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Fig. 6 Metabolic pathways for the synthesis of primary bile acids including the classic pathway, acidic pathway, and 25-hydroxylation
pathway. CYP7A1, cholesterol 7a-hydroxylase; CYP7B1, oxysterol 7a-hydroxylase; CYP27, cholesterol 27-hydroxylase; CYP8B, cholesterol
120-hydroxylase; 3B-HSD, 3B-hydroxy-A®-Cy-steroid dehydrogenase/isomerase; 53-reductase, 3-oxo-A*-steroid 5B-reductase.

after birth, from about 10% to trace amounts until about 6 months
of age, when a slight increase was noted.

Other bile acids

We detected very small amounts of other bile acids, such as
unsaturated 3P-hydroxylated bile acids, hyocholic and ursode-
oxycholic acids, accounting for less than 5% of total urinary bile
acids (data not shown).

Discussion

This investigation of urinary excretion of bile acids in 10 infants
born at gestational age between 25 and 33 weeks indicated low
total bile acid/Cr ratios during the first 2 to 3 weeks after birth.
This may reflect limited bile acid synthesis by the liver, limited
excretion of bile acids into the urine because of immaturity of
renal function, or both. Thereafter, urinary excretion of total bile
acids relative to that of Cr increased during the 2 to 5 months
following birth, as bile acid synthesis in the liver increased at a
time of persistent immaturity of transport systems contributing to
the enterohepatic circulation, such as the bile salt exceed pump
(BSEP), the organic anion transporting polypeptide {(OATP), and
the Na* taurocholate cotransporting polypeptide (NTCP).'® In
rats, RNA and protein expression for NTCP, OATP, and BSEP
have been found to require several weeks to increase to equal
adult expression1'"""%; this delayed development of hepatobiliary
organic anion transport systems has been linked with physiologi-
cal cholestasis occurring at birth, in which the serum total bile
acid concentration in healthy full-term infants significantly
exceeds that seen in children older than 1 year.**? As the entero-
hepatic circulation matures, urinary excretion of bile acids then
gradually decreases (Fig. 2). Duration of physiological cholesta-
sis is clearly longer in preterm infants than in full-term infants. In
our view, persistent physiological cholestasis may be a sign
of reduced mitochondrial function consequent to hypoxia with
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acidosis arising from respiratory dysfunction, representing a sec-
ondary mitochondrial disorder.”

Among usual bile acids, the principal bile acid detected was
cholic acid, with usual bile acids initially accounting for 20% to
30% of total bile acids prior to a subsequent gradual decrease. If
the main pathway of fetal and perinatal bile acid synthesis is the
acidic pathway, large amounts of chenodeoxycholic acid should
be detected (Fig. 6). 2 On the other hand, we believe the cholic
acid presently detected to be derived from the 25-hydroxylation
pathway (Fig. 6).”-*° Because the preterm infants studied may
have had low activity of mitochondrial cholesterol 27 hydroxy-
lase reflecting respiratory dysfunction at birth, that is, RDS, the
25 hydroxylation pathway may have been a particularly impor-
tant pathway of fetal and neonatal bile acid synthesis in these
preterm infants.*®*' Clayton ef al.”* recently suggested that early
in life, side-chain cleavage in bile acid formation might proceed
via the 25-hydroxylation pathway, but further studies are needed
to identify the exact site of the underlying defect. Alternatively,
cholic acid may have a maternal origin with transfer across the
placenta,” then undergoing preferential excretion in the urine at
the expense of chenodeoxycholic acid because a trihydroxylated
bile acid is more hydrophilic than a dihydroxylated bile acid.
This could account for larger amounts of urinary cholic acid than
chenodeoxycholic acid detected in this study. In adults, the
25-hydroxylation pathway accounts for less than 5% of bile acid
synthesis,” but perinatal synthesis in preterm infants may be
more dependent upon the 25-hydroxylation pathway.

Relatively large amounts of 1B,3a,7¢,120-tetrahydroxy-5p-
cholan-24-oic acid represented the major polyhydroxylated bile
acid in the urine during this study. Formation of this bile acid is
probably linked to mechanisms of bile salt excretion in healthy
infants with physiological cholestasis, and possibly more so in
preterm infants. Large amounts of 1B,3¢,70,120-tetrahydroxy-
5B-cholan-24-oic acid persisted for longer than 6 months in
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Fig.7 Developmental pattern of urinary excretion of bile acids in
preterm infants. TBA, total bile acids (filled circle); CA, cholic acid
(open squares); CA-A*-3-one, 7o,120-dihydroxy-3-oxo-4-cholen-
24-0ic acid (filled squares); and CA-1B-ol, 1,307,120
tetrahydroxy-5B-cholan-24-oic acid (open triangles). Percentages
(%) refer to the fraction of each bile acid in relation to TBA. 2 P <
0.05 vs 36 to 40 weeks. ® P < 0.05 vs >51 weeks. ¢ P < 0.01 vs >51
weeks. ¢ P < 0.01 vs >51 weeks. ® P < 0.01 vs 36 to 40 weeks, 41 to
45 weeks, 46 to 50 weeks, and 51< weeks. f P < 0.05 vs 36 to 40
weeks; P < 0.01 vs 41 to 45 weeks, and 51< weeks; P < 0.001 vs 46
to 50 weeks. 8 P < 0.01 vs 46 to 50 weeks; P < 0.05 vs 51< weeks.
b P < 0.05 vs 46 to 50 weeks. | P < 0.05 vs 31 to 35 weeks, and 41 to
50 weeks; P < 0.01 vs 36 to 40 weeks. | P < 0.05 vs 51< weeks. * P
< 0.05 vs 41 to 45 weeks, and 46 to 50 weeks. ! P < 0.05 vs 51<
weeks. ™ P < 0.01 vs 31 to 35 weeks, and 46 to 50 weeks; P < 0.001
vs 36 to 40 weeks; P < 0.05 vs 41 to 45 weeks. Cr, creatinine.

preterm infants, in contrast to about 3 months in healthy full-term
infants." Accordingly, physiological cholestasis can persist in
preterm infants for more than 6 months postnatally, more than
twice as long as in full-term healthy infants (Fig. 2).

We detected trace amounts of unsaturated ketonic and
3B-hydroxy-A*-bile acids, such as 7a,12a-dihydroxy-3-oxo-4-
cholen-24-oic and 3B-hydroxy-5-cholen-24-oic acids, in the
urine of the preterm infants. Full-term infants have been found to
excrete large amounts of 3-oxo-A* bile acids in urine because
activity of 3-oxo-A*-steroid 5B-reductase in the normal “classic”
pathway for primary bile acid synthesis is relatively low during
the early neonatal period.”® Accordingly, our results in preterm
infants differed from the normal developmental sequence of bile
acid metabolism. The major pathway of bile acid metabolism in
the fetus and newborn infant is the acidic pathway, involving
27-hydroxylation, until about 1 month of postnatal age.?™
However, our results reflected relatively low 27-hydroxylation.
According to a previous report, production of 27-
hydroxycholesterol accounts for about 10% of bile acid synthesis
in adults. Our results suggest that 25-hydroxylation may be an
important pathway in the neonatal period, especially in preterm
infants at approximately 30 weeks corrected age.

Bile acid profile in preterm infants 49

We determined the developmental pattern of each bile acid,
such as 1B-hydroxylated bile acid and ketonic bile acid, and total
bile acids (Figs 7,8). These determinations made clear that the
developmental pattern of urinary bile acid profile in preterm
infants differs from that of full-term infants,!’ although one
should note that preterm infants in this study had complications.
This suggests that bile acid metabolism is likely to differ between
preterm and full-term infants.

In conclusion, we have identified metabolic differences likely
to underlie prolonged physiological cholestasis in preterm
infants. Specifically, we detected large amounts of cholic and
1B.30,70t,120-tetrahydroxy-3f-cholan-24-oic  acids in urine
from preterm infants, leading us to suspect that the
25-hydroxylation pathway may be particularly important for bile
acid synthesis in these infants.
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Fig.8 Developmental pattern of urinary excretion of bile acids in
full-term infants, TBA, total bile acids (filled circle); CA, cholic acid
(open squares); CA-A*-3-one, 70,120-dihydroxy-3-0x0-4-cholen-
24-oic acid (filled squares); CA-1B-ol, 18,3, 70, 120-tetrahydroxy-
5B-cholan-24-oic acid (open triangles); and CA-A!-3-one, 70.,120-
dihydroxy-3-oxo0-5B-cholen-24-oic acid (filed squares). Percentages
(%) refer to the fraction of each bile acid in relation to TBA. * P <
0.05 vs 0 d, 2 to 4 months; P < 0.01 vs 5 to 7 months, 1 to12 months,
2 to 3 years, 9 to 14 years, and adults.* P < 0.05 vs 3 to 4 d; P < 0.01
vs 1 month, 2 to 4 months, 5 to 7 months, 11 to 12 months, 2 to 3
years, 9 to 14 years, and adults. ¢ P < 0.05 vs 2 to 4 months, 5 to 7
months, 11 tol2 months, 2 to 3 years, 9 to 14 years; P < 0.01 vs
adults. ¢ P < 0.01 vs 1 month; P < 0.001 vs 2 to 4 months, 5 to 7
months, 11 tol2 months, 2 to 3 years, 9 to 14 years, adults. ®* P < 0.05
vs 1 month; P < 0.01 vs 2 to 4 months, 5 to 7 months, 11 to 12
months, 2 to 3 years, 9 to 14 years, adults. f P < 0.05 vs 2 to 3 years,
9 to 14 years, adults. Cr, creatinine.
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Molecular Genetic and Bile Acid Profiles in Two Japanese
Patients With 38-Hydroxy-A>-C,,-Steroid Dehydrogenase/
Isomerase Deficiency
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ABSTRACT: We report definitive diagnosis and effective chenode-
oxycholic acid (CDCA) treatment of two Japanese children with
3B-hydroxy-A°-C,,-steroid dehydrogenase/isomerase deficiency.
Findings of cholestasis with normal serum -+y-glutamyltransferase
activity and total bile acid concentration indicated the need for
definitive bile acid analysis. Large amounts of 38-hydroxy-A°bile
acids were detected by gas chromatography-mass spectrometry.
HSD3B7 gene analysis using peripheral lymphocyte genomic DNA
from the patients and their parents identified four novel mutations of
the HSD3B7 gene in the patients. One had a homozygous mutation,
314delA; the other had compound heterozygous mutations: V132F,
T1491, and 973_974insCCTGC. Interestingly, the second patient’s
mother had V132F and T1491 mutations in one allele. Excessive
3B-hydroxy-A°-bile acids such as 38,7a-dihydroxy- and 38,7¢,12a-
trihydroxy-5-cholenoic acids were detected in the first patient’s
urine; the second patient’s urine contained large amounts of 38-
hydroxy-5-cholenoic acid. Liver dysfunction in both patients de-
creased with ursodeoxycholic acid treatment, but unusual bile acids
were still detected. Normalization of the patients’ liver function and
improvement of bile acid profiles occurred with CDCA treatment.
Thus, we found mutations in the ASD3B7 gene accounting for
autosomal recessive neonatal cholestasis caused by 38-hydroxy-AS3-
C,,-steroid dehydrogenase/isomerase deficiency. Early neonatal di-
agnosis permits initiation of CDCA treatment at this critical time,
before the late cholestatic stage. (Pediatr Res 68: 258-263, 2010)

Deﬁciency of 3B-hydroxy-A°-C,,-steroid dehydrogenase/
isomerase (33-HSD) was first described by Clayton et
al. in 1987 (1). This inborn error of bile acid synthesis is very
rare and shows autosomal recessive inheritance. The main
findings in 38-HSD deficiency are low or normal concentra-
tions of total bile acid and normal activity of y-glutamyltrans-
ferase (GGT) in serum, as well as absence of pruritus despite
conjugated hyperbilirubinemia, elevated alanine aminotrans-
ferase (ALT), and fatty stools. In the synthesis of bile acids
from cholesterol, 38-HSD catalyzes the second of a series of
reactions leading to excretion of 38,7wa-dihydroxy-5-
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cholenoic acid (A>-38,7a-diol) and 38,7a,12a-trihydroxy-5-
cholenoic acid (A%-3B,7a,12a-triol) in the urine.

In the first reported patient, complete absence of 33-HSD
activity was found by Buchmann et al. in 1990 (2) based on
the study of cultured fibroblasts. In 2000, Schwarz et al. (3)
reported that the same patient had a homozygous mutation
representing a 2-bp deletion in exon 6 of the 33-HSD gene
(HSD3B7) on chromosome 16p11.2-12. The human HSD3B7
gene contains six coding exons and encodes 369 amino acids;
so far, 13 distinct mutations causing 33-HSD deficiency have
been reported (4,5).

Here, we report genetic analyses of two Japanese patients
with 33-HSD deficiency: one previously reported patient (6,7)
was diagnosed with 38-HSD deficiency by bile acid analysis
and the other newly reported patient showed different results
in the bile acid analysis. Here, we describe definitive diagnosis
by bile acid analysis using gas chromatography-mass spec-
trometry (GC-MS) and effective chenodeoxycholic acid
(CDCA) treatment in two patients with 38-HSD deficiency.

This study was approved by the Kurume University Review
Board, and informed consent for the patient report including
bile acid and gene analysis was obtained from the two patients
and four parents.

PATIENTS AND METHODS

Patient 1. The family history and initial presentation of this patient have
been described previously (6). This 2-mo-old male infant underwent medical
therapy for cholestasis and liver dysfunction [total bilirubin (T Bil), 9.3
mg/dL; direct bilirubin (D Bil), 5.9 mg/dL; aspartate aminotransferase (AST),
587 IU/L; ALT, 596 IU/L; GGT, 23 1U/L; prothrombin time, 12.2 s] using
ursodeoxycholic acid (UDCA, 12.5 mg/kg/d). Hepatic histologic findings
indicated giant cell hepatitis with fibrosis. During treatment, cholestasis and

Abbreviations: 38-HSD, 38-hydroxy-A°®-C,,-steroid dehydrogenase/
isomerase; AS-38-0l, 3B-hydroxy-S-cholenoic acid; A®-3B,7a-diol,
3B,7a-dihydroxy-5-cholenoic acid; AS-38,7a,12a-triol, 3B8,7a,12a-tri-
hydroxy-5-cholenoic acid; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; CA, cholic acid; CDCA, chenodeoxycholic acid; Cr,
creatinine; D Bil, direct bilirubin; GC-MS, gas chromatography-mass
spectrometry; GGT, y-glutamyltransferase; T Bil, total bilirubin; UDCA,
ursodeoxycholic acid
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Figure 1. Clinical course of patient 2. Responses of the serum D Bil (ll) and
ALT (A) to treatment with UDCA and CDCA are shown.

liver dysfunction improved. However, bile acid profiles in urine did not
change, indicating that hepatotoxic 3B-hydroxy-A°-bile acids such as A’-
3B,7a-diol and A°-38,7al2a-triol accumulated in the patient’s hepatocytes
despite UDCA treatment. After treatment with CDCA (8.3 mg/kg/d), how-
ever, concentrations of 3B-hydroxy-A’-bile acids significantly decreased,
suggesting that CDCA treatment of this disease would be useful in preventing
cirrhosis (7). At present, the patient who is 12-yr-old is in good condition
without liver dysfunction or excessive 383-hydroxy-A>-bile acids in urine or
serum on his current CDCA dose of 5.9 mg/kg/d. The patient did not have a
follow-up liver biopsy performed.

Patient 2. A male infant with a birth weight of 3310 g was delivered by
spontaneous vaginal delivery without complications at a GA of 38 wk, after
an uneventful pregnancy. He was noted to have jaundice at the age of 1 and
3 mo. The jaundice was mild when first noted and it gradually worsened. At
the age of 6 mo, the patient was referred to Toho University Hospital because
of hyperbilirubinemia and liver dysfunction (T Bil, 5.2 mg/dL; D Bil, 3.1
mg/dL; AST, 362 IU/L; ALT, 384 TU/L; GGT, 33 IU/L; total bile acids, 0.7
uM; and prothrombin activity, 21%). Initial physical examination on admis-
sion was nearly unremarkable, without hepatomegaly, obvious jaundice, or
dark urine. Serial technetium-99m (°*™TC)-DISIDA cholescintigraphy visu-
alized intestinal radioactivity. After the bile acid analysis, we started UDCA
treatment (19 mg/kg/d), after which T Bil and ALT gradually decreased to the
normal range, from 5.2 mg/dL and 384 IU/L to 0.3 mg/dL and 34 IU/L,
respectively (Fig. 1). We chose not to perform a liver biopsy because the
patient was in good health without liver dysfunction. After clinical diagnosis
and UDCA treatment, we substituted CDCA treatment (15.6 mg/kg/d). Sub-
sequently, liver function test results have remained within the normal range.

The initial bile acid analysis detected large amounts of 3B-hydroxy-5-
cholenoic acid (A°-33-ol), representing 84% of total urinary bile acids (Table
1). This led us to suspect oxysterol 7a-hydroxylase deficiency (8,9), but we
could not detect a mutation of the CYP7BI gene. In the second urinary bile
acid analysis during UDCA treatment, we detected large proportions of
3B-hydroxy-A®-bile acids such as A’-3B-ol and A°-38,7a,12a-triol, when
UDCA was excluded from calculations (Table 1). We ultimately diagnosed
this patient with 33-HSD deficiency.

After CDCA treatment, the concentration of 3B-hydroxy-A>-bile acids in
urine decreased significantly during 4 mo, from 7.3 to 2.8 pmol/mmol
creatinine (Cr) (Table 1).

The patients had neither steatorrhea nor pruritus. The parents of patients 1
and 2 were all in good health, without liver dysfunction.

Qualitative and quantitative bile acid analysis. Serum and urine samples
were collected and stored at —25°C until analysis. Concentrations of individ-
ual bile acids in the urine were corrected for Cr concentration and expressed
as micromoles per millimoles of Cr.

After synthesizing relevant unusual bile acids such as 38-hydroxy-A® (10),
3-0x0-A* (11), and allo-bile acids (11), which occur in inborn errors of bile
acid synthesis, analysis of the bile acids in urine and serum was undertaken by
GC-MS using selected ion monitoring of characteristic fragments of methyl-
ester-dimethylethylsilyl ether-methoxime derivatives of bile acids as de-
scribed previously (11). Before GC-MS analysis, the samples were prepared
by enzymatic hydrolysis (cholylglycine hydrolase, 30 U) and solvolysis
(sulfatase, 150 U; Sigma Chemical Co. Chemical, St. Louis, MO). We did not
use N-acetylglucodamine.

Genetic analysis. With informed consent, HSD3B7 gene analysis was
performed using genomic DNA from peripheral lymphocytes from the two
patients and four parents, as well as 100 healthy individuals using a QIAamp
Mini Kit (Qiagen, Hilden, Germany). DNA fragments spanning the six coding
regions of the HSD3B7 gene were amplified by PCR using Gene Tag (Nippon
Gene, Toyama, Japan) and five sets of primers to obtain DNA fragments of
the optimal length for direct sequence analysis (Table 2). The PCR program

Table 1. Bile acid analysis of serum and urine using GC-MS in

patient 2
During
During UDCA CDCA
Initial treatment treatment
Serum (umol/L)
Cholic acid n.d. n.d. n.d.
Chenodeoxycholic acid n.d. n.d. 49
Ursodeoxycholic acid n.d. 11.9 n.d.
Deoxycholic acid n.d. n.d. n.d.
Lithocholic acid n.d. n.d. n.d.
Polyhydroxylated bile n.d. n.d. n.d.
acids
Allo bile acids n.d. n.d. n.d.
Ketonic bile acids n.d. n.d. n.d.
3B-Hydroxy-5- 4.3 (64.7%) n.d. n.d.
cholenoic acid
3B,7a-Dihydroxy-5- 1.6 (23.7%) n.d. n.d.

cholenoic acid
3B,12a-Dihydroxy-5- n.d. n.d. n.d.
cholenoic acid

3B,7a,12a-Trihydroxy- 0.8 (11.6) n.d. n.d.
5-cholenoic acid

Total bile acids 6.7 11.9 49

Urine (wmol/mmol Cr)

Cholic acid n.d. n.d. 0.1

Chenodeoxycholic acid n.d. 0.4 02

Ursodeoxycholic acid nd. 41.5 (72.6%) 0.1

Deoxycholic acid 1.1 Trace Trace

Lithocholic acid n.d. n.d. n.d.

Polyhydroxylated bile 0.2 6.7 0.1
acids

Allo bile acids n.d. n.d. 0.1

Ketonic bile acids n.d. 1.3 0.3

3B-Hydroxy-5- 15.6 (84.3%) 2.9 (5.0%) [18.4%] Trace
cholenoic acid

3B,7a-Dihydroxy-5- 0.7 (3.9%) 0.6 (1.0%)[3.7%] 0.3 (8.1%)
cholenoic acid

3,12a-Dihydroxy-5- 0.2 (1.3%) n.d. Trace
cholenoic acid

3B,7a,12a-Trihydroxy- 0.8 (4.1%) 3.8 (6.7%) [24.5%] 2.5 (67.6%)
5-cholenoic acid

Total bile acids 18.6 57.1 3.7

n.d., not detected.
Excluding UDCA from the denominator is represented in [ .

included an initial denaturation step at 94°C for 3 min, followed by 30
cycles with denaturation at 94°C for 1 min, annealing at 62°C for 1 min,
and extension at 72°C for 1 min. A final extension step of 72°C for 10 min
was performed using a T-Gradient Thermoblock (Biometra, Goettingen,
Germany).

After enzyme processing with ExoSAP-IT (USB, Cleveland, OH), direct
sequencing of the amplified PCR products was carried out with a DTCS
Quick Start Kit (Beckman Coulter, Fullerton, CA) according to the manufac-
turer’s protocol, using the same primers as for PCR amplification. The
sequencing reaction product was analyzed electrophoretically using an
SEQ2000XL analyzer (Beckman Coulter, Brea, CA).

After the four putative mutations were found in the patients, their parents
and 100 healthy individuals were screened for these four mutations by direct
sequence analysis.

RESULTS

Patient profile. Both patients were diagnosed with 33-HSD
deficiency by bile acid profiles and HSD3B7 gene analysis.
Liver dysfunction, such as T Bil, D Bil, AST, and ALT,
improved in both patients with UDCA treatment (Ref. 7 and
Fig. 1); however, the excess level of 3B-hydroxy-A>-bile acid
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Table 2. Oligonucleotides used for DNA amplification of the HSD3B7 gene

Product including Sequence forward primer

5'—>3' Sequence reverse primer 5'—3’

Exon 1 GCAGTAACAGGTGGTTGCAGC AGCATCATCTGTTCCACTGCAG
Exon 2 AGTGAGTCACATTGGGAACGTG TCAATAGGACAACTTGTCCCAG
Exons 3 + 4 ATGGGGAGGAGGAAGATGCAG CTTGGGCTGGCAGGGTAAGG
Exon 5 CCTTACCCTGCCAGCCCAAG CTAGCCAGAGTCCACACTTCTC
Exon 6 AGCAGCCTCGATGTGGTGTTG TTCCCGTCCAGGGTGTGAGG
Figure 2. Pedigree for patient 1 shown with
| I genomic DNA sequences in exon 2 of the
HSD3B7 gene in this patient, his parents, and a
control. The arrows identify homozygous
314delA in the patient, heterozygous (314delA/
normal) in his parents, and intact A in a control
Control subject. The reverse strand sequence shows the
"CATC ‘CATC same result. This represents a 314delA mutation
GTCCCAMACCAT DICCCROACCAT OTCLCA %X%E GTCCCA?S&%?;%“ causing a frameshifE Such a nucleotide deletion

Exon 2

in urine did not change. After CDCA treatment, concentra-
tions of 3B-hydroxy-A>-bile acids in urine and serum gradu-
ally decreased to the normal range. With CDCA treatment,
these patients have maintained good condition without liver
dysfunction, showing normal bile acid profiles with no 33-
hydroxy-A>-bile acids detected.

Biochemical identification of the inborn error of bile acid
synthesis. Results of urine and serum bile acid analysis for
patient 2 are shown in Table 1. The serum bile acid concen-
tration was normal in the initial analysis. We detected large
amounts of A%-3B-ol in serum and urine (65% and 84% of
total bile acids, respectively) as well as an evidence of oxys-
terol 7a-hydroxylase deficiency in the initial bile acid analy-
sis. In a second bile acid analysis during UDCA treatment, the
main bile acid in serum was UDCA (100% of total bile acids).
The main bile acid in urine was UDCA (73% of total bile
acids), and we detected small amounts of 33-hydroxy-A°>-bile
acids (13% of total bile acids), such as A%-3B-ol, A>-38,7a-
diol and A5-3B,7a,12a—triol, in urine. When we excluded
urinary UDCA from consideration at the second bile acid
analysis, the main bile acids in urine were 3-hydroxy-A>-bile
acids (47% of total bile acids). After diagnosis, UDCA treatment
was changed to CDCA treatment, after which the concentrations
of 3B-hydroxy-A’-bile acids in urine gradually decreased.

Patient 1 showed large amounts of 3B-hydroxy-A°-bile
acids (93% of total bile acids), such as A’-38,7a-diol
and A°-38,7a,12a-triol, in urine and serum (7) at the age of
18 mo.

Identification of HSD3B7 gene defects. We identified four
novel mutations in these two patients. In patient 1, a single
homozygous mutation was found in exon 2, at nucleotide
number 314, deletion A (314delA), resulting in a frameshift
leading to formation of a stop codon at position 112. The
mutation was detected in heterozygous form in the parents,
whereas being absent in 100 healthy individuals (Fig. 2).

was not observed in 100 controls.

i

314delA / Normal

Patient 2 showed three heterozygous mutations. The first
was in exon 3, at nucleotide 412, representing a G-to-T
substitution, causing an amino acid change from valine to
phenylalanine (V132F). The second mutation was in exon 4,
at nucleotide number 464, representing a single C-to-T sub-
stitution, leading to an amino acid change from threonine to
isoleucine (T149I). The third mutation in exon 6, between
nucleotides 973 and 974, was a 5-bp insertion, CCTGC
(973_974insCCTGC), causing a frameshift leading to forma-
tion of a stop codon at position 321. Interestingly, both V132F
and T149] mutations in heterozygous form were detected in
the patient’s mother but were absent in the father and in 100
healthy individuals. A heterozygous 973_974insCCTGC mu-
tation was detected in the father but was absent in the mother
and in the 100 healthy individuals (Fig. 3).

Above nucleotide numbers indicating positions of individ-
ual mutations are based on those determined from human
3B-HSD ¢DNA (GenBank accession no. AF277719).

DISCUSSION

In the clinical course of our two patients with 33-HSD
deficiency, UDCA treatment was very effective for treating
conjugated hyperbilirubinemia and elevation of aminotrans-
ferase, such as ALT (Ref. 7, Fig. 1), in addition for treating
idiopathic neonatal hepatitis. Therefore, the pediatricians may
misdiagnose patients as having idiopathic neonatal hepatitis if
UDCA restores apparent good health. We encountered these
patients with normal values for GGT, total bile acids in serum,
and suspected 3B3-HSD deficiency. We also obtained prompt
analysis of bile acids in serum and urine using GC-MS to
detect any inborn errors of bile acid synthesis (12). Previous
reports described two adult patients with 38-HSD deficiency
who were diagnosed in this manner (5,13).
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[

D

Control
ATGGAAGTTGTGG ATGG AAg'I‘I‘U'l‘GG ATGGAAGTTGTGG ATGG AA§?'| TGTGG
. (N R AR I
Exon 3 i - o laan i
\‘,“ | \f; Lo N Y }\“ AN &'3 )
§ SN . 4 . .
412G6>T 412G>T
(V132F ) Nerml (VI32F)
AAGACACCCCATA AAGACA%:L”CCA'[‘A AAGACACCCCATA AAGACA%CCCA‘:‘A
Exon 4 ; ‘v‘ 4 R ¢
il /\1 \ noi 1 3 i fi A
AV 4 { iR \
W BVAVC YA LIy JAN
464C>T ; 464C>T
(T1491) Noma (T1491)
et kA . [CCTGE TGAAC JCCTGATGAAC i
TGCTGAACCCCTA L 0 Py TACEE TS oeTA TGCTGAACCCCTA
Exon 6 4 !\/\/ A ﬂ‘ A 'm‘i’ \ “ & ! X
fat AV xf\‘,‘ N anid Wan Y Haasa! WYYy t
U, Ay LA L LU0 AL Y
973 _974insCCTGC / Normal ~ 973_974insCCTGC / Normal Normal

Acidic pathway

Figure 3. Pedigree for patient 2 shown with
genomic DNA sequences in exons 3, 4, and 6 of
the HSD3B7 gene in this patient, his patients,
and a control. The arrow in exon 3 identifies
G/T in the patient and his mother, but G in his
father and a control subject. The reverse strand
sequence shows the same result. This represents
a GTT-to-TTT mutation, affecting valine at po-
sition 132, where it is replaced by phenylala-
nine. The arrow in exon 4 identifies C/T in the
patient and his mother, but C in his father and a
control subject. The reverse strand sequence
shows the same results. This represents an ACC-
to-ATC mutation, affecting threonine at position
149, where it is replaced by isoleucine. Such
nucleotide substitutions were not observed in
100 controls. The arrows and squares in exon 6
identify nucleotide number 974 (T/C) and het-
erozygous insertion of 5 bp, CCTGC, in the
patient and his father; in his mother and a con-
trol subject, only T is present. The reverse strand
sequence shows the same result. This represents
2 973_974insCCTGC mutation causing a frame-
shift. Such a nucleotide insertion was not ob-
served in 100 controls.

Figure 4. Effect of the defect of 33-HSD. Re-

sterol 27-hydroxylase

cholesterol

cholesteral 7a-hydroxylase
Classic pathway

side-chain oxidation
3B.7c-dihydroxy- and e 7qt-hydroxycholesterol
3,70, 1 2a-trthydroxy-3-cholenoic acids

27-hydroxycholesterol

duced primary bile acid synthesis from choles-
terol and increased synthesis of 38-hydroxy-A°-
bile acids are shown in the flow chart of the
classic and acidic pathways.

side-chain oxidation

3f-hydroxy-5-cholenoic acid
3f3-hydroxy-5-cholestenoic acid

axysterol 7a-hydroxylase

3P, 7a-dihydroxy-35-cholenoic acid
3P, 7u-dihydroxy-5-cholestenoic acid

E—— 3B-hydroxy-A*-C,-steroid dehydrog

Therefore, in a cholestatic patient, if the serum GGT activ-
ity is normal and the total serum bile acid concentration
determined using 3a-hydroxysteroid dehydrogenase is normal
or low, one needs to analyze bile acids in serum and urine
using methods such as GC-MS.

In the initial bile acid analysis, we detected large amounts
of 3B-hydroxy-A>-bile acids such as A>-38-ol in serum and
urine from patient 2, a finding also reported in oxysterol
7Ta-hydroxylase deficiency (8,9). We speculate that the main
pathway of bile acid synthesis was the acidic pathway, based
on the results of initial bile acid analysis in serum and urine.
Low or absent activity of cholesterol 7a-hydroxylase enzyme
in this patient reflected previous observations that cholesterol
7a-hydroxylase enzyme activity physiologically is low or
absent in fetal and neonatal life (8,14), and that low or absent
activity of oxysterol 7a-hydroxylase enzyme in this patient
could be physiologic (as in knockout mice lacking a functional
cholesterol 7a-hydroxylase enzyme). Cholestasis precedes up-
regulation of oxysterol 7a-hydroxylase activity in the acidic
pathway (15,16). Oxysterol 7a-hydroxylase activity was
first detected in 3- to 4-wk-old mice and remained detect-
able in the livers of older mice (16). We detected increased

3B-hydroxy-A>-bile acids such as A’-38,7a-diol and A’-
3B,7a,12a-triol in our patient’s second urinary bile acid
analysis (Table 1, Fig. 4).

CDCA treatment was recommended for patients with
3B-HSD deficiency by Ichimiya et al. (17,18), who reported
that treatment with CDCA was very effective in improving
the clinical status and liver function, reflecting reduced
cholesterol catabolism because of inhibition of cholesterol
7a-hydroxylase. As a result, hepatotoxic 3B-hydroxy A®
bile acids were decreased. The treatment should also im-
prove absorption of cholesterol from the gut. Together,
these two mechanisms might contribute to an increased
serum cholesterol concentration. The importance of bile
secretion stimulation for avoiding hepatotoxicity could be
evaluated by treatment with UDCA, which does not inhibit
cholesterol 7a-hydroxylase and therefore does not prevent
further synthesis of hepatotoxic 3B-hydroxy A® bile acids
(18,19). Even with short-term UDCA treatment available,
primary bile acid treatment should be the first choice upon
definitive diagnosis. Actually, our patients showed less liver
dysfunction with short-term UDCA treatment (Ref. 7, Fig. 1).
After diagnosis was made using GC-MS bile acid analysis,
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both patients, especially the first, maintained good condition
without liver dysfunction. Unusual bile acids such as 383-
hydroxy-A>-bile acids gradually decreased on long-term
CDCA treatment. Subramaniam et al. (20) support cholic acid
(CA) and CDCA treatment in 33-HSD deficiency, but CDCA
cannot be used when patients with 33-HSD deficiency present
late with chronic liver disease, at which point CDCA can be
hepatotoxic. Alternatively, Jacquemin et al. (21) and Gonzales
et al. (22) found oral CA treatment to be safe and effective in

GXXGXXG motif

MIZUOCHI ET AL.

treating most common inborn errors of bile acid synthesis,
including 3B-HSD deficiency. Therefore, in 33-HSD defi-
ciency, CA treatment may be better because CA activates
negative feedback regulation of bile acid synthesis to inhibit
production of hepatotoxic metabolites and is not itself hepato-
toxic. Unfortunately, however, CA is not available for clinical
use in Japan. We think that CDCA treatment may be effective for
3B-HSD deficiency because of the high potency of CDCA in
suppressing bile acid synthesis relative to CA (23-25).

Cofactor preference

Human MADSAQAQKL QREPRLGELR VEHDQHLGPWL EELKTGPVRV 60
Bovine MADSAETQEL QREPRLREELR IHOLHLGPWL EELKTGPVOV 60
Rat MADSAQVPAL EWEPRLRELR VHD EELKTGPVOV 60
Mouse MADSAQVPTL EREPRLRELR V. EELKAGPVOV 60
Zebrafish MSNNNKS-KL T EKKKNVKEIR LEDKNVFPSL QSESTEDVKV 59
Membrane spanning domain
Human TAIQGDVTQA HVVIHTAGLV DVFGRASPKT IHEVNVQGTR NVIEACVQTG 120
Bovine TAIQGDVTQA HVVIHTAGLV DVFGKTSPET IHEVNVQGT( NVIEACVQTG 120
Rat TAIQGDVTQA | HVVIHTAGLV DVFGKASPET IHKVNVQGT(Q NVIDACVQTG 120
Mouse TAIQGDVTQA HVVIHTAGLV DVFGKASPKT IHKVNVQGT(Q NVIDACVQTG 120
Zebrafish VIIQGDITKY EDVHNAFLGA DLVFHAASLV DVWYKIPEKYV IFAVNVQGTE NAIKACVEIG 119
} v132F | T1401 YXXXK motif
Human TRFLVYTSSM GPNTKGH PFYRG YEAVHRHPYP LAEWLV LEANGRKV 180
Bovine TRFLIYTSSM GPNIKGQ PFYRGNE! YEAVHRHPYP LAEQLV LEANGREVIIG 180
Rat TRLLVYTSSM GPNVKGH PFYRG YEATHRHPYP LAEQLV LEANGRK--|- 177
Mouse TOYLVYTSSM GPNIKGH PFYRG YEAVHSHP LAEQLV LEANGRKVMG 180
Zebrafish IQVLVYTSSM GPNVKGD EFVRG YNIFHEMP AAEKIV LEANGTKVEG 179
t 147k t s162f
Putative substrate binding domain
Human GLPLVTCALR HTGIYGEGHQ IMRDFYRQGL RLGGWLFRAI PASVEHGRVY VGNVAWMHVL 240
Bovine GLPLVTCALR PTGIYGEGHQ IMRDFYHQGL RLGGRLFRAI PASVEHGRVY VGNVAWMHVL 240
Rat T B T GL RFGGRLFRAI PASVEHGRVY VGNVAWMHIL 209
Mouse GLPLVTCALR PTGIYGEGHQ VMRDFYYQGL RFGGRLFRAV PASVEHGRVY VGNVAWMHIL 240
Zebrafish GNILVTCCLR PTGIYGEQOHQ LMKDFYLNSV RNGGWVMRGV PPHTEHGRVY AGNVAWMHLL 239
Membrane spanning domain

Human AARELEQRAT LMGGQVYFCY DGSPYRSYED FNMEF-LGPC GLRLVIGARPL LPYWLLVFLA 299
Bovine VARELEHRAA LMGGQVYFCY DNSPYKSYED FNMEF-LGPC GLRLVGTRPL MPYWLLVLLA 299
Rat VARELEQRAA LMGGQVYFCY DKSPYKSYED FNMEF-LSPC GLRLIGTHPL LPYWLLVLLT 268
Mouse VARELEQRAZA LMGGQVYFCY DKSPYKSYED FNMEF-LSPC GLRLI|GAHPL LPYWLLVLLA 299
Zebrafish AARALQEHPN RLEGGECYFCY DDSPYKPYDE FNMQF-LSAF NFRSI|R- - LPVWMLWIIA 294
Human ALNALLQ--- ---WLLRPLV LYAPLLNPYT LAVANTTFTV STDKAQRHFG YEPLFSWEDS 353
Bovine ALNTLLQ--- ---WLLRPLM LYAPLLNPYT LAVANTTFTV STDKARRHFG YEPLFSWEES 353
Rat ALNALLQ--- ---WLLRPLV LYTPLLNPYT LAVANTTFTV STNKAQRHFG YKPLFSWEES 322
Mouse TLNALLQ--- ---WLLRPLV LYTPLLNPYT LAMANTTFTV STNKAQRHFG YKPLFSWEES 353
Zebrafish WMNDMVE--- ---WYLKPIV NYTPLLNKYT LAVACTSFTV STDKAFRHFQ YOPLYSWOQOC 348
Human RTRTILWVQA ----ATGSAQ 369

Bovine RTRTIRWVQT 368

Rat RARTIHWVQX W 338

Mouse RTRTIQOWVQA 2 369

Zebrafish LERTOSWVNT (DK 368

Figure 5. Aligned amino acid sequences for HSD3B7, comparing human with bovine, rat, mouse, and zebrafish sequences. Amino acids identical with those
in humans are in black as opposed to gray letters. Amino acids are numbered at the right. Black arrows identify the two novel missense mutations, V132F and
T1491, described in this study. Gray arrows identify previously reported missense mutations, G195, E147K, and S162R. GenBank accession numbers for human,
cattle, rats, mice, and zebrafish are NM_025193, BC105259, NM_139329, BC132605, and NM_199809, respectively.
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Previous reports of mutations in the HSD3B7 gene in 17
patients identified 13 distinct mutations causing 38-HSD de-
ficiency (4,5). This enzyme deficiency has been characterized
as showing autosomal recessive transmission. Here, we de-
scribe genetic analysis of the HSD3B7 gene in two patients
with 3B8-HSD deficiency. Patient 1 had a homozygous
314delA mutation. The protein encoded by the 314delA mu-
tation is composed of 98 amino acids from the normal protein
fused to a 13-residue extension. Patient 2 had three heterozy-
gous mutations: V132F, T1491, and 973_974insCCTGC. The
protein encoded by the 973_974insCCTGC mutation is com-
posed of 318 amino acids from the normal protein fused to a
2-residue extension. We screened for the two potentially
informative substitution mutations, V132F and T149], in 100
healthy individuals by direct sequence analysis; neither was
found. As for interspecies comparisons corresponding protein,
the valine 132 and threonine 149 residues are conserved
among humans, cattle, rats, mice, and zebrafish as well as in
the previously reported missense mutations G19S, E147 K,
and S162R (4,5). Moreover, amino acids adjoining valine 132
and threonine 149 are conserved across species (Fig. 5), which
suggests an important catalytic or structural role in the dehy-
drogenase/isomerase. Accordingly, we concluded that either
or both of the V132F and T149I mutations could have con-
tributed to loss of 33-HSD enzyme function in the proband,
considering that patient 2 received one allele with V132F and
T1491 mutations from the mother, whereas the other allele
from his father contained 973_974insCCTGC, also affecting
the HSD3B7 gene. His mother was asymptomatic despite
having the two missense mutations because both occurred
together on only one allele, representing heterozygosity. In the
two patients, in this study, we identified a total of four novel
mutations.

Patient 1 was a homozygote and patient 2 was a compound
heterozygote. Both parents of each patient were the heterozy-
gous for a mutation, strongly suggesting that the patient
inherited one or more mutated genes from each parent.

Finally, the results of HSD3B7 gene analysis led us to
identify four novel mutations in the HSD3B7 gene that can
underlie 33-HSD deficiency, an autosomal recessive form of
neonatal cholestasis. Because the liver function in this disease
is improved by UDCA treatment, patients may be misdiag-
nosed with idiopathic neonatal hepatitis. However, a low or
normal serum concentration of total bile acid and a normal
serum GGT concentration in a neonate with cholestasis should
lead us to suspect inborn errors of bile acid synthesis such as
3B-HSD deficiency. After diagnosis of 3B8-HSD deficiency,
we recommend prompt initiation of primary bile acid treat-
ment using CDCA (and/or CA, where available) in the early
neonatal period, before the late stage of chronic cholestatic
liver dysfunction.
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Background: Recently we proposed the therapeutic potential of pyruvate therapy for mitochondrial diseases.
Leigh syndrome is a progressive neurodegenerative disorder ascribed to either mitochondrial or nuclear DNA
mutations.

Methods: In an attempt to circumvent the mitochondrial dysfunction, we orally applied sodium pyruvate and
analyzed its effect on an 11-year-old female with Leigh syndrome due to cytochrome ¢ oxidase deficiency
accompanied by cardiomyopathy. The patient was administered sodium pyruvate at a maintenance dose of
0.5 g/kg/day and followed up for 1 year. :

Results: The exercise intolerance was remarkably improved so that she became capable of running.
Echocardiography indicated improvements both in the left ventricle ejection fraction and in the fractional
shortening. Electrocardiography demonstrated amelioration of the inverted T waves. When the pyruvate
administration was interrupted because of a gastrointestinal infection, the serum lactate level became
elevated and the serum pyruvate level, decreased, suggesting that the pyruvate administration was effective

in decreasing the lactate-to-pyruvate ratio. .

Conclusions: These data indicate that pyruvate therapy was effective in improving exercise intolerance at
least in a patient with cytochrome ¢ oxidase deficiency. - ' .

General significance; Administration of sodium pyruvate may prove effective for other patients with

cytochrome ¢ oxidase deficiency due to mitochondrial or nuclear DNA mutations.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Mitochondrial diseases are intractable disorders, including ence-
phalomyopathy, cardiomyopathy, hearing or visual loss, and diabetes;
and they are caused by either mitochondrial or nuclear DNA
mutations. In spite of the research efforts for gene therapy aiming at
removal of a specific mitochondrial DNA mutation by use of restriction
enzymes, e.g., Smal or Xmal for the m.8993T>G mutation [ 1], definite
therapies have not been established for mitochondrial diseases. The
supplementation of vitamins and cofactors are not satisfactory except
for a limited number of patients, such as those with thiamine-
responsive pyruvate dehydrogenase complex deficiency [2] or those
with defects in the biosynthetic pathway of coenzyme Q 3, 4]. Earlier
we proposed that pyruvate has a therapeutic potential for mitochon-
drial diseases, because: (a) pyruvate can stimulate the glycolytic
pathway by reducing the NADH/NAD ratio in the cytoplasm, (b)

* Corresponding author. Tel.: +81 3 3964 3241x3095; fax: +81 3 3579 4776.
E-mail address: mtanaka@tmig.or.jp (M. Tanaka),

0304-4165/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi; 10.1016/{.bbagen.2009.07.008

pyruvate can activate the pyruvate dehydrogenase complex (PDHC)
by inhibiting pyruvate dehydrogenase kinase, and (c) pyruvate can
scavenge hydrogen peroxide by a non-enzymatic reaction [5].

Leigh syndrome (LS) is an early-onset progressive neurodegen-
erative disorder characterized by developmental delay or regression,
lactic acidosis, and bilateral symmetrical lesions in the basal ganglia,
thalamus, and brainstem [6, 7). The disease is caused by mutations in
both nuclear and mitochondrial genes involved in energy metabolism;
however, the underlying gene defects remain unidentified in nearly
half of the patients [8, 9]. Because of the clinical and genetic
heterogeneity of the disorder, there is no established treatment for
patients with LS.

Our recent trial showed that sodium pyruvate produced a slightly
favorable change in the plasma lactate and pyruvate levels for the
treatment of mitochondrial disease [5]. This preliminary result
prompted us to apply sodium pyruvate to a patient with LS due to
cytochrome ¢ oxidase. In the present report, we describe our clinical
experience with pyruvate therapy in an adolescent with cytochrome ¢
oxidase deficiency.
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2. Administration of pyruvate to a patient with cytochrome ¢
oxidase deficiency

An 11-year-old female complained of frequent falls during walking
and slowness in running. This patient was born with a weight of
3590 g after a normal pregnancy. At the age of 6 years, she complained
of double and blurred vision. Neurological examinations revealed gaze
nystagmus and bilateral paresis of the abducens nerve, Cranial
magnetic resonance imaging (MRI) demonstrated bilateral lesions in
the putamen (Fig. 1). The lactate level was elevated in the
cerebrospinal fluid (31 mg/dL, normal 10-20 mg/dL). Histopatholo-
gical study of the skeletal muscle revealed the presence of diffuse
cytochrome ¢ oxidase-negative fibers (Fig. 2) without ragged-red
fibers (RRF) or strongly succinate dehydrogenase-reactive blood
vessels (SSV). Biochemical analysis of the mitochondria isolated
from the skeletal muscle indicated a marked deficiency of cytochrome
¢ oxidase activity (17% of the normal control value). The sequencing of
the entire mtDNA identified no pathogenic mutations either in the
protein-coding regions or in the ribosomal and transfer RNA genes.
From these findings she was diagnosed as having LS due to
cytochrome ¢ oxidase deficiency. From the age of 8 years oral
administration of coenzyme Q was started, but her motor dysfunction
became gradually aggravated and her easy fatigability, enhanced.
Neurological examination revealed dystonia and an ataxic gait. She
sometimes needed assistance in walking, and her speech became
gradually slurred. At the age of 10 years, echocardiography revealed
mild cardiac dysfunction: her left ventricular ejection fraction was 52%
(normal 55%-80%), and the fractional shortening was 26% (nor-
mal>28%). An electrocardiogram revealed inverted T waves in leads
V3 and V4, suggesting cardiac muscle involvement. The blood lactate
and pyruvate levels were 20,5 mg/dL and 1.13 mg/dL, respectively,
with a lactate-to-pyruvate ratio of 18.1. The levels of lactate and
pyruvate in the cerebrospinal fluid were 32.4 mg/dL and 1.21 mg/dL,
respectively, giving a lactate-to-pyruvate ratio of 26.8. )

At the age of 11 years, administration of sodium pyruvate (0.5 g/
kg/day) was started. After the administration both the blood lactate
and pyruvate levels decreased to 10.3 mg/dL and 0.88 mg/dL
respectively, with a reduction in the lactate-to-pyruvate ratio'to 11.7.

Fig. 1. T2-weighed magnetic resonance imaging (MRI) of the brain of the patient at
11 years of age.

Fig. 2. Histochemical staining for cytochrome c oxidase in the biopsied skeletal muscle
of the patient. Diffuse deficiency of cytochrome ¢ oxidase is to be noted.

Interestingly, the exercise tolerance of the patient improved after the
start of pyruvate administration; and she became capable of
participating in athletic games in school. One year after the start of
pyruvate administration, although none of the neurological symptoms
or signs had significantly improved, her cardiac function returned to
within the normal ranges: left ventricular ejection fraction of 58% and
fractional shortening of 30%. Inverted T waves in leads V3 and V4 of
the electrocardiogram were diminished. These findings suggest that
pyruvate administration might have beneficial effects on mitochon-
drial cardiomyopathy.

When pyruvate administration was interrupted because of a
gastrointestinal infection, the serum lactate level of the patient
increased from 11.3 mg/dL to 14.3 mg/dL; and her serum pyruvate
level decreased from 0.96 mg/dL to 0.94 mg/dL, suggesting that the
pyruvate administration was effective in decreasing the lactate-to-
pyruvate ratio. -

The present observations suggest that oral administration of
sodium pyruvate at a dose of 0.5 g/kg/day had no harmful effects,
although diarrhea was sometimes observed when the pyruvate was
administered at a high concentration. We therefore recommend
administering sodium pyruvate at 16,5 g/L (150 mM) diluted in either
water, milk or fruit juice,

3. Discussion

In the present study, we reported a patient with LS who responded
to pyruvate administration. The histochemical finding of diffuse
cytochrome ¢ oxidase deficiency indicated that this condition was
distinct from the benign infantile mitochondrial myopathy due to
reversible cytochrome ¢ oxidase deficiency [10]. The sustained levels
of blood lactate and pyruvate suggested that the enzyme defect itself
was persisting in the present patient.

We also administered sodium pyruvate to several patients with
mitochondrial encephalomyopathies in advanced stages. In such
patients having respiratory disturbance necessitating artificial venti-
lation, dysphagia requiring tube feeding or a gastric fistula, severe
psychomotor developmental delay, and/or multiple organ failure, we
were unable to assess the efficacy of pyruvate administration.
Considering the progressive nature of LS, and given that the pyruvate
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administration is efficacious in preventing neurodegeneration,
therapeutic intervention should be started in the early stage of
disease progression.

There are some limitations in the present study. First, despite
vigorous analysis of mitechondrial DNA mutations, we were unable to
identify the causative etiology of LS in the present patient. Further
survey for nuclear DNA mutations is needed. Second, this was a
clinical study on one patient, in which the results must be interpreted
with caution. For validation of our findings, multi-institutional
research including the present case should be conducted.

In a patient with LS associated with cardiomyopathy examined
previous to the present one (Wakamoto et al, unpublished
observation), MRI conducted 1 year after the start of pyruvate
therapy demonstrated remarkable improvement with distinct
decreases in the size and intensity of the lesions located in the
basal ganglia. Echocardiography also demonstrated marked improve-
ments in the values of left ventricular end-diastolic diameter, left
ventricular end-systolic ‘diameter, fractional shortening, and left
ventricular ejection fraction; although the degree of hypertrophy of
the heart muscle was not influenced by the pyruvate administration.
These observations indicated improved cardiac function after the
treatment of this LS patient. )

In another patient with LS, a marked improvement in the
electroencephalographic findings was noticed after administration
of sedium pyruvate (Koga et al., unpublished). Because LS is caused by
a wide variety of the molecular and genetic defects, we need to
identify the specific subtypes that are responsive to pyruvate therapy.
For this purpose, we have started constructing a rapid and
comprehensive detection system for pathogenic mutations of mito-
chondrial DNA by use of the Luminex suspension array technology
(Nishigaki et al., in preparation). Efficient and systematic screening for
nuclear DNA mutations should be also established.

Hermann et al. investigated the effect of intracoronary pyruvate in
8 patients with congestive heart failure, and concluded that pyruvate
had a favorable inotropic effect [11]. Pyruvate affects energy
metabolism by its input into the tricarboxylic-acid (TCA) cycle in 2
ways. First, pyruvate enters the TCA cycle as acetyl-CoA after
decarboxylation via pyruvate dehydrogenase. Second, pyruvate
enriches the TCA cycle after carboxylation to oxaloacetate and/or
malate via pyruvate carboxylase and/or malic enzyme. Actually the
13C NMR spectroscopic study by Weiss et al. demonstrated that the
addition of 0.8 mM pyruvate significantly increased in the levels of
citrate in the rat heart perfused with 5 mM [2-'*CJacetate [12]. This
anaplerotic effect of pyruvate would increase the flux through the TCA
cycle, supplementing oxidative phosphorylation. The exact mechan-
isms by which pyruvate improved the exercise intolerance in the
present patient with cytochrome c oxidase deficiency should be
further investigated.

We previously demonstrated that pyruvate infusion lowered the
lactate-to-pyruvate ratio and corrected the deficit in ureogenesis in
the liver of citrin-knockout (Ctrn™’/~) mice, a model of adult-onset
type Il citrullinaemia [13]. Recently, Mutoh et al. reported the use of
arginine and sodium pyruvate for the treatment of a citrin-deficient
patient at the early stage of adult-onset type Il citrullinaemia [ 14}, Oral
administration of arginine and sedium pyruvate for over 3 years
improved the clinical symptoms and almost completely normalized
the laboratory findings of the patient. The authors concluded that the
administration of arginine and sodium pyruvate with low-carbohy-
drate meals may be an effective therapy for patients with citrin
deficiency in order either to prolong metabolic normalcy or to provide
a safer and more affordable alternative to liver transplantation [14].
Thus, extended studies are needed to confirm the therapeutic
potential of pyruvate for both citrin deficiency and mitochondrial
respiratory defects.

In conclusion, although the pathogenic mutation causing the
mitochondrial dysfunction was not determined, our results suggest
that exercise intolerance, mild cardiac dysfunction, and lactic acidosis
were ameliorated by the pyruvate administration. Administration of
sodium pyruvate may prove effective for other patients with
cytochrome ¢ oxidase deficiency due to mitochondrial or nuclear
DNA mutations. Validation of our findings will require their replica-
tion with additional patients having different mltochondnal abnorm-
alities confirmed by genetic or biochemical analysis.
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Bzl TuitEglud, PLHBCEZ
X, 73/ Bah, RPEREBSN, 7o
ANV=F U BREToTBELVRETD
5, RERIVA4 7 VREE, EHRBAHRE
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EVIDENCE DIAGNOSIS

* BRER « Definite (FEEH)

: §g$ . * Probable (£v>#)
- BRI * Possible (RTREEEY)
- EBHERRIT « Unlikely

- DNA

AN

1 FRERBTEDRET

fE, BIFBRAHEREEZII ravFY 70
REEELZHD T e MNFERICHELY, 251
7eIRBOD rule out RBWHEMEDOFIZH Lo
»HEWENT w3,

FEEHELXDLE, [AITHHD] LB-
TWle2T 3 LE2RMCET T2 bDLH 2
3o BlziE, BM—HBORES I TRBIED
TERWRE, BBIHEC 5 KEBIE,
FELFEIEELBLR 3, Fl-bHBEERL
7o B 4 R FRAE O BE W 1 5 1% T HIGE D fE B
i, 23 [ATbd ] 2MKcELTY
B5DTEVP—FHL Tl &1,

RARMEIAEELRS EERFENDHD L
25, CENEVERL DK (L/P H) 28
%82 3HEE, FREDEENTHRE
50 £z, 7 b &l (3-OHB/AcAc) #8
3D b EREOBENE X Sz, A
BRIEVEVYEREEY P TRELTBE
W, UL, S harvFY) 7HEDH20%I3E,
REEETHBY, Lizdt->T, ABREIE
LHLHKEEBTELLZEIZIRESRLL,
ABREX b3 L b BETCIRYR
W, BLETEHFRCLEDHBZIRETH B,

REWCEL T—8MZ v, RRF (rag-
ged red fiber) B/MNERTR—BETIE W
B, SPaAVFYTREERRTEECER
ZATRTHY, Bernier DAEEMITITHME N
T3, TORIIE, 7vy ya @8 ThH
NELTEREELVET2ED 5, Hi
RRF v sdbtwoT [Shav kY7
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FBThw] Zricizsnkn, BREEOH
BOLHETITIRETDH S,

M I, BRI OWT

S

BERERD A {1V BEESEOBRIEETH
3, EEOMRTIE, MEXEHERVT,
Complex [ H6IVBEUS baYFYT~
—#—& LT TCA BROHMBBERTH 3 7
T vEREREERE (CS: Citrate Synthase)
RHEL T3, Bernier 5OE¥ED i2hH 3
L8, EEOHEMNE T TR, CS H,
Complex IILETRT I LVERETH 5,

- HERRkE, AR, B, O, B
B, SRR TR BROSESMR TS
3, BB Tiz—80°Cic THE L - &&R
HEEAVTWw3, FOoSdERTIE/N—FE/
P54 RS & 1A 5 ~10ngBE AT
3, |ATAENLTERNIEXBEDHL L
NEF LW, HAHL40mg (3~ 4 mIr L
5w) BED3 LEERTAS, LHI3FE
BRI rAVRYTHBECHED, HE
WYBRTHAEETH B,

R F, REBLROEREGEORER, 5T
ERL2BERLPRICERL, ¥ <I—80°CiciR
FELTBL ZEHEE Ly, BEREEEHE
WAREER Complex [ SETE#EDTL
ED7ew, TOFESEL X5, TETH
BRBW, T s & 3HFK Autopsy ®
ERORR GECHT < THNIEERHT
B8 BT L L, —80CRFs hid,
k< HI0EL Eisbi > TRERIEIZER
(e B,

¢iBlue-Native PAGE M\ /e 4 &/ 70
Ly MEFE, EES FaY R Y TIROBEAR
BWiEE LTELTbh T3, BERIEED
BOBHTT 754 TE B0, BREES
HET AEREZH, SFROBVILYT
BV -RERHEETHIELLTAETD
510)0
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11
)
s

I, #HAGIFRIEICOWT

S rarYFYTHROKE ROV LD
ik, KR (Tissue Specificity) TH
3, ZOHEBIERGEE mtDNA ODRETYH
EEDNADORETHLEI>TL 3, S bav
FYU7EBD0%ZHESERMYE (tissue
specificity) 2H 3z wbh T3, flX
i, B L COFREOERFENRR
2 T3ZLi, EBRCLLRoNBZLET
H 5, Thorburn 5i%, FEICBWTEHL»
REERBESD-> T, BEH CRIROBER
RARDSEL D B HIX25% 12 b BTz v LR
Tw32, HREAITHERTDH D, FHEER
WEBEDII Par Y T7HEEDS B, 22

 BSFRE A TR TS TV 5, BIcHER

25221 TL 38 mtDNA HEBEEEIZ
REISFILEFETOREH TH Y, RESFME
REYREREETH- 2, £, BB
BCBERXALD - S, REFERTY
FIREDERHIH 5 DIX50% I b Gz R v,
PEbhoREEND LR, S bavFY)
7iRD2HIX, TEARITEEEEEAW:
BRI ETOLWVWI L THS, BHIEY
2EZNIBEERBORESRLEATDH S
—5T, BHENES 2EINITREER
BEFHROEEBC L 3RETHY, EEOD
BRORBPREOFE LD LI, BEWC
HF LW 2 ED TITL T BRI EHF X
3, &8, BEFAROBRCIBYRBET
22 L HHFMETEL, WARBEIIERE
REAEEL TR ThITENTH S,

MV, BEFBEIZOWT

SRz, —R/ARPERHCET
23 PbaVFYTHRRELAECKBEFOXE
BRizk-oTRZ 572, mtDNA DRFEEL
FLLHEGE X% & 2vw?, mtDNA ORFE
i3, EEERIERDMGE DERBFICH TIZE 2
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F A, 76
Lo, 91

 Leigh fificht,
2

FHMARY 3
YK 7. 270

"Mﬁ.mw

CNHEE S, 8

B2 =hIVRUPREBEEN/-BEOMKRSE (ERIHK) (COI0E7BRE, TERILCSEHR - HEE

BARZNER)

BlicERTH5 (Pearson, NARP, ME-

LAS, MERRF 7% &), L»L, BHZ mt-

DNA OZFERIZI Fa>Y Y 70—z Ly
FELEWI DD S (heteroplasmy)., Ji5
HeR2ZRELTLLMBICRHWIEENS
RS T, MEMBCRBEENRAILELD
%0

BlliEFOMRBIZIER ICHEL v, ThidR
DEEIZ L 5, ORMBEZRFHETES, @
LA EDBFKRRZR (private muta-
tion) TH 2, @Common mutation »3h ¥
M»TH3 (POLG, SURF1, LRPPRC 7z
E), @EFERE & iz F8 o MEE (Geno-
type/phenotype correlation) M LIELIEZ
L (B2 Leigh B4fE X3 TZ30LA £
HEREFBH> TS5,

L7cds> TRBEERTZE L L TIT D o, ﬂﬁ]fz
DchallengellfEF 2> TLES L Z
A 0ERETOBEOHL VL Z5TH 5,
DI S bHEEBEFEMCBT 01
b, BREZHOERERE DL > TWEIT 3
DTEBEWIEZA DI ),
SV, ACB TR POV Y TR
i35 6 H320104F 7 A £ T2 L 7211841
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DEFKRZH 2E 2 IR T, BRZE S
BloTw3 I EEALTWEE Y,
NEGRERIEZ Tk, ERBE, /NE
FHECTERIBBOFED +ARML T~
§J§$T’@5 EWwz b, BOTHHIEMD =
FaYRYTEE (Wb seRESAEM
fiE) ﬁfn'%%)grbn_ EMInD, FERAFRE
DI baryFI)7HEEERPTOIHREE AT
L0, FESDFE LOIHERRED I b

YRV TREE, NES ray R THEEE
DFIFE (930rh4afl) %= Ho i, Zic,
44 27TFINFEC L TH D, FFICH 4 RFR
EDI PIVFYTHEIFEBEVELZ
%5, FrERBPOERICE L T, Bernier 59
DZMMEEORBRICHE - TWMEhTw 3,
TEDEE, FAEREOET, #HenZ L v
R, EEOFESIITE, FERHOHEE
BT - TLEIR, KEZROEIFRTDH 3,

%7z, INBHAFE T SPERGE 8 R AY
Reye fEMERE =R IER b HHIRBERL T3
B, BEhTORWLOIHELHED S &5
WBEbiLs,

ERRZII i b0 %, BEE2HTHTI:
bOERIIIRT, BEESH TRLLVLOIR
Complex [ XIBETHH, 2EOH4E%
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BURLOIT B R ARAE
39%

Complex [l KHUiE
7%

3 ENIVRUPAELBHESNABEOERDS
BOMIR (010F7 BRE, TERICSEHA
Iz - HEEMKZNEH)

HHd, ROTHEVLOE, [+IV, [+
I, [+Hl+IVEwoiz ks RBERICbI:A
BEXXETHD, Complex [ RFHERIC 4 FliT
¢ k3, Complex I KIEIE i HEFATIC
HIRE XDV, R TE LDk Complex
[VKIBRETH %48, Complex [VAIIESE I
cytochrome ¢ oxidase (COX) & HIFEiLh
%, LeighfdfEICREND 45, THEUND
B (A F—PARI ParFITEE
BE) THHRI %,

CREICR DN, HEE S IESREEOREE
D TH R WBE T, REBFEEDO%WIR
wHET <L CS—Complex [ —=II—=IV-II
DPWTEBRLEIHAETITO I ELRXLTY
%, %7, 118%Ich, mtDNA DO EEFE %##&Y
Y0P THD, HLBBEORFEICLS
LHEEE NS,

VI. mtDNA #4 78 fE {& 8% (Mito-
chondrial DNA Depletion Syn-
~ drome 1 MDS)

Vs
o
=

- MDS iz mtDNA DR PZE AR D
AEADREICL > T, mtDNA OEMET
L7ziss, Complex IILASFOFERES 1, I,
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IV, VOESHDETHASNTL B3 bay
F)7HEOERBEETHS (Complex LI
DNA DAICa—FahTw3), MAFE,
R, miElcaEans (R, AR L
fEICIFER Z L% 0), Wb EEE (5
DEIr»HERBELFEDAHR) TH 5,
mtDNA D520 T2 rary MY 7o
@Y+ b TiERW, S haFY7
B LAMNL, 7 rBEREROGEE
HEEEICE 5,

Bz /cilx, Complex I +II+IV/KiE,
Complex I +IIx#d, Complex I KD/
F—rEED DD, BKREREERZSH»S
#E L, mDNADEER (QPCR) %1T
ZEBMEBSTHEY, ThETEESI
12FlOfFE MDS, 6 floAFE MDS %2
LTE&RD, WTIhbIER CEEEMNL»
DTHd, SParyFIT7HEEEELTH 1
~ 2R ED B bOLEbN S,

YL 2 par R PRORE

<
-~
-

T har PV TRERL REEETFEEC
T, SEBEECIOUEREHERCE
BThb, e 3EHMECHEKL 5
SIGL T DEND S,

EYWRECELTIE, SOLIAROFL
BT L, EREENT 2 EESERE
Thbd, FKEEXEL TR, NEBEOED R
VR TH 5 EH LD, BERBHPRETF2H
NLomhhENBI LTk, SEERRR
BEPEFTNTL 5B T Thb, BIKEMNE
FTEA2Z kL, Lomb L2EEL, EH
EMAERTWHWL ZLICRE S, UTICHRE
DELRERICOBTHIT T ER W,

1. SraF)T7HEAYR—MTHE
8 I UXRHERFORE

HEEXEOThOEMLERATHS L»
S+oh T RZ AW, Ly, T b3
vREYTEENEZONS L E, FREETDH
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#2 EPNIVRUPLAF1-R
(FERIEEH/RETI)

7Y+ :F (VitB) 100mg
v+—n (VitC) 1g
v4F» (VitH) 5mg
a7 (VitE) 100mg
4%/ (CoQ  50mg
An=Fr 300mg

n2~3

K HEBEE, metabolic crisis (R#E7 ¥ F—v A %
5 BRRY) 0/EEy, BERRRY/A 70
REEZLICHE-TVET. 1A (10kg) 2
K >2THVETOT, BERABEL T ZE W,
BRERTERC CHFEEFAOHLDTT.

ST 2RETH-> THEHEE S 3 VHIPH
BERREERETHIZILREVWIETRE
v, FEAMHEERBIEI IV FYTO2X
HEEEHES 8B, EEFSRR2K
FTFIbavyRPYV7VrRda—FEeak
fE, SEAEREAEE, REYAI7VRE
 EREEERLTWS, S FaYFY7HE
EOWTR M I VAT S F—EDHETEN &L
EBRaENB9, —/HT, MEFZHRMENE
EFIRLEHER ERFRICZ L WHEMICH
%,

vy 2y C+K DOfERE, Complex %
WANRAEEBBHB|LLTHEZATY
518, Complex IVREECXTHENVE Y
B L EERY EFonTBY, EROEF
B E 5,

2. RE

EFBRAMAEESBTEINTHSEDTDH
hig, HE2Mz, BEE2SDCEXBLL
‘W, Kaji &%, MPVI7BEFRECED
¢ PR mtDNA MHBERECE VT, an
78 % &t Complex I ® target i& L7: %Y
kL 7y bYAAMCT sV %8573C
riEn, FIYATIF—EREREL,
XS IRRRFOFBEOBLEMI L%

WEL T3, Fiz, BIEEHAREL TS
fFE MDS nig4&, HE2HR (3FMAZ
L) 85T 52 ki & DSz e
bWEBESINIEDHED H 21, FRFEE
FFOBEETIX NADH %2:&FIic &€ 3 AR
B<7®, EfczsHWBEOHEERS
AT R, ThbEL >0 D LEERERNT
EfT>TCZZEHLONIBBMTHS 20, B
HRBORERIIEECHETH S,

3. MELAS (28033 7N 8%
TNE=—NO—¥ b)Y YA 70D
HELLTHETD I LICLD, NO DEE
2L, RMMEOIEZ5|EE I L stroke
PWBLEIILE2ERT 5, EAERANG
B LTEMTITObHLTB D, 2009FEDE
BAERARMAKES (San Diego) THED
EiFohEHEhTw3, £, BOKSE
(7 v¥ U Fhr) XD stroke DFFHIZdH
PhERMBH B ERDLNSE, 2D kix MELAS
BEDOEARAKBWTT S /BO imbalance
BHBILETHRL TS,

4, 3 parF) PREICNT SFBHE
FZHALE2ET 58 MDS B0 R &R
3, ChETHHBHEIZZSTORTE,
AT HERZHTHHEIL S B LN, I
£ & € 5 TR FBEIXTT
bhT&7z, FBHEOBEEORIFTOVTD
TREIBRE LI, BEDL ZAFET
b5, FFHHEREBETEE LT TREZS,
MRAERMEWIFE R LIER EFHREIC
2 EEWERD D 2BEE, BostegEs
2RV, HRSRAEETR LIS LT,
Bz DEFIC OV THECKRN T REFHT
H?5, ‘

§\m BhYi-

20094E4 San Diego TH»h:EELER
REMABEZSCBVLT, ROBEEBSES Lo
DOBI4 VYV —LRTHY, RWTS bav
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