo. PPARo is downregulated by impaired de
novo lipogenesis and/or ER stress in the liver of adult-onset type 2 citrullinemia (CTLN2), leading to
a fatty liver. ER: endoplasmic reticulum, PPARo: peroxisome proliferator-activated receptor o,
ROS: reactive oxygen species, VLDL: very-low-density lipoprotein

energy and acetyl-CoA to hepatocytes, enhance tricarboxylic of the metabolic abnormalities associated with CD in the
acid (TCA) cycle activity, increase glycogenesis, and stimu- liver (5, 18-20).

late de novo lipogenesis, resulting in upregulated PPAR«

and increased cytosolic aspartate and NAD" levels through

the malate-citrate shuttle (Fig. 2C). Increased NAD" levels

promote glycolysis, and MCT administration corrects most
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5. Pathogeneses of Liver Dysfunction

5.1. NICCD

Individuals with CD have a relatively low birth weight
and short body length (2, 5, 16). Approximately 40% of pa-
tients are identified through newborn mass screening tests,
which reveal elevated blood galactose, methionine, and
phenylalanine levels. Patients also present with intrahepatic
cholestasis with or without cataracts (2). Laboratory findings
indicate of cholestatic markers, o-
fetoprotein, galactose, and plasma amino acids including
citrulline. Liver biopsies reveal cholestasis and steatosis. In
patients presenting with these symptoms, the diagnosis is
confirmed by a SLC25A13 genetic analysis. During the fetal
period, the energy source for hepatocytes is amino acids,
which are converted to free fatty acids and glucose after
birth. In addition, lactose (a disaccharide of glucose and ga-
lactose) is a major carbohydrate in milk, and galactose me-
tabolism is inhibited at the galactose epimerase step because
of increased cytosolic NADH, resulting in the accumulation
of toxic metabolites (21). Notably, the demand for lipogene-
sis is high in the first six months of life (16, 21). These fac-
tors may be associated with NICCD pathogenesis.

increased levels

5.2. FTTDCD

Most patients with CD experience an “apparently healthy”
period (from post-NICCD to before the onset of CTLN2);
however, some patients report recurrent hypoglycemia,
growth impairment, fatigability, hyperlipidemia, and pan-
creatitis. These patients are diagnosed with FTTDCD (2). In
Japan, patients with FTTDCD are rare, probably because of
the recommended low-carbohydrate diet and/or MCT sup-
plementation. These clinical abnormalities may be caused by
a continuous energy deficit and exposure to oxidative and/or
ER stress in hepatocytes.

5.3. CTLN2

The onset of CTLN?2 is associated with genetic (including
variants other than SLC25A13) and environmental factors.
Hyperammonemic encephalopathy develops in approxi-
mately 5% of citrin-deficient individuals 10-70 years
old (2). A preponderance in men and individuals with a lean
body is characteristic, and approximately 10% of patients
experience complications of hyperlipidemia, pancreatitis, and
hepatocellular carcinoma. The onset is often associated with
surgery (fasting), alcohol consumption, diabetes, and medi-
cation use. Patients usually present with nocturnal hyperam-
monemic encephalopathy. With regard to the diagnosis,
some patients have a history of NICCD, and their food pref-
erences provide useful information. The absence of in-
creased plasma glutamine concentrations despite hyperam-
monemia is also a characteristic symptom associated with
CTLN2 (20). Liver biopsies and imaging studies have re-
vealed fatty liver in these patients; however, a definitive di-

agnosis is dependent on a genetic analysis of SLC25A13.
The development of CTLN2 may be related to long-term en-
ergy deficits and oxidative and ER stress in hepatocytes (5).

5.4. Fatty liver

Fatty liver has been observed in patients with NICCD and
CTLN2. Komatsu et al. (17) observed a marked suppression
of the mRNA-encoding enzymes/proteins involved in fatty
acid oxidation and the downregulation of PPARa in the
liver of patients with CTLN2, most likely due to ER stress.
PPAR« is upregulated by new fat (synthesized from dietary
carbohydrates and fats) in the liver and downregulated by
old fat (mobilized from adipose tissue) (12). Patients present
with defects in de novo lipogenesis, leading to PPAR«
downregulation (5, 18). Lipid deposition in the liver, in turn,
affects sensitivity to insulin and causes ER stress. Based on
these findings, it is suggested that fatty liver is mainly
caused by PPARo downregulation (Fig. 3). Furthermore,
early treatment with MCT supplementation improves fatty
liver in CTLN2 patients, supporting the mechanism by
which PPARa is downregulated (5, 19, 20). It has been
speculated that malate-citrate shuttle activity is increased to
complement the malate-aspartate shuttle defect and promote
de novo lipogenesis, leading to a fatty liver (22). However,
this is unlikely, as de novo lipogenesis requires energy, and
citrin-deficient hepatocytes are expected to be in a low-
energy state.

5.5. Citrullinemia

Citrulline is metabolized by ASS1, which requires aspar-
tate and ATP. In the liver, citrin is the only transport system
of aspartate from the mitochondria to the cytosol, and its de-
ficiency has been predicted to cause aspartate deficiency,
leading to citrullinemia (23). However, citrullinemia has
only been observed during periods of NICCD or CTLN2,
indicating that aspartate required for the ASS1 reaction can
be supplied, even in the citrin-deficient hepatocytes. In pa-
tients with NICCD, the plasma concentrations of the con-
stituent amino acids of the urea cycle, including citrulline,
were elevated. However, hepatic ASS1 enzyme activity was
normal (24), and MCT supplementation normalized the con-
centrations of these amino acids within a few days (21).
These findings suggest that citrullinemia in NICCD is most
likely caused by aspartate and/or ATP deficiency for ASS1
reaction. MCT supplementation increases ATP production,
de novo lipogenesis, and citrate transport from the mito-
chondria to the cytosol via the malate-citrate shuttle. Cy-
tosolic citrate can be metabolized to oxaloacetate by ATP-
citrate lyase and further metabolized to aspartate by aspar-
tate aminotransferase (Fig. 1, 2C, 4). In addition to the
malate-aspartate shuttle, this metabolic pathway can also
supply aspartate for ASS1 reaction in the cytosol.

In contrast, while hyperammonemia can be normalized
with MCT supplementation in most patients with CTLN2,
citrullinemia cannot be normalized, except for in two pa-
tients who were treated early after the onset (Patients 2 and
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Figure 4. Ammonia detoxification system in the liver. Two ammonia detoxification systems exist in
the liver. Ureagenesis in periportal hepatocytes has a low affinity for ammonia but a high ammonia
detoxification capacity. Glutamine synthesis in perivenous hepatocytes has a low detoxification ca-
pacity but a high affinity for ammonia. ASS1: argininosuccinate synthetase 1, CiC: citrate carrier,

CPS: carbamoylphosphate synthetase, GDH: glutamate dehydrogenase, GLNase: glutaminase, GS:

glutamine synthetase

Table 1. Clinical Data of Patients with CTLN2 Treated with MCT.
Plasma Cit (mM) Plasma GIn (mM) Recur-
Gender /Zi:eit i;f:; gf\;l:; before/afte(r Tx) before/afteg Tx : rence Prognosis Complication
(n: 17.9-48.0) (n: 422.1-739.8)  of HE
1 M 37y 16y 74.9/60.2 387.7/472.9 No Good (ref. 21)
2 M 53y 2m 102.9/45.7 679.4/711.1 No Fair (ref. 21)
3 M 62y Im 131.4/33.3 360.6/558.0 No Fair Hepatoma (surgically removed) (ref. 21)
4 M 38y 13y 462.0/612.9 450.7/530.8 Yes Improved Schizophrenia (ref. 21)
5 M 41y ? 451.4/133.2 570.9/551.6 Yes  Improved Irregular intake of MCT (ref. 21)
6 F 62y 9m 486.4/228.2 473.9/762.8 No Good Lung cancer (surgically removed) (ref. 22)
7 F 48y 4y 839.0/515.5 448.1/535.2 Yes Good Diabetes (insulin Tx) (ref. 22)
8 F 60y 7m 407.4/211.9 466.8/650.3 No Good Liver transplantation (ref. 22)
9 M 67y 3m 541.2/157.1 320.4/565.3 No Good (ref. 22)
10 M 54y Sm 384.3/557.0 580.7/624.2 No Good (ref. 22)
11 M 6ly 12m 197.8/54.2 357.8/648.0 No Good  Diabetes (insulin Tx), Pancreatic cancer (ref. 25)
12 M 33y 20m 235.4/na 427.9/mna No Good Short bowel (ref. 26)
13 F 49y 3m 348.4/421.5 na/571.3 No Good Mental retardation, Epilepsy (ref. 27)
14 F 44y 6m 205.2/105.3 na/na No Good Mental retardation, Epilepsy (ref. 28)
15 M 29y ? 715.5/ma na/na No Good No HE after regular intake of MCT (ref. 29)

Hyperammonemia improved with MCT supplementation therapy in all patients, but citrullinemia persisted, except in Patients 2 and 3. Before treatment, plas-

ma glutamine levels did not increase above the normal range in all patients despite hyperammonemia, rather decreased in several patients. Cit: citrulline, Gln:

glutamine, HE: hyperammonemic encephalopathy, n: normal range, na: not available, Tx: treatment, m: month, y: year

3 in Table 1) (5, 19, 20, 25-29). Saheki et al. (2, 30) re-
ported that hepatic ASS1 activity was reduced in most pa-
tients with CTLN2 due to a decrease in the enzyme protein.
These findings suggest that the ASS1 reaction is differently
impaired in patients with NICCD and CTLN2 owing to sub-

strate deficiencies and a reduction in the ASS1 enzyme pro-
tein, respectively.

5.6. Hyperammonemia in CTLN2

The liver has two ammonia-detoxification systems: ure-
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agenesis and glutamine synthesis (Fig. 4) (31). Ureagenesis
in periportal hepatocytes has a low affinity for ammonia but
a high ammonia detoxification capacity. Glutamine synthesis
in perivenous hepatocytes has a high affinity for ammonia
and maintains physiologically low ammonia concentrations.
Impairment of either system can cause hyperammonemia.
Most patients with CTLN2 exhibit reduced hepatic ASS1
activity; however, plasma citrulline levels and residual ASS1
activity in patients with CTLN2 are similar to those in as-
ymptomatic benign CTLN1 patients (2, 31-33). In addition,
some patients with CTLN2 display normal ASS1 activ-
ity (30), and citrullinemia persists in most patients, even af-
ter treatment normalizes blood ammonia (Table 1). This sug-
gests that hepatic ASS1 impairment in patients with CTLN2
can cause citrullinemia but is not sufficient to cause hy-
perammonemia. With regard to glutamine synthesis, despite
hyperammonemia, plasma glutamine concentrations did not
increase above normal levels in all patients but rather de-
creased in some patients (Table 1). This suggests that the
glutamine synthesis system did not function in ammonia-
detoxification in the patient’s liver. In contrast, hepatic glu-
tamine synthetase (GS) activity was not reduced in these
CTLN2 patients; its activity was 11.0+2.2 nmol/min/mg pro-
tein (n=4) vs. control 12.6+3.7 (n=7) (p=0.2919) (unpub-
lished data) (5, 20). As shown in Table 1, MCT supplemen-
tation improved hyperammonemia and normalized plasma
glutamine concentrations in all patients (19, 20). These find-
ings indicate that hyperammonemia is not primarily caused
by a defect in ASS1 but rather by a defect in GS due to a
substrate (glutamate) and/or ATP deficiency.

5.7. Hepatocyte maturation arrest and zoning impair-
ment

Serum o-fetoprotein levels have been reported to be
markedly high in normal-term infants and decrease with
liver maturation in the first six months of life. Increased se-
rum o-fetoprotein levels are a hallmark of NICCD (2) and
can be steadily normalized through MCT supplementation
with notable clinical improvements (21). The energy source
of the fetal liver is amino acids, and glutamate dehydroge-
nase activity in the rat liver is elevated by approximately
three-fold during the perinatal period compared to that in
adults (34). Glutamate is actively synthesized in the devel-
oping rat liver and transaminated to other nonessential
amino acids for protein synthesis. Notably, MCT supple-
mentation in patients with NICCD markedly increased
plasma glutamate concentrations from 51.3+18.8 pmol/L (n=
5) (normal range 12.6-62.5) before administration to 168.3+
92.0 umol/L (p=0.012) at 2-3 weeks post-supplementation
(unpublished data). Plasma glutamate concentrations were
normalized with improvements in the liver function and se-
rum o-fetoprotein levels. Increased serum o-fetoprotein lev-
els have also been reported in patients with mitochondrial
hepatopathy (35). These findings suggest that energy defi-
ciency in hepatocytes is associated with the arrest of liver
maturation.

In patients with CTLN2, changes in ASS1 and GS ex-
pression were observed in the liver (5, 20, 30). Metabolic
zoning occurs in the liver, with periportal hepatocytes play-
ing a critical role in glycogenesis, urea production, and fatty
acid oxidation, whereas pericentral hepatocytes are involved
in glycolysis, glutamine synthesis, and lipogenesis. ASS1
was shown to be ubiquitously expressed in the hepatocytes
of control livers, with a slightly increased expression in peri-
portal hepatocytes, whereas ASS1-expressing hepatocytes
were reduced in patients with CTLN2 (5, 20, 36). In con-
trast, GS-positive hepatocytes in control livers were re-
stricted to around the central veins. However, in patients
with CTLN2, their distribution was not restricted to the he-
patocytes around the central veins but more wide-
spread (5, 19). Early MCT treatment normalized the distri-
bution of ASS1- and GS-positive hepatocytes (5, 20). These
findings suggest that liver zonation is impaired in patients
with CTLN2, most likely because of energy deficiency,
leading to irreversible liver damage. GS expression is
upregulated by Wnt/B-catenin signaling, and abnormal ex-
pression of the Wnt/B-catenin pathway may be associated
with complications in hepatocellular carcinoma (37).

6. Pathophysiology of Various Symptoms

6.1. Growth failure

In addition to controlling energy metabolism, hepatic de
novo lipogenesis also plays an important role in lipid supply
during the fetal (third trimester), infant (first six months of
life), and adolescent growth spurt periods. Growth impair-
ment during these periods is a complication of CD (16).

6.2. Food preferences

Most individuals with CD prefer high-protein and high-fat
foods, such as bean products, eggs, fish, and meat. In con-
trast, they tend to dislike carbohydrate-rich foods, such as
cereals, sweets, and cooked rice. Citrin-deficient hepatocytes
are unable to generate ATP from carbohydrates; however,
proteins (amino acids) and fats (fatty acids) produce energy
through pathways that do not require NAD" (5, 18). The
liver is known to have a metabolic-sensing function (38),
and patients are likely to prefer foods that provide energy to
hepatocytes. When considering the relationship between
food preference and carbohydrate toxicity, we must also
consider that carbohydrate-induced hyperglycemia induces
insulin secretion and decreases free fatty acids, which are
major energy sources for citrin-deficient hepatocytes (5). A
decrease in hepatic energy may cause discomfort and frus-
tration. MCT supplementation alters food preferences and
promotes carbohydrate intake. Furthermore, most patients
are averse to alcohol, and drinking can trigger the onset of
CTLN2. Alcohol metabolism is impaired, as reactions in-
volving alcohol and aldehyde dehydrogenases require NAD".
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6.3. Carbohydrate toxicity

The existence of carbohydrate toxicity has been inferred
from reports suggesting that carbohydrate-rich diets and for-
containing exacerbated CTLN2
NICCD (39), respectively; hyperalimentation was found to
cause hyperammonemic encephalopathy in a patient (40);
and infusions of osmotic agents containing glycerol and
fructose were lethal in CTLN2 patients (41).

Changing from a protein- and fat-rich diet to a
carbohydrate-rich diet may induce CTLN2.
deficient hepatocytes, the energy deficit is exacerbated by a
carbohydrate-rich diet due to the reduced dietary protein and
fat available to hepatocytes. In addition, hyperglycemia in-
duced by a carbohydrate-rich diet decreases the levels of
plasma free fatty acids, which are essential energy sources
for citrin-deficient hepatocytes. In NICCD, a formula con-
taining lactose can lead to the accumulation of toxic galac-
tose metabolites (as described in the pathogenesis of liver
dysfunction).

Notably, the hepatic glucose uptake and metabolism are
limited under normoglycemic conditions and increase under
postprandial hyperglycemic conditions, owing to the low
glucose affinity of GLUT?2 (5, 25). In addition, the hepatic
glucose uptake through oral administration is approximately
twice that achieved through intravenous administration due
to portal glucose signaling (42). Hyperalimentation was re-
ported to induce hyperammonemic encephalopathy with hy-
perglycemia in only one patient with CTLN2 (40). That pa-
tient was severely emaciated and likely glucose intolerant,
and their condition improved when the infusion was discon-
tinued. Due to the low glucose affinity of GLUT2 and the
lack of portal glucose signaling, hyperalimentation can be
safely adopted if persistent hyperglycemia is avoided and
nutrients available to hepatocytes, such as lipids (formulas
containing MCTs are recommended) and amino acids, are
supplemented. Hyperalimentation was actually performed
prior to liver transplantation in two patients with
CTLNZ2 (43). Symptomatic hypoglycemia was treated with
low-concentration glucose infusions but could be safely
treated with a bolus of 10% glucose solution.

Glucose toxicity has been definitively observed in patients
with CTLN2 and diabetes mellitus (25). Hyperammonemia
and liver dysfunction were found to improve after the initia-
tion of insulin therapy in addition to MCT supplementation.
When hyperglycemia persists, more glucose is absorbed and
metabolized through glycolysis; however, its metabolism is
inhibited at the glyceraldehyde 3-phosphate dehydrogenase
step, leading to the accumulation of glucose metabolites and
a decrease in Pi and ATP levels in hepatocytes. These find-
ings suggest, both theoretically and clinically, that persistent
hyperglycemia is toxic and that glycemic control is critical
for the treatment of patients with CD.

In contrast to glucose metabolism, intravenously adminis-
tered fructose is rapidly absorbed and metabolized by hepa-
tocytes, and a fructose load of 250 mg/kg body weight has

mulae lactose and

In citrin-

been shown to decrease liver ATP concentrations, even in
healthy adults, owing to the consumption of Pi (44). Fur-
thermore, hepatic fructose metabolism in CD is impaired at
the glyceraldehyde 3-phosphate dehydrogenase step, and os-
motic infusions containing glycerol and fructose are lethal,
most likely due to ATP depletion (41). However, when ad-
ministered orally, fructose has a low absorption rate and is
partially absorbed and metabolized in intestinal villi (45).
Therefore, there is no need to severely restrict the oral in-
take of fructose from sweets and fruits. However, excessive
sugar intake (a disaccharide of glucose and fructose) should
be avoided, as fructose can saturate intestinal cell absorption
and may be transported to hepatocytes. In addition, it can
induce hyperglycemia, leading to insulin secretion and de-
creased mobilization of fatty acids from the adipose tissues.

6.4. Oxidative and ER stress-related symptoms

Enhanced oxidative stress and increased levels of serum
high-density lipoprotein (HDL)-cholesterol, cholesterol, and
sterol markers have been reported in children with
CD (46, 47). Komatsu et al. (17) reported the downregula-
tion of PPARa in the livers of patients with CTLN2, most
likely due to ER stress. Citrin-deficient hepatocytes are
energy-deficient, resulting in the production of reactive oxy-
gen species (ROS), which in turn causes ER stress. Choles-
terol synthesis is controlled by sterol regulatory element-
binding protein 2 (SREBP-2), which is upregulated by ER
stress (48). When hepatocytes are stressed, citrin binds to
fluxed Ca’™ and increases aspartate-glutamate carrier activity,
thus producing more ATP to protect cells. This suggests that
citrin-deficient hepatocytes may be extremely vulnerable to
endogenously generated and lack protective re-
sponses (4, 6).

stress

7. Treatment for Each Clinical Phenotype

71. NICCD

Patients with and without galactosemia are generally
treated with lactose-free and ordinary milk, including breast
milk, respectively. The formula is prepared by mixing 100
mL of milk with 2 mL of MCT oil, which constitutes 20%
of the total calories (5, 21). Fat-soluble vitamins should be
supplemented in cases of deficiency. MCT supplementation
can steadily improve cholestasis, citrullinemia, and the gen-
eral condition. The laboratory findings usually improve
within a few months of treatment. Early treatment is more
effective than later treatment, but MCT supplementation is
recommended until patients are at least three years old in
order to promote central nervous system growth and myeli-
nation (5, 21).

72. FTTDCD

After recovery from NICCD, some patients complain of
recurrent hypoglycemia, growth impairment, fatigue, hyper-
lipidemia, and pancreatitis (2). A protein- and fat-rich diet
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Figure 5. Diurnal changes in blood glucose and plasma-free fatty acids. After a meal, blood glucose
levels increase, insulin secretion is stimulated, and the concentration of free fatty acids in the plasma
decreases. Blue bars indicate the energy depletion periods in citrin-deficient hepatocytes. MCT should
be supplemented to provide energy to hepatocytes during the blank period (approximately 8 h per

day).

similar to that in patients with CTLN2 is recommended to
prevent the development of CTLN2 (49). However, some
patients experience recurrent hypoketotic hypoglycemia due
to a reduced carbohydrate intake and impaired gluconeo-
genesis, glycogenosis, and ketogenesis. To prevent hypogly-
cemia, the recommended minimum daily carbohydrate re-
quirements are 100 g/day for children 1 year old, 100-130
g/day for children 1-5 years old, and 130 g/day for children
>5 years old (5). Low-glycemic carbohydrates may also be
recommended. To prevent the development of CTLN2 and
improve the quality of life, MCT supplementation with a
diet containing minimal carbohydrates is recommended
(Fig. 2, Table 1) (5).

7.3. CTLN2

Early MCT supplementation with a low-carbohydrate for-
mula (protein:fat:carbohydrate energy ratio of 10-20:35-50:
40-45) is recommended for the management of CTLN2. The
MCT dosages for men (large adults) and women (small
adults) are 45 and 30 mL, respectively, and daily doses are
evenly divided portions with
meals (5, 18-20). As shown in Table 1, hyperammonemic
encephalopathy steadily improved in all patients; however,
citrullinemia and fatty liver persisted, except in two patients
who were treated early (5, 20, 26). These results indicate
that MCT should be supplemented soon after the diagnosis
to prevent irreversible liver damage. Sodium pyruvate ther-
apy has also been used, but this treatment did not prevent
relapse of encephalopathy or improve the Fischer ratio or

administered as three

citrullinemia in a previous report (5, 50).

Infusion of glycerol- and fructose-containing osmotic
agents is lethal and contraindicated (41). Infusion of lactate-
buffered solution should also be avoided. Persistent hyper-
glycemia must be avoided, and glycemic control is critical
in patients and hyperalimenta-
tion (5, 25). Bezafibrate administration is undesirable be-
cause it inhibits de novo lipogenesis and induces the genera-
tion of uncoupling proteins that reduce the effects of
MCT (19). In addition, hypertriglyceridemia has been shown
to steadily improve with MCT supplementation. Medications
may affect hepatic energy metabolism and should be admin-
istered with caution.

with diabetes mellitus

8. Improvement in the Quality of Life and
Prevention of Irreversible Damage

MCT supplementation is an effective treatment for CD.
However, some patients exhibit irreversible growth impair-
ment and/or brain damage, and many with CTLN2 develop
irreversible liver damage soon after the clinical onset. After
a meal, the level of free fatty acids, which are an essential
energy source for citrin-deficient hepatocytes, decreases due
to insulin secretion (Fig. 5) (5). MCT supplementation with
a diet containing minimal carbohydrates (as described in the
FTTDCD section) is recommended to compensate for
postprandial energy deficits. The recommended minimum
amount of MCT supplementation is equivalent to at least
one-third (8 h) of the daily liver energy consumption
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Table 2. Maximum and Minimum Recommended Dosage of MCT Supplementation.

Amount of MCT equivalent

Amount of MCT equivalent to

Life stage Age (year) Modc.:rgte level to calories consumed by the calories during post-prandial
group of activity (kcal) liver (mL): maximum dosage  period (mL): minimum dosage
Child 2-3 1,000-1,400 24-33 8-11
Female 4-8 1,400-1,600 33-38 11-13
9-13 1,600-2,000 38-47 13-16
14-18 2,000 47 16
19-30 2,000-2,200 47-52 16-18
31-50 2,000 47 16
51 and older 1,800 43 15
Male 4-8 1,400-1,600 33-38 11-13
9-13 1,800-2,200 43-52 15-18
14-18 2,400-2,300 57-66 19-22
19-30 2,400-2,600 57-62 19-21
31-50 2,200-2,400 52-57 14-19
51 and older 2,000-2,200 47-52 17-18

The Recommended caloric intake for a moderate level of activity is adapted from the U.S. Department of Agriculture: Dietary

Guidelines for Americans, 2005. The maximum dosage of MCT is equivalent to the daily caloric consumption by the liver,

and the minimum dosage can provide energy during the period of postprandial hyperglycemia (8 hours).

(Fig. 5, Table 2). In contrast, excessive MCT supplementa-
tion has been shown to promote de novo lipogenesis, in-
crease hepatic lipid deposition, and cause hepatic microve-
sicular steatosis (51). MCT supplementation should not ex-
ceed the daily calories consumed by the liver (maximum
amount), and the appropriate dosage should be determined
according to the patient’s diet and physical activity. MCT
supplementation is recommended to improve the quality of
life and prevent the development of CTLN2 shortly after the
diagnosis.
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