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Fig. 1. Functions of citrin (liver-type AGC). (A) The role of citrin in ureogenesis from ammonia [35], and (B) the role of citrin in malate aspartate shuttle. Abbreviations are,
Arg, arginine; ASA, argininosuccinate; Asp, aspartate; oKG, o-ketoglutarate; Cit, citrulline; CP, carbamoyl phosphate; cyt, cytosol; Fum, fumarate; Glc, glucose; Glu,
glutamate; Mal, malate; mit, mitochondria; OAA, oxaloacetate; Orn, ornithine; Pyr, pyruvate.

Now, we propose a potentially different course of citrin deficiency
(Fig. 2), because a number of Japanese subjects with citrin defi-
ciency suffer from various kinds of disorders during the so-called
“Apparently Healthy Period” [2,22-27]. There have been a few pa-
tients with NICCD that have required liver transplantation due to
severe, prolonged symptoms [2,28,29], and patients presenting
with CTLN2 typically continued to worsen unless also treated by li-
ver transplantation [1,2,21,30,31]. The reason for the deterioration
will be discussed later.

Characteristic food preference/food aversion of citrin-deficient
subjects

It has been long known that CTLN2 patients have peculiar pref-
erence for protein- and fat-rich food, such as peanuts and soy
beans. Recently, we noticed that aversion to carbohydrate-rich
food, such as cooked rice and sweet things, was the other side of
their food preference. Saheki et al. [32] performed nutritional
assessment of 18 Japanese citrin-deficient subjects in the age ran-
ged from 1 to 33 years old, who have been diagnosed as carrying
mutation(s) in both alleles: some had suffered from NICCD, some
are siblings or a father of NICCD patients, and one was at the early
stage of CTLN2. The results (Fig. 3) clearly showed a marked de-
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Fig. 2. Prognosis or life cycle of Japanese citrin-deficient subjects. M:F means
numbers of male and female patients diagnosed. Incidence and prevalence were
shown in the figure.

crease in carbohydrate intake in viewpoint of a smaller proportion
of carbohydrates contributing to the total energy distribution (pro-
tein/fat/carbohydrate: PFC ratio), a reduced net intake relative to
age- and sex-matched controls and a shift towards a lower centile
distribution for carbohydrate intake. This unique food preference
of citrin-deficient subjects is markedly different from the well-
known aversion to protein among the patients with the other
late-onset urea cycle enzymopathy or lysinuric protein intolerance.
This unique food taste suggests some correlation of the tendency to
the pathogenesis and pathophysiology of citrin deficiency.

Carbohydrate toxicity in citrin deficiency

Tamakawa et al. [33] reported an interesting and important
case with CTLN2. A 52-year-old woman fell into coma associated
with hyperglycemia and hyperammonemia after receiving an infu-
sion first composed of high dose of glucose (120 g/700 ml) and
amino acids because of intractable pain and no appetite after oper-
ation for breast cancer. After recovering well, she received again a
high-dose glucose infusion without amino acids. Again, she fell
into coma with hyperammonemia.

Many CTLN2 patients died in a few weeks or months after infu-
sion of glyceol composed of 10% glycerol and 5% fructose for the
treatment of brain edema caused by hyperammonemia. Yazaki
et al. [34] summarized reports in which the CTLN2 patients were
treated with glyceol (8 cases), glyceol plus mannitol (4 cases), or
mannitol (2 cases) for brain edema. All except one treated with gly-
ceol alone or glyceol plus mannitol worsened after the treatment.
Two CTLN2 patients treated with mannitol alone survived.

Concerning carbohydrate toxicity, we present a girl (P55752)
who was found to be a compound heterozygote carrying two dif-
ferent mutations in SLC25A13 at 10 years old [26,32], together with
her elder sister (P557) who suffered from CTLN2 and was treated
with liver transplantation. Since at 13 years old, P55752 com-
plained of skinniness, fatigue and abdominal disorders, we exam-
ined her in connection with food intake (Figs. 3 and 4) [26,32].
As shown in Fig. 4, when she took hospital meals with high-carbo-
hydrate energy ratios, she showed significant increases in plasma
ammonia and Cit, and became drowsy. Therefore, we allowed her
to take her favorite meals with fat- and protein-rich, and carbohy-
drate-low meals, resulting in only a slight increase in plasma
ammonia with no increase in Cit. In this examination, we noticed
a linear relation between plasma glucose and ammonia concentra-
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Fig. 3. Nutritional assessment of 18 citrin deficiency subjects revealed their characteristic dietary intakes. (A) Energy ratio of protein, fat and carbohydrate (PFC) of control
general Japanese (left) and of citrin deficiency subjects (right), and (B) intake of energy and nutrients relative to age- and sex-matched controls [32].
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Fig. 4. Laboratory examination of 13-year-old girl (P557S2) at the early stage of CTLN2: relation between diets and plasma ammonia and citrulline. The upper panel depicts
energy intake of each meal together with protein (black): fat (grey): carbohydrate (white) energy ratio. Arrows in the figure indicate duration of the hospital or her favorite
meals taken. The lower panel, plasma ammonia (circle) and citrulline (square) concentrations with their control ranges (heavy and light grey, respectively).

tions after she took various kinds of breakfast (Fig. 5). All these re-
sults suggest carbohydrate toxicity in CTLNZ2. This can be explain-
able by metabolic disturbances in citrin deficiency as follows.

Ureogenesis in citrin-deficient state and its relation to
carbohydrate toxicity

As described by Williamson in 1976 [35], ureogenesis under
control states, liver-type AGC, citrin, plays a role in ureogenesis
from ammonia as a nitrogen source (Fig. 1A). Under citrin defi-
ciency without AGC (Fig. 6), Glu formed from ammonia, instead
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of Asp, goes out of mitochondria, converted to Asp by the action
of cytosolic aspartate aminotransferase, and formed Asp is used
for ASS reaction, indicating that urea may be synthesized in citrin
deficiency. But in this metabolic pathway, oxaloacetate as an ami-
no donor should be formed from fumarate via malate in the cyto-
solic compartment, which generates NADH. If the generated NADH
is oxidized, urea can be synthesized under citrin deficiency. Under
enhanced carbohydrate metabolism, liver plays a role in glucogen-
esis and fat synthesis. During the carbohydrate metabolism from
glucose, fructose, glycerol and so on, NADH is formed and should
be oxidized to continue aerobic glycolysis. The resultant NADH
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Fig. 5. Relation between plasma ammonia and glucose of a citrin-deficient patient
(P557S2) after taking various kinds of breakfast. Plasma ammonia and glucose
concentrations were measured 1 h and 2 h after taking various kinds of breakfast,
and the maximum value of each breakfast was plotted.

accumulation or increase in NADH/NAD" ratio in the cytosol inhib-
its ureogenesis in citrin deficiency. Entry of a large amount of car-
bohydrate into the citrin-deficient liver may result in inhibition of
glycolysis: accumulation of NADH inhibits glyceraldehyde 3-phos-
phate dehydrogenase and causes accumulation of glycerol 3-phos-
phate [data not shown], leading to the inhibition of
phosphofructokinase step [36,37]. It may also cause energy deficit.
These metabolic disturbances in the liver of citrin deficiency may
mediate some kind of signal to the brain to avoid eating
carbohydrate.

Animal model for citrin deficiency

It is important to generate animal models for elucidating the
pathogenesis and pathophysiology of a disease and for developing
new therapeutics based on the pathogenesis. First, we generated a
citrin knockout (KO) mouse by homologous recombination to de-
stroy Slc25a13. The resultant citrin KO mice were useful for analy-
sis of ureogenesis in the perfused liver [38,39], but did not show
any significant phenotype or symptoms (Table 1). This is appar-
ently because mouse liver contains another active NADH shuttle,
glycerophosphate shuttle, which consists of two glycerol 3-phos-
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phate dehydrogenases from cytosol (cGPDH) and mitochondria
(mGPDH). The citrin/mGPDH double KO mice we generated [40]
revealed a number of human citrin deficiency symptoms, such as
hyperammonemia under fed conditions, citrullinemia, hypoglyce-
mia and so on (Table 1). The hepatic lactate/pyruvate ratio was
high and increased by the administration of sucrose in the double
KO mice. The most prominent characteristics of the mice are the
hyperammonemia enhanced by the administration of sugars, con-
firming the carbohydrate toxicity in citrin deficiency.

Since sweet taste is a signal of an energy source, even mice like
sweet taste. The citrin/mGPDH double KO mice, however, do not
like a sweet taste. Mice from all genotypes (wild type, citrin KO,
mGPDH KO mice) except the double KO mice voluntarily took a
large amount of sucrose solution [data not shown]: namely, the
double KO mice revealed a tendency similar to the citrin-deficient
subjects.

Issues of the conventional treatment procedures for
hyperammonemia in citrin deficiency

Some of the conventional treatment procedures for hyperam-
monemia may be very harmful for citrin deficiency. Low-protein
and high-carbohydrate meals are standard for the therapy of urea
cycle enzymopathy and lysinuric protein intolerance. Such meals,
however, may cause disturbances such as hyperammonemia and
hypertriglyceridemia in citrin deficiency [41]. In a similar sense,
infusion of high concentration of sugar sotution and glycerol solu-
tion for brain edema may cause deterioration [33,34,42]; many
yet-unreported CTLN2 patients in Japan have been treated with
such therapy, resulting in rapid death. Since high-carbohydrate
meals are common in Japan (Fig. 3) even for hospital meals
(Fig. 4), some citrin-deficient subjects should have become hyper-
ammonemic for the first time when they were admitted to a hos-
pital, as reported [25]. Similarly, some citrin-deficient subjects
should have become ill after the entrance into primary school
[26], where all schoolchildren had to take a high-carbohydrate
lunch provided from school.

Possible treatment procedures for citrin deficiency

The most effective treatment procedure for citrin deficiency so
far is liver transplantation [1,2,21,28-31]; more than 50 cases of
CTLN2 and five cases of NICCD have been treated successfully.
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Fig. 6. Ureogenesis under citrin deficiency is inhibited by the accumulation of cytosolic NADH generated by the metabolism of carbohydrate. Abbreviations are shown in

Fig. 1.
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Table 1
Comparison of symptoms and laboratory examinations between CTLN2, NICCD and
animal models.

 Fatty liver

© Sugar toxicity

BMI, body mass index.

After operation, they are metabolically normal, although issues are
donor, cost and administration of immunosuppression drugs.

Low-carbohydrate and high-protein diets seem to be effective
for NICCD and CTLN2 [41,43,44]. Doctors should not force high-
carbohydrate and low-protein meals for the patients with citrin
deficiency, but might have to be cautious about the protein amount
in diet if the hepatic ASS activity is decreased.

Administration of arginine may be effective against hyperam-
monemia and hypertriglyceridemia [41,44], even though plasma
arginine levels in CTLN2 patients are rather high [2]. In the exper-
iments using the citrin/mGPDH KO mice, we recognized that
administration of amino acid mixture (tryptone; casein pancreatic
hydrolysate) caused no increase in blood ammonia in contrast to
ornithine carbamoyl transferase-deficient spf-ash mice [45], but
rather suppressed increases in blood ammonia produced by
administration of sucrose solution [data not shown], suggesting
that amino acid mixture or some specific amino acid(s) may inhibit
the pathophysiological process.

We are now testing sodium pyruvate which oxidizes cytosolic
NADH to NAD* by lactate dehydrogenase reaction and may provide
energy as a substrate for TCA cycle. Pyruvate was able to decrease
NADH/NAD" ratio, resulting in deinhibition of ureogenesis in the
perfused liver of citrin KO mice [39]. In the first case, P557S2, the
administration of sodium pyruvate together with arginine brought
rapid increases in body weight and height, and significant
improvement in laboratory examinations such as plasma Cit, thre-
onine/serine ratio and serum PSTI (pancreatic secretory trypsin
inhibitor) [26]. In another CTLN2 patient, the administration of so-
dium pyruvate brought a body weight gain and improved the liver
histology [data not shown]. At least, administration of sodium
pyruvate seems to delay the necessity of liver transplantation [per-
sonal communication from Dr. Yazaki]. A recent research reported
by Nagasaka et al. [27] demonstrated that citrin deficiency is asso-
ciated with oxidative stress even under apparently health states.
The oxidative stress in citrin deficiency may result from reductive
stress caused by accumulation of NADH [46], which may be ame-
liorated by the administration of sodium pyruvate.

Current treatment concepts for citrin deficiency

Current treatment concepts for citrin deficiency are summa-
rized as follows:

(1) Some of conventional therapeutic procedures for hyperam-
monemia, such as low-protein and high-carbohydrate diets
are harmful. This is because carbohydrate causes generation
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of cytosolic NADH, which inhibits glycolysis and energy pro-
duction, and cause suppression of ureogenesis in citrin
deficiency.

(2) Liver transplantation is very effective, but issues are donor
and cost.

(3) Low-carbohydrate, and high-protein/-fat diets, favorites of
citrin-deficient subjects, are recommendable.

(4) Some amino acids, such as arginine and some other
unknown amino acids may be effective.

(5) Sodium pyruvate may be effective probably because it oxi-
dizes NADH, relieves inhibition of glycolysis and itself sup-
plies energy.

(6) Sodium pyruvate may also relieve oxidative stress in citrin
deficiency, which remains to be solved.
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The citrin/mitochondrial glycerol-3-phosphate dehydrogenase (mGPD) double-knockout mouse displays
phenotypic attributes of both neonatal intrahepatic cholestasis and adult-onset type Il citrullinemia, making it
a suitable model of human citrin deficiency. In the present study, we investigated metabolic disturbances in
the livers of wild-type, citrin (Ctrn) knockout, mGPD knockout, and Ctrn/mGPD double-knockout mice
following oral sucrose versus saline administration using metabolomic approaches. By using gas
chromatography/mass spectrometry and capillary electrophoresis/mass spectrometry, we found three
general groupings of metabolite changes in the livers of the double-knockout mice following sucrose
administration that were subsequently confirmed using liquid chromatography/mass spectrometry or
enzymatic methods: a marked increase of hepatic glycerol 3-phosphate, a generalized decrease of hepatic
tricarboxylic acid cycle intermediates, and alterations of hepatic amino acid levels related to the urea cycle or
lysine catabolism including marked increases in citrulline and lysine. Furthermore, concurrent oral
administration of sodium pyruvate with sucrose ameliorated the hyperammonemia induced by sucrose, as
had been shown previously, as well as almost completely normalizing the hepatic metabolite perturbations

" found. Overall, we have identified additional metabolic disturbances in double-KO mice following oral sucrose

administration, and provided further evidence for the therapeutic use of sodium pyruvate in our mouse model

of citrin deficiency.
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1. Introduction

In 1999, Kobayashi et al. [1] found that adult-onset type II
citrullinemia (CTLN2) - a late-onset form of citrullinemia characterized
by disturbances of consciousness, hyperammonemia and cerebral
edema leading to death - is caused by mutations in the SLC25A13 gene
that encodes the mitochondrial solute carrier citrin. Citrin, and the
closely related protein aralar (encoded by SLC25A12), were subsequently
both found to be aspartate (Asp)-glutamate (Glu) carriers (AGC) by
Palmieri et al. in 2001 [2]. Based on their mRNA and protein expression
patterns, citrin is considered the liver-type AGC isoform, while aralar the
brain- and skeletal muscle-type AGC isoform [3,4]. Also in 2001, three
groups reported that mutations in SLC25A13 cause not only CTLN2, but
also a form of neonatal hepatitis characterized by intrahepatic
cholestasis. This latter presentation was dubbed “intrahepatic
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cholestasis caused by citrin deficiency” (NICCD) {5~7]; and as a result, a
new disease entity, “citrin deficiency”, was established to encompass
both age-dependent disease presentations [8]. With more and more
citrin-deficient patients being identified as a result of increased
awareness of the disorder (especially outside of Japan), the availability
of molecular diagnostic testing, and expanded newborn screening
programs, it is now clear that the clinical features of citrin deficiency are
expanding. In addition to the initially described features of NICCD and
CTLN2, citrin deficiency also now appears to lead to additional
consequences throughout life: growth retardation and fatty liver in
infancy; elevated cholesterol, hypertriglyceridemia and pancreatitis in
late childhood and adolescence; and an increased risk of hepatocellular
carcinoma in adults {8-20]. This newly recognized pediatric presentation
of citrin deficiency, following the resolution of NICCD symptoms, has
recently been dubbed “failure to thrive and dyslipidemia caused by citrin
deficiency” or FTTDCD [21].

The wide variety of symptoms associated with citrin deficiency is
predicted to result directly from the loss of citrin's function as an AGC. The
liver AGC is not only important for the synthesis of proteins, nucleotides
and urea through its translocation of mitochondrial Asp into the cytosol,
but also plays an indispensable role in cytosolic NADH metabolism as a
member of malate-Asp shuttle. Gluconeogenesis from lactate (Lac) also
requires the liver AGC to maintain the stoichiometry of NADH, as
originally predicted by Krebs et al. [22]. One of the most unusual features
of citrin deficiency is that all patients tested to date show a unique food
predilection; they dislike carbohydrate-rich foods and prefer protein- and
fat-rich foods [8,9]. A detailed nutritional assessment of 18 Japanese
citrin-deficient patients (ranging from 1 to 33 years of age) clearly
demonstrated a significant reduction in their intake of carbohydrates,
with compensatory increases in protein and fat, compared to established
age- and gender-matched norms for the general Japanese population [23].

In an attempt to model citrin deficiency in mice, our initial studies of
the homologous-recombination-generated Slc25a13-knockout (KO)
mouse demonstrated metabolic perturbations in many of the pathways
in which citrin is predicted to play a role, using both in vitro assays and
liver perfusion experiments [24,25]. Despite these findings, however,
the mice failed to exhibit overt phenotypes relevant to human citrin
deficiency. Based on a published report [26] and our own unpublished
data that rodent liver contains much higher levels of glycerol-phosphate
shuttle activity than human liver, we have now established a more
representative model of human citrin deficiency [27] through breeding
Slc25a13-KO (Ctrn-KO) mice with Gpd2-KO (a.k.a. mitochondrial
glycerol-3-phosphate dehydrogenase or mGPD) mice, to create Ctrn/
mGPD double-KO mice. The double-KO mouse shows a sustained
elevation of plasma citrulline, hyperammonemia under fed conditions,
as well as hypoglycemia and fatty liver under fasted conditions — all
phenotypic features reminiscent of human citrin deficiency. Further-
more, one of the most prominent characteristics of the double-KO
mouse is exacerbated hyperammonemia following oral sucrose admin-
istration [26], which provides a hypothesis for why citrin-deficient
patients avoid carbohydrate-rich foods.

In this study, we have focused on examining the metabolic
disturbances present in the livers of wild-type (wt), Ctrn-KO, mGPD-
KO and double-KO mice following oral saline (as a control) or sucrose
administration using a metabolomic approach. Gas chromatography/
mass spectrometry (GC/MS) and capillary electrophoresis/mass spec-
trometry (CE/MS) were used to identify untargeted metabolites that
were specifically altered in the livers of the double-KO mice following
oral sucrose administration, and these findings were subsequently
confirmed using either enzymatic methods or liquid chromatography/
mass spectrometry (LC/MS) amino acid analysis for the quantitation of
specific metabolites. We also show that sodium (Na) pyruvate (Pyr),
which had been used previously to ameliorate the hyperammonemia
resulting from liver perfusion of ammonium chloride in Ctrn-KO mice,
also has a therapeutic effect on the metabolic disturbances in the liver of
the double-KO mice that are induced by oral sucrose administration.

2. Methods and materials
2.1. Animals

All wt, Ctrn-KO, mGPD-KO and Ctrn/mGPD double-KO mice used in
this study were congenic on the C57BL/6] background. Mice used in the
experiments were generated using the breeding scheme described
previously by Saheki et al. [27]. Briefly, mGPD-KO and double-KO mice
were obtained by mating heterozygous Ctrn-KO/homozygous mGPD-
KO (i.e., Ctrn™~/mGPD ™) mice, while wt and Ctrn-KO mice were
generated by mating heterozygous Ctrn-KO (i.e., Ctrn ™/~—/mGPDH /)
mice. Genotyping was performed with DNA extracted from ear punches
using procedures specific for each of the targeted mutations in the Ctrn-
KO [24] and mGPD-KO [28] mice, respectively.

2.2, Animal care

Mice were maintained at a constant temperature (234+1°C) on a
12-hour light (7 am to 7 pm)/dark cycle with free access to water and
CE2CE-2 chow (25% protein, 4.6% fat, and 50% carbohydrate providing
343 kcal/100 g; CLEA Japan, Tokyo, Japan). The mice used for the
experiments were analyzed between 80 and 150 days of age.

In the experiments to examine the metabolic alterations in liver
extracts, fed mice were sacrificed between 11 am and 12 am by cervical
dislocation, 1h after oral administration of either 0.9% saline or 50%
sucrose (10 g/kg body weight) at a standard dose of 20 ml/kg via gastric
tube,

This study was approved by the Committee for Animal Experimen-
tation at Tokushima Bunri University.

2.3. Preparation of liver extracts and blood samples

Livers were quickly removed, freeze-clamped between aluminum
tongues, pulverized under liquid nitrogen and homogenized in 3%
perchloric acid. Following the centrifugation of the samples at 10,000 xg
for 20 min at 4 °C, the supernatants were neutralized with 1M Na
bicarbonate and used for GC/MS, enzymatic analysis or amino acid
analyses, as described subsequently. For the CE/MS analysis, livers were
pulverized in liquid nitrogen and homogenized in methanol containing
internal standards (1ml per 100 mg liver) supplied by Human
Metabolome Technologies Inc. (Tsuruoka, Yamagata, Japan). Liver
extracts from four mice of the same genotype and treatment were
then combined on an equivalent per liver weight basis and analyzed as
single samples, for a total of eight samples analyzed.

In the experiments to examine the effects of Na-Pyr, blood was
taken from the heart under somnopentyl anesthesia (64.8 mg Na
pentobarbital/kg body weight) 1 h after oral administration of either
25% sucrose (5 g/kg body weight) in saline or 25% sucrose in 1 M Na-
Pyr (Musashino Chemicals Laboratory, Tokyo, Japan) and assayed for
blood ammonia. Livers were removed and treated as described earlier
for the determination of hepatic metabolite levels.

2.4. Analytical procedures

The GC/MS-based metabolomic analysis of liver homogenates was
generally performed as described previously [29,30]. To 50l of a
solution prepared from each liver extract, 50 pl of water and 900 pl
of ethanol containing internal standards (2,2-dimethylsuccinate, 2-
hydroxyundecanoate, D3-leucine and D4-tyrosine) were added, then
the preparation was mixed and centrifuged. The supernatant was then
dried under nitrogen gas and derivatized using trimethylsilylation. The
GC/MS analysis was then performed as previously reported [30]. The CE/
MS analysis was performed by Human Metabolome Technologies Inc.
(Tsuruoka, Yamagata, Japan) as previously reported [31].

The hepatic concentrations of glycerol-3-phosphate (G3P), dihy-
droxyacetone phosphate (DHAP), Pyr, citrate, malate, and o-
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ketoglutarate (aKG) were determined using established enzymatic
methods [32-37]. Lactate was determined using the Determiner LA kit
(Kyowa Medix Co. Ltd., Tokyo, Japan). Blood ammonia was assayed
using the Wako Ammonia test kit (Wako Pure Chemical Industries,
Osaka, Japan).

Hepatic amino acids were determined by LC/MS/MS (Acquity
UPLC/TQD; Waters, Milford, MA, USA) after solid phase extraction
followed by derivatization [38] using EZ:faast Amino Acid Analysis kit
(Phenomenex Ltd., Los Angeles, CA, USA).

2.5. Statistical analysis

The difference between two group means was evaluated using the
Student's t-test, with a threshold for statistical significance of p<0.05.
Differences among multiple group means were initially evaluated using
aone-way analysis of variance (ANOVA) followed by the Tukey-Kramer
test, with a threshold for statistical significance of p<0.05.

3. Results

3.1. GC/MS-based metabolomic analysis of mouse liver extracts following
oral administration

We have shown previously that the hyperammonemia observed in
the fed state of Ctrn/mGPD double-KO mice is further aggravated by oral
sucrose administration (50% w/v of water; 10 g/kg body weight) [27]. To
investigate the metabolic perturbations associated with oral sucrose
administration in the Ctrn/mGPD double-KO mice, saline (20 mi/kg
body weight; used as a control) or a 50% sucrose solution (10 g/kg body
weight) was administered to wt, Ctrn-KO, mGPD-KO and double-KO
mice. One hour after administration, liver extracts were prepared and
analyzed using GC/MS. Most strikingly, we found that hepatic G3P was
markedly and specifically increased in the double-KO mice following
oral sucrose administration (data not shown). We also observed lower
hepatic Asp and alanine (Ala) in the double-KO mice, as well as lower
hepatic tricarboxylic acid (TCA) cycle intermediates including isocitrate,
succinate, fumarate and malate in Ctrn-KO, mGPD-KO and double-KO
mice (data not shown). These latter findings, however, were found not
only after oral sucrose administration, but also after oral saline
administration.

3.2. CE/MS-based metabolomic analysis of mouse liver extracts following
oral administration

In order to examine a broader range of metabolites as well as to more
sensitively identify differences between oral saline versus sucrose
administration among the four different mouse genotypes, we further
analyzed mouse liver extracts using CE/MS. For this analysis, eight
samples were analyzed using CE/MS that were from each of the four
genotypes treated with either oral saline or sucrose solution, with each
sample consisting of four liver extracts from mice of the same genotype
receiving the same treatment. Using this approach, we found three
general groupings of metabolic disturbances in the livers of the mice:
G3P (as part of the glycolytic pathway), TCA cycle intermediates, and
amino acids that include both urea cycle intermediates as well as other
amino acids related to lysine (Lys) catabolism.

A comparison of hepatic G3P and TCA cycle intermediates among the
four mouse genotypes following saline and sucrose administration, all
relative to wt saline levels, is shown in Fig. 1. The CE/MS-based
metabolomic analysis revealed relatively increased hepatic G3P in Ctrn-
KO and double-KO mice following oral saline administration (Fig. 1A),
while hepatic G3P was markedly increased in the livers of the double-KO
mice following oral sucrose administration (Fig. 1B; consistent with GC/
MS findings). In addition, relatively smaller increases in hepatic G3P
were also observed for wt, Ctrn-KO and mGPD-KO mice following oral
sucrose administration. On the other hand, the TCA cycle intermediates

700
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% of saline-treated wild-type level
o

Glycolytic and TCA Cycle Metabolites

Fig. 1. Relative differences in hepatic glycolytic and TCA cycle metabolites among the
mouse genotypes following oral saline (A} or sucrose administration (B), as determined
by CE/MS-based metabolomic analysis. The hepatic metabolites from each genotype are
expressed as the percent of saline-treated wt mice. White circles denote wt; grey, Ctrn-
KO; hatched, mGPD-KO; and black, double-KO mice. The insert in (B) shows a
magnification of the data specifically for the TCA cycle intermediates. Abbreviations
used are G6P, glucose-6-phosphate; F6P, fructose-6-phosphate; FBP, fructose -1,6-
bisphosphate; DHAP, dihydroxyacetone phosphate; G3P, glycerol-3-phosphate; 3PG, 3-
phosphoglycerate; PEP, phosphoenolpyruvate; Cit, citrate; Aco, cis-aconitate; Ict,
isocitrate; aKG, a-ketoglutarate; Fum, fumarate; Mal, malate.

were all relatively elevated in Ctrn-KO and double-KO mice following
oral saline administration when compared to wt and mGPD-KO mice
(Fig. 1A), while only the TCA cycle intermediates in the double-KO mice
showed a generalized decrease compared to the other genotypes
following oral sucrose administration (Fig. 1B insert).

The CE/MS-based metabolomic analysis also revealed relative
changes in the urea cycle intermediates, with markedly increased
hepatic citrulline and decreased hepatic ornithine (Orn) and arginino-
succinate (ASA) in the double-KO mice following oral sucrose
administration (Fig. 2A). Additionally, hepatic N®-acetyl-lysine and Lys
were also increased in the double-KO mice following oral sucrose
administration, while saccharopine and aminoadipic acid were de-
creased in the double-KO mice following oral sucrose administration
(Fig. 2B). The CE/MS analysis also suggests that there were no marked
changes in the other amino acids, which was confirmed by amino acid
analysis by LC/MS, as described later.

3.3. Confirmation of altered metabolites in mouse liver extracts using
independent methods

One of the most striking findings from both the GC/MS- and CE/MS-
based metabolomic approaches was the marked increase of hepatic G3P
in the double-KO mice following oral sucrose administration. Using an
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Fig. 2. Relative differences in hepatic urea cycle (A) and lysine catabolic {(B) metabolites
among the mouse genotypes following oral sucrose administration, as determined by
CE/MS-based metabolomic analysis. The hepatic metabolites following oral sucrose
administration are expressed as the percent of saline-treated levels within each of the
mouse genotypes. Abbreviations used are Orn, ornithine; Citr, citrulline; ASA,
argininosuccinate; Arg, arginine in (A); and AcLys, NS-acetyl-lysine; Sac, saccharopine;
and AAA, aminoadipic acid in (B).

enzymatic method to quantitate hepatic G3P in wt, Ctrn-KO, mGPD-KO
and double-KO mice, we found that the double-KO mice had a mean
hepatic G3P content of 4540 nmol/g liver following oral sucrose
administration (Fig. 3A). Furthermore, this concentration was signifi-
cantly greater than that of the double-KO mice following saline
administration (770 nmol/g liver; p<0.01, t-test), and each of the
other genotypes following sucrose administration (p<0.05 in each case,
ANOVA,; Fig. 3A). Other smaller differences were found in hepatic G3P
contents, confirming the CE/MS-based observations that each of the
remaining three genotypes showed increased hepatic G3P contents
when comparing oral sucrose versus saline administration (Fig. 3A), as
well as higher hepatic G3P contents in the Ctrn-KO and double-KO mice
compared with wt and mGPD-KO mice following oral saline adminis-
tration (Fig. 3A). Using an enzymatic method to quantitate hepatic DHAP,
the increased hepatic G3P found in the double-KO mice following oral
sucrose administration was not accompanied by a concomitant increase
in DHAP (data not shown), normally thought to be in equilibrium with
G3P. As aresult, a significant increase in the G3P/DHAP ratio was observed
in the livers of the double-KO mice following sucrose administration
(Fig. 3B). Again, smaller but statistically significant changes were also seen
in G3P/DHAP ratios between double-KO and wt mice following saline
administration, as well as between wt mice when comparing oral sucrose
versus saline administration (Fig. 3B).

+NacCl +Sucrose
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3000

2000
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7 ® @6 @© (10) (10) (8 (7)
Fig. 3. Hepatic glycerol-3-phosphate (G3P; A) and G3P/DHAP ratio (B) among the four
mouse genotypes following oral saline or sucrose administration. Saline (NaCl) or
sucrose (10 g/kg body weight) was orally administered to the mice, as described in the
Methods and materials. White bars denote wt; grey, Ctrn-KO; hatched, mGPD-KO; and
black, double-KO mice. Data from each group of mice are expressed as mean =+ SD.
Parentheses denote the number of mice in each genotype examined. Differences among
the genotypes within the same treatment group were evaluated by ANOVA followed by
the Tukey-Kramer test, where mean values with the same character are not statistically
different. Differences between two treatment groups within the same genotype were

evaluated using a Student's t-test, where # denotes a statistical difference at p<0.05
and ## at p<0.01.

The changes observed in the TCA cycle intermediates by CE/MS were
also largely confirmed using enzymatic methods for citrate, ®KG and
malate (Figs. 4A, B and C). Although there were no statistically
significant differences in hepatic citrate between double-KO and wt
mice following saline administration (as initially found by CE/MS), both
Ctrn-KO and double-KO mice showed significant reductions in hepatic
citrate following sucrose administration (Fig. 4A). Similar findings were
also observed for oKG and malate, where Ctrn-KO and double-KO mice
tended to show higher liver concentrations than wt and mGPD-KO mice
following oral saline administration, but reduced levels following oral
sucrose administration (the change in «KG when comparing oral saline
versus sucrose administration failed to reach statistical significance for
Ctrn-KO mice). Interestingly, a significant decrease in citrate, and
increase in malate, were also found in wt mice when comparing saline
versus sucrose administration (Figs. 3A and C), as was a significant
increase in aKG in mGPD-KO mice (Fig. 3B). These latter findings were
not initially found by CE/MS.
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Fig. 4. Hepatic concentrations of citrate (A), a-ketoglutarate (aKG; B) and malate
(C) among the four mouse genotypes following oral saline or sucrose administration.
Experimental and statistical details are given in the legend of Fig. 3. White bars denote
wt; grey, Ctrn-KO; hatched, mGPD-KO; and black, double-KO mice. Data from each
group of mice are expressed as mean = SD. Numbers in parentheses denote the number
of mice in each genotype examined.

The last grouping of metabolite changes found through the
metabolomic analyses were in hepatic amino acids levels. An LC/MS-
based amino acid analysis (Figs. 5-7) also largely confirmed the results
found by CE/MS. For the urea cycle intermediates, decreased Orn
(Fig. 5A) and markedly increased citrulline (Fig. 5B) were found in the
double-KO mice following sucrose versus saline administration, while
higher hepatic Orn and citrulline concentrations in Ctrn-KO mice
appeared independent of oral administration (Figs. 5A and B). Although
hepatic ASA in the double-KO mice seemed to be lower following
sucrose versus saline administration by CE/MS, ASA (Fig. 5C), arginine
(Arg; Fig. 5D) and Asp (Fig. 5E) levels were all found to be unchanged by
LC/MS within each genotype when comparing saline versus sucrose
administration despite higher hepatic ASA and Arg, and lower hepatic
Asp, in Ctrn-KO and double-KO mice relative to wt and mGPD-KO mice.

Regarding the observed changes in the other amino acids identified
by CE/MS, hepatic Lys was confirmed to be specifically increased in
double-KO mice following sucrose administration (Fig. 6). Hepatic Ala
(Fig. 7A) was also found to be increased in wt and mGPD-KO mice
following sucrose versus saline administration, Glu decreased in Ctrn-
KO and double-KO mice following sucrose versus saline administration,
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Fig. 5. Hepatic concentrations of ornithine (Orn; A), citrulline (B), argininosuccinate
(ASA; C), arginine (Arg; D) and aspartate (Asp; E) among the four mouse genotypes
following oral saline or sucrose administration. Experimental and statistical details are
given in the legend of Fig. 3. White bars denote wt; grey, Ctrn-KO; hatched, mGPD-KO;
and black, double-KO mice. Data from each group of mice are expressed as mean = SD.
Numbers in parentheses denote the number of mice in each genotype examined.

and Gln increased in wt but decreased in double-KO mice, following
sucrose versus saline administration. No further differences in other
hepatic amino acids, including the ratios of the branched-chain amino
acids/aromatic amino acids or threonine/serine, were detected (data not
shown).
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Fig. 6. Hepatic concentration of Lys among the four mouse genotypes following oral
saline or sucrose administration. Experimental and statistical details are given in the
legend of Fig. 3. White bars denote wt; grey, Ctrn-KO; hatched, mGPD-KO; and black,
double-KO mice. Data from each group of mice are expressed as mean == SD. Numbers in
parentheses denote the number of mice in each genotype examined.

3.4. Effect of Na-Pyr on the metabolite changes induced by sucrose
administration

We also tested whether Na-Pyr, which had been shown previously to
ameliorate the block in ureogenesis from ammonium chloride during
liver perfusion of Ctrn-KO mice [24], would also affect the metabolite
changes found in the double-KO mice following sucrose administration
in vivo. As shown in Fig. 8, the increased blood ammonia found in the
double-KO mice following oral sucrose administration (5 g/kg body
weight), was completely normalized to the level of littermate mGPD-KO
mice when simultaneously administered with Na-Pyr (20 mmol/kg).
Furthermore, increased hepatic G3P, citrulline and Lys were also largely
normalized to the levels of saline-treated wt mice (Figs. 94, C and D),
while decreased hepatic citrate was increased to that of saline-treated
wt mice (Fig. 9B). Overall, these findings further substantiate our
previously proposed rationale for the use of Na-Pyr as a therapy for citrin
deficiency.

4. Discussion

We showed previously that Ctrn/mGPD double-KO mice recapitulate
many features of human citrin deficiency: growth restriction, hypogly-
cemia, hyperammonemia (under fed conditions), fatty liver, elevated
plasma citrulline and an elevated plasma threonine/serine ratio {27}, In
addition, we also found that the double-KO mice show a worsening of
the hyperammonemia, a decreased Fischer ratio (i.e., plasma branched-
chain amino acids/aromatic amino acids) and lower plasma Ala
following oral sucrose administration. It was these latter findings
which suggested that increased sucrose metabolism could exacerbate
urea cycle dysfunction in double-KO mice, and that this phenomenon
may underlie the aversion of citrin-deficient patients to carbohydrate-
rich foods. This therefore led us to investigate the hepatic perturbations
in double-KO mice following an oral sucrose administration. In the
present study, we analyzed the metabolite profiles of liver extracts from
wt, Ctrn-KO, mGPD-KO and double-KO mice 1 h following either an oral
saline or sucrose administration, using untargeted metabolomic ap-
proaches by GC/MS and CE/MS.

The most striking finding, the markedly increased hepatic G3P
content in double-KO mice following sucrose administration, was found
by both GC/MS and CE/MS analyses and confirmed using an established
enzymatic method. Furthermore, the increased hepatic G3P was not
accompanied by a concomitant increase in DHAP, and thus led to a
substantial elevation of the G3P/DHAP ratio which probably reflected an
increased cytosolic NADH/NAD ™ ratio due to the lack of both malate-
Asp and glycerophosphate shuttle activities. An increased cytosolic
NADH/NAD™* ratio generated from the glyceraldehyde-3-phosphate
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Fig. 7. Hepatic concentrations of alanine (Ala; A), glutamate (Glu; B) and glutamine
(Gln; C) among the four mouse genotypes following oral saline or sucrose
administration. Experimental and statistical details are given in the legend of Fig. 3.
White bars denote wt; grey, Ctrn-KO; hatched, mGPD-KO; and black, double-KO mice.
Data from each group of mice are expressed as meanzSD. Numbers in parentheses
denote the number of mice in each genotype examined.

dehydrogenase reaction would limit the overall conversion of glycer-
aldehyde-3-phosphate to 1,3-bisphosphoglycerate, and therefore shunt
excess glyceraldehyde-3-phosphate from the catabolism of both glucose
and fructose towards DHAP via the triose phosphate isomerase reaction.
Our results support the notion that DHAP is further converted to G3P, as
the cytosolic glycerol-3-phosphate dehydrogenase reaction is driven in
the direction of G3P synthesis by the increased cytosolic NADH/NAD*
ratio. In the case of the double-KO mice, G3P appears to then act as a
dead-end metabolite (much like lactate), and simply accumulates.
However, as G3P should still be available for fatty acid esterification, it is
unclear whether the level of hepatic G3P observed in the double-KO
mice represents an altered equilibrium or a rate limitation in triglyceride
synthesis. The hypertriglyceridemia observed in citrin-deficient pa-
tients is believed to be due to the utilization of the malate—citrate cycle
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Fig. 8. Effect of oral sodium pyruvate (20 mmol/kg; Na-Pyr) administration on
hyperammonemia induced by sucrose (5g/kg body weight} administration in
double-KO mice. A sucrose solution (25%), or sucrose with 1 M Na-Pyr solution, was
administered to the mice by gastric tube. One hour after administration, blood was
taken by cardiac puncture under anesthesia and blood ammonia levels were
determined. Hatched bars denote mGPD-KO littermate controls; black bars denote
double-KO mice. Data from each group of mice are expressed as mean -+ SD. Differences
between each genotype and treatment group were evaluated using a Student's t-test,
where # denotes a statistical difference at p<0.05.

as an alternative for transporting cytosolic NADH into the mitochondria,
which would require the transport of citrate out of the mitochondria,
and its conversion to acetyl-CoA for fatty acid synthesis. This process is
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cataplerotic, since citrate, a TCA cycle intermediate, is being utilized.
Further studies are needed to examine the relationship between the
G3P/DHAP and Lac/Pyr ratios in the double-KO mice, as well as their
overall consequences on malonyl-CoA levels and fatty acid biosynthesis
in relation to the overall rate of triglyceride biosynthesis.

Inhibition of the glyceraldehyde-3-phosphate dehydrogenase reac-
tion is also hypothesized to limit the amount of pyruvate generated from
the catabolism of sucrose, and the increased cytosolic NADH/NAD ™ ratio
would convert pyruvate to lactate via lactate dehydrogenase, further
limiting its availability for conversion to acetyl-CoA as part of the TCA
cycle. The increased hepatic Ala observed in wt and mGPD-KO mice
following sucrose versus saline administration was not observed in the
Ctrn-KO and double-KO mice, which supports a reduced flow of 3-carbon
intermediates through glycolysis. The resulting decreased TCA cycle
intermediates citrate, oKG and malate that were found by CE/MS and
confirmed using enzymatic methods, further supports the notion that
this reduction may lead to decreased ATP synthesis and a possible energy
deficit. However, an initial evaluation of hepatic ATP, ADP levels and ATP/
ADP ratios in wt, Ctrn-KO, mGPD-KO and double-KO mice, following
either saline or sucrose administration, found only decreased ATP levels
and ATP/ADP ratios following sucrose administration in all genotypes
(data not shown).

If hepatic G3P is acting as a buffer for NADH to normalize the NADH/
NAD " ratio and mitigating an increased NADH/NAD * ratio, what are the
cellular consequences of elevated hepatic G3P? Other metabolic
disorders that lead to elevated phosphorylated metabolites such as
hereditary fructose intolerance (leading to an accumulation of fructose-
1-phosphate), classical galactosemia (leading to an accumulation of
galactose-1-phosphate) and glycogen storage disease type I (leading to
an accumulation of glucose-6-phosphate) all show toxic and damaging
cellular effects. One possible mechanism for their toxicity may be
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Fig. 9. Hepatic glycerol-3-phosphate (G3P; A), citrate (B), citrulline (C) and lysine (Lys; D) levels in double-KO mice following oral saline (NaCl), sucrose (5 g/kg; Suc) or sucrose with
Na-Pyr (20 mmol/kg) administration. Experimental and statistical details are given in the legend of Fig. 8. Livers from the mice were removed and extracted as described in Fig. 3.
White bars denote wt mice, for reference; black bars denote double-KO mice. Data from each group of mice are expressed as mean = SD. The number of mice within each group
examined was n= "7 for wt; n=8 for all groups of double-KO mice. Differences between each group of mice were evaluated using a Student's {-test, where # denotes a statistical

difference at p<0.05; ## at p<0.01; and ns denotes not statistically different.
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through the sequestration of phosphate, decreasing cellular phosphate
pools, and limiting energy-dependent pathways. Further work is needed
to evaluate the hepatic consequences of an increased hepatic G3P level in
the double-KO mice, and whether chronic elevations may lead to
carcinogenic conversion, explaining the increased risk of hepatocellular
carcinoma in citrin-deficient patients. It is also interesting to note that,
similar to the dietary predilections of citrin-deficient patients, peculiar
feeding habits with an avoidance of fructose-containing foods are
recognized behavior patterns in patients with hereditary fructose
intolerance. This behavior has been directly attributed to ingesting
fructose which leads to symptoms including poor growth, jaundice, liver
steatosis and hypoglycemia [39]— symptoms that overlap those of citrin-
deficient patients.

In contrast to the decreased TCA cycle intermediates found in the
double-KO mice following sucrose administration, the generalized
increase of TCA cycle intermediates found in the Ctrn-KO and double-KO
mice following oral saline administration when compared to wt and
mGPD-KO mice may be the result of inhibition of gluconeogenesis
during the postprandial period. As shown by Moriyama et al. [25],
gluconeogenesis from lactate, which is dependent on citrin as the liver-
type AGC, is completely inhibited in the perfused livers of Ctrn-KO mice
because of its stoichiometric requirement on cytosolic NADH, as
predicted by Krebs et al. [22]. The inhibition of gluconeogenesis from
lactate, which requires its conversion to pyruvate, translocation into the
mitochondria and conversion to oxaloacetate, would potentially trap
oxaloacetate (and other TCA cycle intermediates) within the mitochon-
dria as the transport of mitochondrial malate would also be inhibited by
an elevated cytosolic NADH/NAD™ ratio. Additional studies are needed
to further investigate this observation.

The substantial increase of hepatic citrulline and decreased Orn in the
context of hyperammonemia provides evidence that the argininosucci-
nate synthetase (ASS) reaction is the rate-limiting or inhibited step of the
urea cycle in double-KO mice following sucrose administration. This
finding is consistent with what has been observed in CTLN2 patients: the
ASS reaction appears specifically sensitive to the loss of citrin function.
Contrary to what was found by CE/MS analysis, however, ASA and Arg
were found to be elevated in Ctrn-KO and double-KO mice compared to
wt and mGPD-KO mice irrespective of oral administration, which may
represent elevated steady-state levels in those genotypes. As mitochon-
drial Asp has been shown to be the preferred source for ASS to condense
citrulline and Asp to form ASA [40], cytosolic Asp from either
oxaloacetate or asparagine would become essential sources in the
absence of citrin. Following sucrose administration that results in an
elevated cytosolic NADH/NAD™ ratio, cytosolic malate dehydrogenase
would be inhibited from converting malate to oxaloacetate, further
eliminating an essential source of Asp for the ASS reaction via
transamination by aspartate aminotransferase. Qur previous studies
had found increased mRNA expression of asparagine synthetase in the
livers of the double-KO mice [27], among other changes, suggesting that
asparagine is probably an important source of cytosolic Asp in the
double-KO mice despite no observed change in hepatic asparagine levels
among the various genotypes or following sucrose administration.

One surprising result from the present metabolome study that
appeared seemingly unrelated to the expected roles of citrin in
intermediary metabolism, was the finding of a marked increase in
hepatic Lys in the double-KO mice after oral sucrose administration.
Cross-over point analysis showing the increased Lys (found by CE/MS
analysis and confirmed by enzymatic methods) and decreased
saccharopine and aminoadipic acid (found by CE/MS analysis) supports
a block in Lys oxidation through the inhibition of i-lysine-ca-ketoglu-
tarate reductase activity. This was further supported by increased
hepatic N®-acetyl-Lys found by CE/MS analysis; a known byproduct of
elevated Lys. L-lysine-oi-ketoglutarate reductase [EC.1.5.1.8] activity
(one of two enzymatic activities of the bifunctional a-aminoadipate
§-semialdehyde synthase [AASS] enzyme) utilizes NADPH to irrevers-
ibly convert lysine and oKG to saccharopine, which is then irreversibly

converted to o-aminoadipate §-semialdehyde by the saccharopine
dehydrogenase [EC.1.5.1.9] activity of the same AASS enzyme. Since
AASS is a mitochondria matrix enzyme [41], the decreased hepatic aKG
found in the double-KO mice following oral sucrose administration
(Figs. 1 and 4) may in fact limit the enzymatic conversion of lysine to
saccharopine by AASS. A similar secondary hyperlysinemia phenome-
non has been observed in several inborn errors of metabolism including
urea cycle disorders and pyruvate carboxylase deficiency, where
elevated plasma Lys has often been observed. Kamoun et al. [42] have
postulated that the elevated plasma Lys levels in those disorders are at
least in part dependent on the rate of mitochondrial Lys degradation,
and hence the availability of mitochondrial «KG in the liver.

Finally, the identification of these metabolic derangements in double-
KO mice following oral sucrose administration has now established
additional biomarkers for evaluating the efficacy of candidate therapies
in our mouse model of human citrin deficiency. The use of Na-Pyr, which
was found previously to be effective in alleviating the block in
ureogenesis from ammonium chloride in the perfused liver of Ctrn-KO
mice [25], has now been found to lower blood ammonia as well as hepatic
G3P, citrulline and Lys levels, and to raise hepatic citrate levels, in double-
KO mice following oral sucrose administration. This is in keeping with
observations made in a small number of citrin-deficient patients where
the administration of Na-Pyr together with Arg has led to increases in
body height and weight, normalization of abnormal laboratory findings
(e.g., lower plasma citrulline, threonine/serine ratio and serum pancreatic
secretory trypsin inhibitor levels), and improvement of the histological
appearance of the liver in repeat biopsies [13,43]. Overall, our results
support the hypothesis that increased sucrose metabolism in human
citrin deficiency alters the cytosolic redox state such that the increased
NADH/NAD™ ratio leads to inhibition of multiple pathways of interme-
diary metabolism including glycolysis, the TCA cycle, ureogenesis, and
even Lys catabolism. These results also provide further rationale for the
use of Na-Pyr in citrin-deficient patients, where the increased availability
of Pyr to decrease the NADH/NAD ™ ratio as well as potentially provide an
anaplerotic substrate for the TCA cycle likely explains its therapeutic
effect. We are now testing the response of more than a dozen citrin-
deficient patients to Na-Pyr treatment. :
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Pyruvate dehydrogenase kinase 4 (PDK4) mRNA has been reported as an up-regulated gene in the heart and
skeletal muscle of carnitine-deficient juvenile visceral steatosis (JVS) mice under fed conditions. PDK4 plays
an important role in the inhibition of glucose oxidation via the phosphorylation of pyruvate dehydrogenase
complex (PDC). This study evaluated the meaning of increased PDK4 mRNA in glucose metabolism by
investigating PDK4 protein levels, PDC activity and glucose uptake by the heart and skeletal muscle of JVS
mice. PDK4 protein levels in the heart and skeletal muscle of fed JVS mice were increased in accordance with
mRNA levels, and protein was enriched in the mitochondria. PDK4 protein was co-fractionated with PDC in
sucrose density gradient centrifugation, like PDK2 protein; however, the activities of the pyruvate
dehydrogenase complex (PDC) active form in the heart and skeletal muscle of fed JVS mice were similar to
those in fed control mice. Fed JVS mice showed significantly higher glucose uptake in the heart and similar
uptake in the skeletal muscle compared with fed control mice. Thus, in carnitine deficiency under fed
conditions, glucose was preferentially utilized in the heart as an energy source despite increased PDK4 protein
levels in the mitochondria. The preferred glucose utilization may be involved in developing cardiac

hypertrophy from carnitine deficiency in fatty acid oxidation abnormality.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Juvenile visceral steatosis (JVS) mice, an animal model of systemic
carnitine deficiency (SCD), showed cardiac hypertrophy and progressive
cardiac dysfunction [1-6]. In SCD, heart problems including hypertrophy
and arrhythmia are clinically important [7,8]. Understanding the
pathophysiology of the hypertrophy of JVS mice will help to prevent
and treat heart problems in human SCD. Here, we tried to study the

Abbreviations: BCKDC, branched-chain ketoacid dehydrogenase complex; DTT,
dithiothreitol; E1, pyruvate dehydrogenase component of PDC; E2, dihydrolipoyl
acetyltransferase component of PDC; E3, dihydrolipoamide dehydrogenase component
of PDC; E3BP, E3-binding protein component of PDC; HA, hemagglutinin antigen; JVS,
juvenile visceral steatosis; KGDC, a-ketoglutarate dehydrogenase complex; LDH,
lactate dehydrogenase; PDC, pyruvate dehydrogenase complex; PDK, pyruvate
dehydrogenase kinase.
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Sciences, 8-35-1 Sakuragaoka, Kagoshima 890-8544, Japan. Fax: + 81 99 265 8434,
E-mail address: masakun@m.kufm.kagoshima-u.ac.jp (M. Horiuchi).
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pathophysiology of hypertrophy by elucidating the role of pyruvate
dehydrogenase kinase (PDK) 4, which was found as an up-regulated gene
in the hypertrophied heart [9], in glucose metabolism.

JVS mice were discovered originally in the C3H=0OH strain suffering
from fatty liver [10]. Subsequent studies revealed that JVS mice also
have hypoglycemia, hyperammonemia, growth retardation and
cardiac hypertrophy, in addition to fatty liver, thus resembling the
symptoms of human SCD [3,11]. JVS mice showed severely lowered
carnitine levels in blood due to lowered renal reabsorption of
carnitine [12,13]. Genetically, JVS mice showed a spontaneous
mutation in the mouse homologue of organic cation transporter 2
(OCTN2), as well as human SCD [14,15]. Thus, JVS mice are now
established as an animal model for human SCD. Cardiac hypertrophy
was ameliorated by intraperitoneal administration of carnitine.
Additionally, peroxisome proliferator-activated receptor alpha
(PPARt) agonists [16], or lowering the fat content of the diet [17]
attenuated hypertrophy, suggesting that fatty acids which cannot be
metabolized are involved in its development. Antioxidants are also
effective, indicating that oxidative stress plays an important role in
hypertrophy [18]; however, the mechanism of hypertrophy is still not
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completely understood. For better understanding, differences in gene
expressions between hypertrophied and normal hearts were surveyed.
JVS mice showed mRNA of atrial natriuretic peptide and skeletal muscle
actin up-regulated in the heart as well as the pressure-overloaded
hypertrophied heart [4]. On the other hand, JVS mice showed
unchanged mRNA in B-myosin heavy chain and decreased mRNA in
cardiotrophin [4,19], different from the pressure-overloaded hypertro-
phied heart. These results indicate that the mechanism of hypertrophy is
at least partially different from that of pressure-overloaded hypertro-
phy. We also found that pyruvate dehydrogenase kinase (PDK) 4 mRNA,
which has been reported as a down-regulated gene in the pressure-
overloaded hypertrophied heart, was increased in the heart of JVS mice
[9,20,21]. As noted in studies on pressure-overloaded hypertrophy,
down-regulated PDK4 is involved in the increased reliance on glucose as
fuel [20]. It is interesting to examine whether increased PDK4 mRNA in
the JVS mice heart plays a role in glucose metabolism through pyruvate
dehydrogenase complex (PDC) regulation.

PDK isoforms have been reported as four respective proteins,
which are coded to four different genes. The four PDK isoforms are
shown on tissue distribution, affinity to substrates, and sensitivity to
inhibitors [22]. All PDK isoforms are considered to be involved in the
inactivation of PDC. PDK4 has been proposed to be especially involved
in PDC inactivation under fasting or diabetic conditions through
transcriptional regulation [23-26]. The physical association between
PDK4 and PDC has not been elucidated completely, but the remaining
PDK isoforms (PDK1-3) have been shown to bind to PDC through the
E2-lipoyl domain [27-29]. Recently, Wynn et al. reported that PDK4
possibly binds to PDC through the E3BP-lipoyl domain [30]. It is
necessary to show clearly the physical binding between PDK4 and
PDC. In JVS mice, the activity of the PDC active form (PDCa) in the
heart of carnitine-deficient mice was similar to that in control mice
[9], suggesting that the increased PDK4 mRNA level is not necessarily
associated with PDC inactivation.

In the present study, we examined the relationship between PDK4
protein levels and PDC activity in the heart and skeletal muscles of JVS
mice. We also observed the localization of PDK4 protein in JVS mice
and the physical association between PDK4 and PDC. Glucose uptake
was also measured in several JVS mouse tissues.

2. Methods
2.1. Animals and reagents

Control (W, jus*/*) and homozygous mutant (JVS, jvs~/~) mice were
obtained by cross-mating heterozygous mice or by mating homozygous
mutant male and heterozygous fernale mice [10]. Mice residing in a closed
colony originating from the C3H-OH strain were used for all experiments.
Neonatal (7-28 days of age) JVS mice were treated intraperitoneally with
L-carnitine- HCl (5 pmol/mouse; Sigma-Aldrich, St. Louis, MO), dissolved
in physiological saline and neutralized with 0.2 M NaOH, as described
previously [31]. Mice were kept under a 12 h lights on-off cycle (lights on
7:00-19:00) and had free access to laboratory chow (CE2; CLEA Japan,
Inc., Tokyo, Japan) and water.

This study was approved by the Ethics Committee for Animal
Experimentation at Kagoshima University, which was standardized to
Japanese national guidelines for animal experiments.

Except when noted, reagents were purchased from Nacalai Tesque
(Kyoto, Japan) and Sigma-Aldrich. Anti-hemagglutinin (HA) antibody
and peroxidase conjugated secondary antibodies were from Santa
Cruz Biotechnology (Santa Cruz, CA) and Roche Diagnostics (Tokyo,
Japan), respectively.

2.2. Preparation of antibodies, and Western blotting

Anti-PDK4 antibody (aPDK4) antigen was prepared as follows.
The PCR product of PDK4 from mouse heart cDNA was introduced into

pET-15b expression vector (Novagen, Madison, MI) to produce Hisg-
tagged protein. Primers (forward primer, 5'-ATCATATGAAGCAGCTGCTG-
GACTTTG-3'; reverse primer, 5'-~AGACCCACTTGGATCCCGTAAA-3') were
utilized for PCR. These contained mismatched sequences to produce Ndel
and BamHI restriction enzyme sites (underlined). Plasmids containing the
PCR product were transformed in BL21 (DE3) pLysS cells. The purified
protein was mixed with TiterMax Gold (CytRx, Norcross, GA) in
accordance with the manufacturer's protocol, and injected into a rabbit.
This gave serum reacting specifically against recombinant mouse PDK4
proteins (Fig. 2A).

Anti-PDK2 antibody (Drs. P. Wu and R.A. Harris, Indiana University, IN)
[24], and anti-branched chain a-ketoacid dehydrogenase complex
(BCKDC) antibody (Dr. Y. Shimomura, Nagoya Institute of Technology,
Japan) [32] were kindly donated. Anti-PDC and anti-a-ketoglutarate
dehydrogenase complex (KGDC) antibodies were prepared [33].

Mouse PDK1, PDK2 and PDK4 proteins containing a hemagglutinin
(HA) tag at the carboxyl-terminal region were produced. The cDNA
clones for mouse PDK1 (register number, IMAGp998K234710Q2) and
PDK2 (register number, IMAGp998N044710Q2) were obtained from
RZPD Deutsches Ressourcenzentrum (Berlin, Germany). The c¢DNA
clone for PDK4 was prepared from a mouse heart ¢cDNA [9]. PCR
products (PDK1, 5-GACCATGAGGCTGGCAAGGCTG-3’ and 5'-
GCTCGAGTTAAGCGTAGTCTG- GGACGTCGTATGGGTAAGAGCTTCG-
GAATGTGGT-3’; PDK2, 5-GACCATGCGT- TGGGTCCGGGC-3' and 5'-
GCTCGAGCTAAGCGTAGTCTGGGACGTCGTATGGGT- AGCTGACCCGA-3';
PDK4, 5'-GACCATGAAGGCAGCCCGCTTC-3' and 5'-GCTCGAGTCAAGCG-
TAGTCTGGGACGTCGTATGGGTACACTGCCAGCTTCTCCTTC-3") were
subcloned into a eukaryotic expression vector, pcDNA3.1 (Invitrogen,
Carlsbad, CA). The underlined portions of the primers mentioned
previously each correspond to a region of the HA tag. The plasmids were
transfected into COS cells by the calcium-phosphate method [34]. The
recombinant proteins were homogenized by buffer A (137 mM Na(l,
2.7 mM KCl, 10 mM Na,HPOy, 1.8 mM KH,PO,, pH 7.4).

For Western blot analysis, samples were treated with an equal
volume of SDS buffer [0.12 M Tris-HCl pH 6.8, 2% (w/v) SDS, 20% (v/v)
glycerol, and 0.4% (w/v) bromphenol blue, 200 mM DTT]. Electrophoresis
(10% SDS-PAGE) and transfer followed the manufacturer’s instructions
(Bio-Rad, Hercules, CA). Nitrocellulose membrane was purchased from
Bio-Rad. An ECL kit (PIERCE, Rockford, IL) was used to detect
immunoreactive materials. The detected signals were quantified by
ChemiDoc XRS and Quantity One software (Bio-Rad).

2.3. Real-time PCR for quantification of PDK2, PDK4 and PDPTmRNAs

Total RNA was isolated from anesthetized mice (pentobarbital:
100 mg/kg body weight) using the method of Chomczynski and
Sacchi [35]. Isolated RNA was treated with DNAase (Ambion Inc.,
Austin, TX) to delete genomic contamination. First-strand cDNA was
synthesized using 5 pg total RNA and oligo-(dT)12-1s primer following
the manufacturer's instructions (Invitrogen). Real-time quantitative
PCR was performed using SYBR-Green on a Thermal Cycler Dice Real
Time System (Takara Bio Inc., Otsuy, Japan). The cyclophylin gene was
used as an internal control for all samples. The cycle threshold number
(Ct) at which amplification entered the exponential phase was
determined for each gene under investigation. Gene expression levels
were analyzed using the delta-delta Ct method, determining the
target gene expression relative to an internal control and relative to
control individual samples. The primers used were as follows: 5'-
CAGCGTGTCTGATGTGGTGA-3' and 5’-CAGGTCAGGGGAAGCCATG-3’
for PDK2 [36]; 5/-TTTGGTGGAGTTCCATGAGAA-3’ and 5'-GAACTTT-
GACCAGCGTGTCT-3' for PDKA4 [9]; 5'-ACTGGTATGCATCACCAACAG-3’
and 5’-ACACTGATGACATCTTTGCTCT-3 for pyruvate dehydrogenase
phosphatase catalytic subunit 1 (PDP1) (NM_001033453) [37]; 5'-
GGTGGAGAGCACCAAGACAGA-3' and 5'-GCCGGAGTCGACAATGATG-
3’ for cyclophilin [38].

-155~



M. Ushikai et al. / Molecular Genetics and Metabolism 102 (2011) 349-355 351

2.4. Measurement of PDC activity of active and total forms [39,40]

For the active form, hearts and skeletal muscles were taken from
anesthetized mice and immediately freeze-clamped with Wolleneberger
tongs pre-cooled in liquid nitrogen. The frozen tissues were homogenized
with buffer B (0.25 M sucrose, 5 mM Tris-HCl and 2 mM EGTA, pH 74,
containing 50 mM sodium fluoride and 10 mM sodium dichloroacetate).

For the total form, fresh tissues were disrupted with a polytron
homogenizer in buffer B. Mitochondria were prepared by differential
centrifugation and then incubated (30 min at 30 °C) in buffer C (120 mM
KCl, 20 mM Tris-HCl, 5 mM potassium phosphate, 2 mM EDTA, pH 7.4)
containing 10 mM carbonyl cyanide m-chlorophenylhydrazone, a respi-
ratory inhibitor. The incubated mitochondria were precipitated by
centrifugation and frozen at — 80 °C. The mitochondria were then thawed
(30 °C) with buffer D (50 mM potassium phosphate, 2 mM EGTA, pH 7.0)
containing 1.0% (v/v) Triton X-100. Both forms of PDC activities were
measured by determining *CO, production from [1-'“C]-pyruvate [39].
Citrate synthase activity [41] was determined spectrophotometrically as
an indication of mitochondrial recovery. The unit of PDC activity is defined
as 1 umol substrate converted into product per min at 37 °C. Total PDC
activity was calculated as: [PDC activity in mitochondria fraction/citrate
synthase activity (mitochondria fraction)] x [citrate synthase activity
(homogenate fraction)/mg protein of tissue] [40].

2.5. Tissue homogenization and mitochondria isolation

Tissues from anesthetized mice were taken and frozen until use.
The tissues were homogenized by buffer E [30 mM HEPES, 1 mM
EDTA, 0.15M KCl, 3mM DTT, 0.1% (v/v) Triton X-100, 1 pg/ml
pepstatin, 10 pg/ml leupeptin, 0.1 mg/ml pefablock, pH 7.4] with a
Potter-Elvehjem homogenizer. For mitochondria isolation, fresh
hearts from anesthetized mice were homogenized with buffer F
(0.25M sucrose and 10 mM Tris-HCl, pH7.4). The homogenate was
filtrated (75 um mesh) and centrifuged at 600 xg for 10 min at 4 °C.
The supernatant was centrifuged again at 8000 xg for 10 min at 4 °C.
The precipitate suspended in buffer E was fractionated to obtain the
mitochondrial fraction with a sucrose gradient (1.10-1.56 M sucrose
in 10 mM Tris-HCl, pH 7.4) at 82,000 xg for 200 min at 4 °C.
Mitochondria fractionation was evaluated by measuring the activities
of lactate dehydrogenase (commercial kit; Wako Pure Chemical
Industries, Japan) and citrate synthase [41].

2.6. Fractionation of a-ketoacid dehydrogenase complexes with sucrose
gradient techniques

The frozen hearts were homogenized with buffer A. The homogenate
(Ho) was centrifuged at 600 xg for 10 min at 4 °C, and the supernatant
(S1) was centrifuged at 20,000 xg for 10 min at 4 °C to obtain the
supernatant (S2) and the precipitate (P2). The precipitate (P2) was
suspended in buffer G [30 mM HEPES, 1 mM EDTA, 0.15 M KCl, 3 mM
DTT, 0.1% (v/v) Triton X-100]. The suspension was ultra-centrifuged at
100,000 xg for 90 min at 4 °C, and divided into supernatant (S3) and
precipitate (P3). This precipitate (P3) was suspended in buffer G and
ultra-centrifuged at 100,000 xg for 60 min. This precipitate was
designated P4.

The P4 fraction was suspended in buffer G without Triton X-100, and
was applied to the top of a sucrose gradient cushion. The sucrose gradient
was composed of 4 ml of 1.46 M sucrose and 34 ml of 0.29-0.88 M
sucrose in buffer G without Triton X-100. After ultra-centrifugation
(50,000 xg for 15 h), 10 drops (about 1.1 ml) were collected from the
bottom for fractionation.

2.7. 2-Deoxy-glucose uptake [42-44]

2-Deoxy-glucose uptake was analyzed in tissues using intraperitoneal
injections of 2 uCi ([1->H]2-deoxy-D-glucose)/20 g body weight. The

isotope, [ 1->H]2-deoxy-glucose ([*H]2-DG; 3 Ci/mmol, 1.0 mCi/m!; Mor-
avek Biochemicals, CA), was diluted with 50 times volume (100 p) of 0.9%
NaCl. Mice were killed by decapitation 30 min after injection. The heart,
femoral skeletal muscle, epididymal fat, liver and brain were immediately
excised, weighed and homogenized with 6% (w/v) HClO4 in 80 mM
triethanolamine. The homogenates were centrifuged at 12,000 xg for
5 min. >H radioactivity levels of the supernatant from these tissues were
measured using a liquid scintillator (Aquasol 2; Perkin Elmer Japan,
Japan). Plasma glucose was measured with a commercial kit (Glucose ClI-
test; Wako, Japan).

2.8. Statistical analysis

Values are shown as the means+ standard deviation (SD). Data
were analyzed by unpaired Student's t test. P<0.05 was considered
significant.

3. Results
3.1. PDK4 mRNA and protein levels in fed and 24 h-fasting JVS mice

To determine PDK4 mRNA and protein levels in fed and fasting JVS
adult mice (2-3 months of age), we performed real-time PCR and
Western blot (Figs. 1 and 2). Under fed conditions, JVS mice showed
significantly higher levels of PDK4 mRNA in the heart than controls,
but there were no significant differences in PDK2 mRNA levels
between control and JVS mice (Fig. 1). Control mice showed
significantly higher levels of PDK4 mRNA in the heart under fasting
than fed conditions. JVS mice showed no significant differences in
PDK4 mRNA levels of hearts between fed and fasting conditions.
Messenger RNA of PDP1, another regulator of PDC, was significantly
lower in fed JVS mice than in fed control mice (Fig. 1). PDK4 and PDK2
protein levels were detected by the respective antibodies (Fig. 2). JVS
mice under fed conditions showed significantly higher levels of PDK4
protein in the heart, skeletal muscle, liver and kidney than control
mice (Fig. 2B). No PDK4 proteins were detected in the brain of either
JVS or control mice in this analysis. On the other hand, in fed control
mice, PDK2 protein was detected, mainly in the heart, but also faintly
in the skeletal muscle, liver, kidney and brain. As shown in Fig. 2C, we
compared PDK4 and PDK2 protein levels under fed and fasting
conditions. PDK4 protein levels in the hearts of fed JVS mice were
significantly higher than in fed control mice, and were not
significantly different from 24 h-fasting control mice (Fig. 2C). After
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Fig. 1. Quantitative real-time PCR analysis of PDK2, PDK4 and PDP1 in hearts of JVS
(gray column) and control (open column) mice under fed and fasting conditions. Gene
expression ratios were determined by real-time PCR. The relative values to cyclophilin
of fed control mice are set at 1.0. The number of mice used was 4 for each experiment.
Values are shown as the means + SD. * denotes P<0.05 versus control mice under the
respective feeding conditions. Tdenotes P<0.05 versus the respective fed mice.
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Fig. 2. Western blot analysis. (A) Specificity of the antibodies (aPDK2 and «PDK4) was
shown using homogenates (10 ug protein) from COS cells expressing recombinant HA-tagged
PDK1, 2 and 4 proteins. “Mock” denotes homogenate from cells transfected with an empty
insert vector (pcDNA 3.1). Anti-HA antibody (atHA) detects recombinant proteins and non-
specific signals (#). (B) Levels of PDK2 and PDK4 proteins in various organs, including the
heart (H), skeletal muscle (SM), liver (L), kidney (K) and brain (Br), of control (W) and JVS
(J) mice under fed conditions. Ten pg protein was loaded in each lane. (C) Levels of PDK2 and
PDK4 proteins in the heart and skeletal muscle (SM) of control (W) and JVS (J) mice under fed
and fasting (24 h) conditions. Quantitative data are shown as the means - SD. Fed control
mice values are set at 1.0 except PDK4 in skeletal muscle. For PDK4 in skeletal muscle, the fed
JVS mouse value is set at 1.0. * denotes P<0.05 versus control mice under the respective
feeding conditions. denotes P<0.05 versus the respective fed mice.

24 h fasting, both JVS and control mice showed a significant increase
in PDK4 protein in the heart compared with the respective fed mice. In
skeletal muscle, fed JVS mice showed remarkably higher PDK4 protein
levels than fed control mice, which had undetectable levels (Fig. 2C).
Skeletal muscle PDK4 protein levels in fed JVS mice were not
significantly different from those of 24 h-fasting control mice.

3.2. PDC activity of fed and 24 h-fasting JVS mice

We measured the activities of the PDC active form (PDCa) and total
PDC (PDCt) in the heart and skeletal muscle. As shown in Table 1,
PDCa activities in the heart and skeletal muscle of JVS mice were not
significantly different from those of fed control mice. Fed VS mice
showed significantly lower PDCt activity in the heart than fed control
mice. After 24 h fasting, PDCa activity significantly decreased in the

heart and skeletal muscle of JVS and control mice. Heart PDCt activity
in 24 h-fasting control mice was significantly lower than in fed control
mice.

3.3. Cellular distribution and physical association with PDC of PDK4
protein

To know why increased PDK4 protein in JVS mice does not
contribute to PDC inactivity in the heart and skeletal muscle, we
performed experiments and investigated: 1) whether increased PDK4
protein is enriched in the mitochondria of JVS mice, and 2) whether
PDK4 protein is physically associated with PDC.

To resolve the first question, we purified mitochondria from the
hearts of fed JVS and control mice using ultra-centrifugation and a
sucrose gradient (Fig. 3A). The mitochondria fraction showed low
contamination of cytosolic components because of very little LDH
activity, a cytosolic protein (Fig. 3A). PDK4 protein was enriched in
the mitochondrial fraction of control and JVS mice, indicating that
increased PDK4 protein was transported in mitochondria. For the
second question, PDK4 protein from the heart of fed JVS mice was
precipitated after 100,000 xg centrifugation (as with PDK2 and PDC
proteins) (Fig. 3B). To examine whether PDK4 protein is bound to
PDC, we further fractionated the 100,000 xg precipitate through
sucrose density gradient centrifugation. PDK4 protein showed a
similar profile to that of PDK2 in the sucrose density gradient (Fig. 3C).
PDK2 and PDK4 appeared to be eluted in fractions showing PDC, but
not in fractions showing KGDC and BCKDC (Fig. 3C).

3.4. 2-DG uptake

There were no significant differences in plasma glucose between fed
control and JVS mice (161 =4 16 versus 165 4-9 mg/d], n = 6, respectively).
2-DG uptake was measured in control and JVS mice under fed conditions
(Fig.4).JVS mice showed significantly larger 2-DG uptake in the heart and
liver than control mice. There were no significant differences in 2-DG
uptake in the brain, white adipose tissue and skeletal muscle between
control and JVS mice.

4. Discussion

The present study revealed that PDK4 protein, as well as its mRNA
level, was increased in the heart and skeletal muscle of carnitine-deficient
mice under fed conditions compared with control mice (Figs. 1 and 2).
Moreover, PDP1 mRNA, a regulator involved in activation of PDC through
its dephosphorylation, was significantly lower in fed JVS mice than in fed
control mice (Fig. 1)[37]. On the other hand, there were no significant
differences in PDCa activity in the heart and skeletal muscle between
control and JVS mice (Table 1). These results suggest that PDK4 is not
directly involved in PDC regulation under fed conditions in carnitine
deficiency. Also, PDP1 may not play a role in maintaining the activity of

Table 1
PDC active form and total activities under fed and fasting conditions.
Fed Fasting (24 h)
Active Total Active Total
(mU/mg protein)
Heart
w 9.8+4.1(4) 89.9+7.8 (4) 0.5:40.2% (4) 60.04+7.4% (4)

Vs 634+26(4) 552492°(4) 1.6+06%°(4)
Skeletal muscle
w 109445 (6)

VS 115429 (4)

48.7+11.4 (4)

125420 (4)
131+44 (4)

3607 (6)
23:£1.2° (4)

162+5.1 (4)
16582 (4)

The number of mice used is shown in parentheses. Values mean mU of PDC activity over
mg of total protein. Values are shown as the means =+ SD.

@ Denotes P<0.05 versus the respective fed mice.

> Penotes P<0.05 versus control mice (W) under the respective feeding conditions.
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Fig. 3. Cellular distribution of PDK4 protein. (A) Levels of PDK2 and PDK4 proteins in
homogenate (Ho) and mitochondrial (Mit) fractions by a sucrose gradient procedure
(see Methods) are shown. Each lane contains the same CS activity (1.5mU)
representing the same mitochondria amount. Components (E2, E3BP, Ela and E1R)
of PDC are detected and identified by anti-PDC antibody (aPDC). “LDH activity” means
the degree of contamination of cytosolic components. (B) Each fraction (Ho, 6 pg; S1,
3ug: S2, 2ug; S3, 1pg; P4, 1pg of protein/lane) was analyzed by the respective
antibodies (aPDK2, aPDK4 and oPDC). Ho, homogenate; S1, 600 xg supernatant; S2,
20,000 xg supernatant; S3, 100,000 xg supernatant; P4, 100,000 xg precipitation.
(C) P4 fraction was fractionated with sucrose gradient centrifugation. PDK2, PDK4, PDC,
KGDC (E2 and E3) and BCKDC (E2, E3 and Ela) were detected by the respective
antibodies. The number corresponds to tube number fractionated from the bottom to
top of the gradient.

PDC in fed JVS mice. In the literature, PDK4 protein itself has been
considered to play an important role in inactivating PDC under
physiological and pathological conditions [20,21,24-26]. Using PDK4
knock-out mice [45], PDK4 in tissues other than the liver has been shown
to be important during fasting for regulation of PDC activity and glucose
homeostasis [45]. However, our study has shown that there may be an
underlying mechanism that increases PDK4 protein in the heart and
skeletal muscle of JVS mice, but is less effective in suppressing PDC
activity. As a possible mechanism, increased PDK4 protein may not fully
interact with PDC in the mitochondria, resulting from an increase of the
free form of PDK4. As shown in Fig. 3C, PDK4, as well as PDK2, appeared to
be eluted in the fraction showing PDC, indicating that PDK4 binds
physically to PDC. In the JVS heart, increased PDK4 was enriched in
mitochondria, where it might interact with PDC (Fig. 3). For other PDK
isoforms, the binding of PDK1-3 to PDC is influenced by the ratios of
NADH to NAD and/or acetyl-CoA to CoA [27-29]. As a possible
explanation, PDK4-PDC complex formation may be modulated intra-
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Fig. 4. Comparison of 2-DG uptake in tissues of control (open column) and JVS mice
(gray column). Control and JVS mice under fed conditions were intraperitoneally injected
with [?H]2-DG. At 30 min after injection, the *H-radioactivity uptaken by the respective
tissues, including the heart (H), skeletal muscle (SM), liver (L), brain (Br) and white adipose
tissue (WAT) was measured (see Methods). Values are shown as the means+SD (n==6).
* denotes P<0.05 versus control mice.

mitochondrially similar to other PDK-PDC complexes, depending on the
values of [NADH/NAD] and/or [acetyl CoA/CoA] [27-29]. In carnitine-
deficient tissues, disruption of fatty acid oxidation may result in low
NADH/NAD and/or low acetyl CoA/CoA, which can affect the binding of
PDK4-PDC. PDK4 has been thought to be regulated at the transcriptional
step by fatty acids and/or hormones, including insulin and glucocorticoids
[26,46,47]. Additionally, the present study supports that PDK4 is involved
in PDC regulation at the post-transcriptional step as well as other PDKs
[22,30]. Although it did not reveal the mechanism, the sucrose density
gradient experiment demonstrated that PDK4 is tightly bound to the
pyruvate dehydrogenase complex from the hearts of JVS mice. This is
important because there is literature [28] indicating that PDK4 does not
bind to the pyruvate dehydrogenase complex as tightly as the other PDKs.

We have reported that the respiratory quotient in fed JVS mice is
greater than 0.9, which is similar to fed control mice, suggesting that
carbohydrate is the main energy source [48]. In the present study, glucose
transport was examined in control and JVS mice (Fig. 4). JVS mice showed
significantly larger 2-DG uptake, corresponding to glucose uptake, in the
liver and heart than the control. This finding is consistent with the other
results obtained in this study showing that PDC is active in the heart and
skeletal muscles of fed JVS mice (Table 1). This increased glucose uptake
may compensate for the lower utilization of fatty acids in carnitine-
deficient JVS mice. This assumption is consistent with previous reports on
energy states in the heart and skeletal muscles in JVS mice [9,49]. These
reports have noted that ATP levels are maintained even in the carnitine-
deficient heart and skeletal muscles [9,49]. In the heart suffering from fatty
acid oxidation abnormality due to carnitine deficiency, the preferential
shift in energy from fatty acid to carbohydrate is required to suppress the
atrophy of cardiac cells. Moreover, the increased uptake of glucose, which
is induced in an insulin-dependent and/or -independent manner, may be
involved in the development of cardiac hypertrophy [50]. Further studies
are required to reveal the role of the increased glucose uptake in the
development of cardiac hypertrophy. In the pressure-overloaded heart,
another type of hypertrophy, decreased PDK4 protein, is associated with
lowered suppression of PDC and enhanced glucose uptake, indicating that
glucose oxidation is enhanced in place of fatty acid oxidation [20,21]. In
hypertrophy due to carnitine deficiency, 2DG uptake, corresponding to
glucose uptake, in the heart is also increased. This suggests that glucose
utilization as a preferred energy source is a common mechanism
developing cardiac hypertrophy of carnitine deficiency or pressure
overload.

In conclusion, our data demonstrate that increased PDK4 protein
in the adult fed carnitine-deficient mice does not significantly affect
PDC inactivation, despite increased PDK4 protein in mitochondria. We
have shown that PDC is a physiological substrate for PDK4 protein,
based on co-fractionation of PDK4 protein with PDC as well as PDK2
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protein. Further experiments are needed to clarify how PDC is
protected from its inactivation and glucose uptake is enhanced,
especially in the hypertrophied heart under carnitine deficiency.
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