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Abstract The ctiology of secretory diarrhea in early life is
often unclear. We report a Japanese boy who survived until
3 years of age, despite intractable diarrhea commencing
soon after birth. The fecal sodium content was strikingly high
(109 mmol/L. [normal range, 27-35 mmol/L}) and the
osmotic gap was decreased (15 mOsm/kg), consistent with
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the findings of congenital sodium diarrhea. We examined the
mitochondrial respiratory chain function by blue native
polyacrylamide gel electrophoresis (BN-PAGE) in-gel en-
zyme staining, BN-PAGE western blotting, respiratory chain
enzyme activity assay, and immunohistochemistry. Liver
respiratory chain complex (Co) I activity was undetectable,
while other respiratory chain complex activities were
increased (Co 11, 138%; Co III, 153%,; Co 1V, 126% versus
respective control activities). Liver BN-PAGE in-gel enzyme
staining and western blotting showed an extremely weak
complex I band, while immunohistochemistry showed
extremely weak staining for the 30-kDa subunit of complex
I, but normal staining for the 70-kDa subunit of complex II.
The patient was, therefore, diagnosed with complex I
deficiency. The overall complex T activity of the jejunum
was substantially decreased (63% of the control activity).
The immunohistochemistry displayed apparently decreased
staining of the 30-kDa complex [ subunit, together with a
slightly enhanced staining of the 70-kDa complex II subunit
in intestinal epithelial cells. These data imply that intestinal
epithelial cells are also complex I-deficient in this patient.
Complex I deficiency is a novel cause of secretory diarrhea
and may act via disrupting the supply of adenosine
triphosphate (ATP) needed for the maintenance of ion
gradients across membranes.

Keywords Intractable secretory diarrhea -
Mitochondrial respiratory chain disorder -
Complex I deficiency

Abbreviations
BN-PAGE Blue native polyacrylamide gel
clectrophoresis

Co Complex

CS Citrate synthase
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CMVA Congenital microvillous atrophy
ATP Adenosine triphosphate
Introduction

Congenital secretory diarrhea with an onset in carly life is
almost always severe and is often life threatening [1, 3, 6-8,
11, 14}. To date, mutations in the CI /HCO3™ exchanger gene
(SLC26A3) are the only documented genetic cause of
congenital chloride diarthea [7, 8]. On the other hand, the
number of newboms or early infants who present with
secretory sodium diarrhea with voluminous alkaline stools
containing high concentrations of sodium leading to hypo-
natremia and profound metabolic acidosis has been increas-
ing [3, 8 11]. However, the mechanisms underlying the
development of sodium diarrthea have not been fully
elucidated, with the exception of congenital microvillous
atrophy (CMVA), which is histologically characterized by
microvillous inclusion bodies and periodic acid-Schiff
(PAS)-positive granules in intestinal epithelial cells [11, 14].

Here, we report a boy with mitochondrial complex 1
deficiency who presented with sodium diarrhea directly
after birth. The possible contribution of mitochondrial
respiratory chain disorders to the development of secretary
diarrhea is discussed.

Case report

The patient, a Japanese boy, was born at term weighing
3,202 g as the second child to healthy parents with no
consanguinity. His elder sister is entirely healthy. There is
no family history of bowel disease or neurological disease.
The pregnancy was not complicated by polyhydramnios.
Soon after birth, he developed severe watery diarrhea and
was admitted to our hospital at the age of 4. days. On
admission, he was drowsy and his weight was strikingly
decreased (—23.4% of birth weight). Blood gas analysis
showed  profound metabolic. acidosis, together with: high
plasma concentrations of sodium, potassium, and chloride
(Table 1). Blood pH and electrolytes were corrected within
a few days. by an intravenous: drip infusion of the
appropriate solution. Thereafter; despite the discontinuation
of enteral nutrition; the severe diarrhea- with voluminous
stools never improved, and the plasma sodium- level
continued to decrease. To maintain a plasma sodium level
in the normal range, 11-19 mmol/kg/day of sodium as a
solution: was administered intravenously. Stool analysis: at
1 month after the admission revealed high sodium and
chloride contents, high pH, and low osmotic gap. On the
other hand, the sodium content of his urine was somewhat
low, while the chloride content was high (Table 1). These
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findings were compatible with secretory sodium diarrhea
[3, 8, 11]. The pathogens that possibly cause diarrhea were
repeatedly negative in stools. Endocrinological disorders or
tumors associated with diarrhea were also never detected.
Microscopic and electron microscopic examinations revealed
villous atrophy, but did not show any other findings
suggesting the etiology of the secretary diarthea [14]. At the
age of 3 months, he underwent total parenteral nuirition,
leading to weight gain. Nevertheless, sufficient weight gain
was not achieved (Fig. 1). After the age of 1 year, multiple
bone deformities, such as oar-shaped ribs and egg-shaped
vertebrae became apparent, and, simultaneously, he began to
develop recurrent bone fractures in the lower limbs. From the
age of 2 years, he developed involuntary horizontal and
vertical movements of the bilateral eyeballs, so-called
opsoclonus, At the age of 3 years, he suddenly died of
septic shock resulting from catheter infection and subsequent
adrenal hemorrhage.

Throughout the course of the patient, his blood lactate
level was almost normal (11-20 mg/dl; normal 7-16 mg/dl)
and other metabolic screening tests, such as plasma amino
acid profiles, never showed findings suggestive of congen-
ital metabolic disorders. Nevertheless, the clinical manifes-
tations involving multiple organs led us to suspect a
mitochondrial disorder [12].

Methods

Expression of the mitochondrial respiratory chain complex
I, 11, 11, and IV proteins was examined by in-gel enzyme
staining and western blotting using blue native polyacryl-
amide gel electrophoresis (BN-PAGE) according to meth-
ods described previously [3, 16]. Gels were loaded with
10 ug of protein from enriched mitochondria of the liver
and intestine. Concurrently, activities of respiratory chain
complexes I, II, III, and IV were assayed as described
previously [9, 15]. In these assays, citrate synthase (CS)
was employed as a mitochondrial enzyme marker. This
method was performed using crude post-600xg super-
natants from each tissue.

Immunohistochemical staining was performed on
paraffin-embedded - sections. After microwave treatment
at 95°C for 20 min in citrate buffer pH 6.0, endogenous
peroxidase: activity was blocked with 3% H,0, for 20
min. Sections were first incubated with a primary antibody
against complex I.30-kDa subunit (MS110, MitoSciences,
Eugene, OR; USA) (diluted 200-fold) and complex II 70-
kDa subunit (MS204, MitoSciences) (diluted 1,000-fold)
for overnight incubation at 4°C and visualized by a labeled
streptavidin-biotin method with LSAB?2 kit and chromogen
diaminobenzidin tetrahydrochlorid (Dako, Carpinteria,
CA, USA).
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Table 1 Blood, fecal, and urinary electrolytes on admission and gastrointestinal hormones

Characteristic Value Characteristic Value
Weight (kg)* 2.43 Urinary electrolytes**

Height (em)* 50 sodium (meq/L) (2-26) 32
Biochemistry* potassium (meg/L) (1-16) 51
pH 7.105 chloride (meg/L) (3-39) 46
bicarbonate (meg/L) (3.6-5.0) 11

pCO, (mmHg) (35-45) 30 Fecal electrolytes**

sodium (meq/L) (136-147) 151 sodium (mmol/L) (27-35) 109
potassium (meq/L) (3.6-5.0) 5.8 potassium (mmol/L) (71-79) 25
chloride (meg/L) (98-109) 111 chloride (mmol/L) (14-18) 68
calcium (mg/dl) (8.7-10.1) 9.6 bicarbonate (mmol/L) (36-44) 53
phosphate (mg/dl) (2.4-5.3) 5.9 osmotic gap (mOsm/kg)t 15
plasma osmolality (mOsm/kg/m) (276-292) 287 pH (6.5-7.4) 7.6
blood urea nitrogen (mg/dl) (8-16) 33

creatinine (mg/dl) (0.1-0.4) 0.77 Gastrointestinal hormones**

aspartate aminotransferase (IU/L) (12-44) 20 serum gastrin (pg/mL) (40-140) 64
alanine aminotransferase (IU/L) (2-37) 21 serum VIP (pg/mL) (50 — 100) 16
total protein (g/dl) (6.4-7.6) 6.7 serum glucagon (75-125) 77
albumin (g/dl) (4.2-5.1) 4.7 prostaglandin (pmol/L) (59-280) 229
blood sugar (mg/dl) (60-105) 144 urinary VMA (mg/day) (1.3-5.7) 1.7
C-reactive protein (mg/dl) (<0.3) 0.1 urinary HVA (mg/day) (1.5-6.6) 3.1

Normal ranges in parentheses

VIP=vasoactive intestinal polypeptide; VMA=vanillyl mandelic acid; HVA=homovanillic acid

+Osmotic gap was calculated as 290-2(Na+K)
*Data on admission
**Data after the correction of electrolytes by intravenous treatment

Total DNA was extracted from both liver and intestine
samples using standard procedures. The direct sequencing
of all seven mitochondrial DNA-encoded complex T genes
was performed as previously described [17], using M13-
tagged polymerase chain reaction (PCR) primers and
BigDye terminator cycle sequencing chemistries (Applied
Biosystems, Foster City, CA, USA).

Results

Liver respiratory chain complex I was shown to be deficient
in this patient by four independent methods: (i) BN-PAGE
in-gel enzyme staining showed decreased protein levels of
complex I in the regular (900-kDa) and: supercomplex
forms (Fig. 2A); (ii) BN-PAGE western blotting showed
findings consistent with those of BN-PAGE in-gel enzyme
staining (Fig. 2B); (iii) respiratory: chain- enzyme assay
showed that complex I activity was undetectable in- this
patient; while activities of complexes II; III, IV, and cifrate
synthase were normal or somewhat increased (Table 2); (iv)
the immunohistochemistry showed substantial steatosis and
a decreased amount of complex I.30-kDa subunit but a
normal amount of complex II 70-kDa subunit (Fig. 3A-D).

In contrast to liver complex I activity, the jejunum
complex I activity was only moderately decreased (Table 2).

The immunohistochemistry of the jejunum suggested a
slightly increased amount of complex II staining in
epithelial cells and moderately decreased staining of
complex I protein, implying a relative decrease in complex
I protein (Fig. 3E-J).

Discussion

Mitochondrial respiratory chain disorders present an ex-
traordinary diversity - of clinical manifestations, affecting
most organ systems, alone or in combination, and with
almost- any -age of onset [12]. Accordingly, it is not
surprising that these disorders could be associated with
gastrointestinal diseases presenting as diarrhea. However,
there: are only limited reports describing the. associations
between. mitochondrial- disease and chronic diarrhea.
Cormier-Daire et al. reported a patient with a mitochondrial
DNA deletion presenting as chronic secretory diarrhea, in
whom villous atrophy was present without the histological
features of CMVA, such as microvillous inclusion bodies
[4].

Congenital sodium diarrhea has been postulated to result
from a defective sodium/proton exchanger localized in the
apical membrane of small intestinal cells [3, 8, 11].
However, no mutation could be identified in genes
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(A)
Cl1 Patient

Supercomplex

Comiplex [

. Complex 11

Fig. 2 Blue native polyacrylamide: gel electrophoresis (BN-PAGE)
analysis of liver respiratory. chain enzymes by: a in-gel enzyme
staining of complexes I and IL and b immunoblot analysis of
complexes 1, II, I1I, and 1V. In-gel enzyme staining showed markedly
decreased complex I activity in both the' complex I and supercomplex
bands compared with complex IT in this patient. Western blotting used
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Cross-sectional Growth Chart of this patient

Head circumstance was not followed

¥

Age {(months)

(B)

Patient C1.  C2 C3

Supercomplex
Complex 1

Complex 111

Complex IV

Complex 11

antibodies: specific to:the comiplex I 30-kDa subunit, complex I 70-
kDa subunit,” complex III core subunit, and complex IV COX1
subunit. This showed markedly decreased protein levels of complex I
and supercomplex, while the protein levels of complex II, IH, and IV
were comparable to control samples
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Table 2 Respiratory chain enzyme assay of this patient

% Col Co Il Co I Co IV CS
Liver
% of normal 0 138 153 126 321
CS ratio 0 43 47 39 —
Co 1 ratio 0 112 91
Intestine
% of normal 63 162 76 118 98
CS ratio 64 165 78 120
Co II ratio 39 - 47 73 -

Co I=complex I, Co I=complex [I; Co lI=complex IHI; Co
IV=complex IV; CS=citrate synthase

Enzyme activities are expressed as % of mean normal control activity
relative to protein, relative to CS, and relative to Co II

encoding known sodium/proton exchangers [11]. Adeno-
sine triphosphate (ATP) is required either directly or
indirectly to drive sodium/proton exchange. The patient
described here suggests that a defect of the respiratory chain

Fig. 3 Immunostaining of 30-

kDa complex [ and 70-kDa Control

generating ATP via oxidative phosphorylation in the intestine
might cause impairment of sodium/proton exchangers.

Our patient had a definite diagnosis of complex 1
deficiency based on four independent analyses of complex
I activity and amount in the liver, but complex I deficiency
in the intestine was not so dramatic. Intuitively, one might
expect that complex [ deficiency should be markedly
deficient in the intestine if it is causing the secretory
diarrhea. However, such a discrepancy could be explained
by the tissue-specificity of complex I activity. The intestine
consists of many components, such as smooth muscle, that
may have normal complex 1 activity. In addition, villous
atrophy is a consequence of the loss of the most distal
villous epithelial cells, which may have had lower complex 1
activity. Finally, the immunohistochemistry measures the
amount of only one of the 45 complex [ subunits and may
not reflect the amount of other subunits and overall activity in
intestinal epithelial cells. For these reasons, such results could
be consistent with complex I deficiency being causative.

Patient

complex I subunits in the liver
and small intestine. Patient and
control liver and intestine sam-
ples were immunostained with
either 30-kDa complex I or 70-
kDa complex IT antibodies. The
patient liver shows markedly
decreased complex 1 and mod-
erately increased complex II
staining. The patient intestine
shows villous atrophy and mod-
erately decreased complex 1
staining in epithelial cells, with
slightly increased complex I
staining
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Lactic academia is the classic biochemical finding of
mitochondrial disease, but Kirby et al. reported that the
blood lactic acid level was normal in about 20% of patients
with complex 1 deficiency [9]. Our patient usually showed
normal blood lactate level, and the major symptom in the
first year of life was only secretary diarrhea. Nevertheless,
the additional appearance of other clinical manifestations,
such as bone deformity and opsoclonus, prompted us to
suspect mitochondrial disease.

The mitochondrial respiratory chain consists of many
complex subunits, and, therefore, the molecular diagnosis
of respiratory chain disorders is often very difficult. For
example, complex I has 45 subunits, and 17 of these
subunit genes plus two complex 1 assembly genes have
been shown to have mutations causing human disease [2,
13, 18]. The known genes only appear to account for
perhaps half of all patients with complex I deficiency, so
further disease genes remain unknown [10]. We could not
find any mutations in this patient in the seven complex I
subunits encoded by mitochondrial DNA, so the complex 1
defect is likely to be caused by a mutation in a nuclear gene.

Recently, BN-PAGE immunoblotting and enzyme staining
have been shown to be powerful diagnostic tools for
mitochondrial disorders. We confirmed their utility in study-
ing this patient, whose secretory sodium diarrthea appears to
be caused by respiratory chain complex I deficiency. More
investigation is required in order to acquire a better under-
standing of gastrointestinal disease involving sodium diarrhea
in mitochondrial respiratory chain disorders.
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Background/aims: To describe the clinical and biological findings of two Japanese siblings with novel
MPV17 gene mutations (c.451insC/c.509C > T) manifesting hepatic mitochondrial DNA depletion syn-
drome.
Methods: We observed these brothers and sought to determine the efficacy of treatment targeting respi-
ratory chain complex II for the younger brother.
Results: A 3-month-old boy had presented with profound liver dysfunction, failure to thrive, and watery
diarrhea. Although he was then placed on a carbohydrate-rich diet, his liver function thereafter fluctuated
greatly in association with viral infections, and rapidly deteriorated to liver failure. He underwent liver
transplantation at 17 months of age but died at 22 months of age. The younger brother, aged 47 months
at the time of this writing, presented with liver dysfunction from 8 months of age. His transaminase lev-
els also fluctuated considerably fluctuations in association with viral infections. At 31 months of age,
treatment with succinate and ubiquinone was initiated together with a lipid-rich diet using ketone milk.
Thereafter, his transaminase levels normalized and never fluctuated, and the liver histology improved.
Conclusions: These cases suggested that the clinical courses of patients with MPV17 mutations are greatly
influenced by viral infections and that dietary and pharmaceutical treatments targeting the mitochon-
drial respiratory chain complex Il may be beneficial in the clinical management of MPV17 mutant
patients.

© 2009 Elsevier Inc. All rights reserved.

Introduction

tions in the manner of autosomal recessive inheritance {1-5].
Recently, the occurrence of patients with MPV mutations has been

MPV17 is a mitochondrial gene encoded by a nuclear gene [1].
Its miutations cause mitochondrial DNA depletion syndrome
(MDS)?, presenting multiple mitochondrial respiratory chain deple-
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increasing; the majority of patients have developed liver disease
within a few months after birth, with rapid deterioration to liver
failure, while the remaining patients have shown relatively slow
progression of liver disease or neurological regression [1-5],

However, the number of patients with MPV17 mutations is still
small, and the clinical courses according to the mutations or the
genotype- phenotype correlation remain unclear. Further, the
appropriate internal therapy has yet to be established, although
Parini and colleagues recently reported that glucose administration
to avoid hypoglycemia is efficient in slowing the progression of
liver disease [5].
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In this report, we present the clinical courses of two siblings
with novel mutations, c.451insC and ¢.509C > T, whose liver func-
tions greatly fluctuated according to their respective viral infec-
tions. The beneficial effect of treatment targeting mitochondrial
respiratory chain (RC) complex (Co) I, including succinate and
coenzyme Q, is also described.

Patients and methods
Cases

Case 1: A Japanese boy born as the second child to unrelated
healthy parents. Their first son is healthy. The second son, on the
other hand, was born without any complications at 37 weeks of
gestation age, and weighed 3060 g. At 3 months of age, he was re-
ferred to our hospital to receive precise examinations for failure to
thrive, hypotonia, mild jaundice, and creamy stools. He had moder-
ate head lag and incomplete head control. He maintained good eye
contact and had a sociable smile; he had no seizures or clinical
signs of peripheral neuropathy except for moderate hypotonia.
Findings of brain computed tomography were normal. The liver
was soft and palpated at 4.5 cm below the costal margin with no
splenomegaly. Laboratory tests then showed elevated levels of ser-
um bilirubin, total bile acid {TBA), transaminases, and gamma-
glutamyl transpeptidase (GGT) as well as prolonged coagulation
time (total bilirubin 4.2 mg/dl; direct bilirubin 2.7 mg/dl; TBA
362 umolfL; GGT 178 IUJL; AST 173 IU/L; ALT 58 IU/L; hepaplastin
time 38%). He had no episode of hypoglycemia (his blood glucose
level was 65 mg/dl). Simultaneously, low body weight and height
were prominent (body weight 4610g, —2.7 SD; height, 59 cm,
—1.8 SD). His plasma amino acid profile and urinary organic acid
profile did not suggest any etiology for liver disease, but viral
examinations detected an IgM cytomegalovirus (CMV)-specific
antibody in the plasma. His liver functions thereafter are shown
in Fig. 1 (upper panel).

A liver biopsy specimen obtained at 4 months of age showed
moderate inflammatory cell infiltration with destroyed limiting
plates and fibrosis in the portal tracts (Fig. S1A1). Two different
types of degenerated hepatocytes were found: swollen hepato-
cytes containing lipid droplets of various sizes with occasional for-
mation of multinuclear giant cells, and small, concentrated
acidophilic hepatocytes. Bile plugs were noticed in the cytoplasm
of hepatocytes and dilated canaliculi, consistent with the findings
of cholestasis (Fig. S1A2).

Immediately during his first visit to our hospital, he was fed
with medium-chain: triglyceride (MCT) milk (100-105 kcal/kg/
day; lipid 25%, carbohydrate 56.6%, protein 13.2%, eight times per
day) and received fat-soluble vitamins. His liver dysfunction im-
proved at 7 months of age when the cytomegalovirus-IgM anti-
body became undetectable. However, 1 month later, he began to
frequently vomit, and tube feeding was initiated. Thereafter, he
developed recurrent bouts of jaundice and elevations of transami=
nases accompanied by flu-like signs such as nasal discharge and
cough; and his liver dysfunction deteriorated to liver failure with
cirrhosis (Fig. S1B shows. his liver histology at 15 months of age).
He underwent a liver transplantation at 17 months of age but died
of recurrent peritonitis: and the resultant sepsis at 22 months: of
age. Afterward, the liver specimens obtained through the explanta-
tion, which histologically showed' cirrhosis, were: subjected  to
mitochondrial RC examinations when his younger brother received
RC examinations.

Case 2: The younger brother of case 1 was born, 15 months after
his elder brother died, without any complications at 40 weeks of
gestation, with a weight of 3260 g. At the age of 8 months he
was referred to our hospital with failure to thrive (height, 62 cm,

—3.5 SD; weight 5.5 kg, —3.1 SD) and mild cholestasis. He could
sit up alone, but could not crawl yet. He had no seizure and no clin-
ical sign of peripheral neuropathy except for mild hypotonia. He
could appropriately respond to changes in emotional content of so-
cial interaction. His liver and spleen were not palpated below the
costal margin. Liver function tests then showed mild or moderate
elevations of serum AST, ALT, GGT, and TBA levels (AST, 150 IU/L;
ALT 40 U/L; GGT, 82 IU/L; TBA 40 pmol/L). The coagulation tests
had normal results. He had no episode of hypoglycemia (his blood
glucose level was 64 mg/dl). His plasma lactate and pyruvate levels
were slightly elevated (lactate, 2.2-3.3 mmol/L; pyruvate 0.1-
0.2 mmol/L), but his cerebrospinal fluid lactate and pyruvate levels
were entirely normal. His amino acid profile in blood and organic
acid profile in urine showed no finding suggesting an etiology,
and serological viral tests were all negative. Brain magnetic reso-
nance imaging {MRI) was normal at 9 menths of age. His liver func-
tions thereafter are shown in Fig. 1 (lower panel).

Liver histology at 8 months of age displayed mild infiltration of
inflammatory cells, fibrosis in the portal tracts, and various-sized
lipid droplets in hepatocytes, comparable to the histological find-
ings of his elder brother. He was placed on a carbohydrate-rich,
lipid-poor diet using MCT milk (100 kcal/kg/day; lipid 25%, carbo-
hydrate 56.6%, protein 13.2%, eight times per day by nasogastric
tube) as his elder brother had been, and was treated with fat-solu-
ble vitamins and ursodeoxychelic acid.

His liver dysfunction thereafter fluctuated as a result of upper
respiratory infections, probably due to some viruses, and diarrhea
due to rotavirus infection (Fig. 1, lower panel).

Liver histology at 30 months of age showed a rather progressive
fibrosis with bridging formation and inflammatory cell infiltration
compared with that of the previous biopsy (Fig. S1C). The activity
levels of mitochondrial RC Co I and Ill were decreased in this liver
sample, whereas Co 1l activity remained normal (Table 1). Quanti-
tative PCR revealed a decrease in the amount of mitochondrial
DNA, and the boy was diagnosed with MDS. Gene analysis revealed
that he is a compound heterozygote for mutations in the MPV17
gene responsible for MDS.

At 31 months of age, he began medication with carnitine
(300 mg/day), succinate (2 g/day), and ubiquinone (coenzyme
Q10: 30 mg/day). Simultaneously, the carbohydrate-rich, lipid-
poor diet using MCT milk was changed to a lipid-rich, carbohy-
drate-poor diet using ketone milk (lipid 71.8%, carbohydrate
8.8%, protein 15%) and MCT milk (total: 90-100 kcal/kg/day; lipid
56.3-60.1%, carbohydrate 20.8-24.6%, protein 14.4-14.6%, eight
times per day by nasogastric tube). After the initiation of these die-
tary and pharmaceutical treatments, his transaminases decreased
to normal (Fig. 1, lower panel).

At the age of 37 months, a liver needle biopsy was again per-
formed; infiltration by inflammatory cells decreased and fibrosis
was suppressed, but fatty degeneration remained unchanged
(Fig. S1D).

Recently, his body weight and height have increased gradually
but are still:low (body weight 10.3 kg, —2.6' SD; height 81.5 cm,
=45 SD). Brain MRI was normal at 42 months of age. At the time
of this writing; he is 47 months old, and shows hormal psychomo-
tor development.

Materials and methods
Samples for the examination of respiratory chains

The liver sample from the elder brother was the excised part of
the liver transplantation at 17 months of age. Liver samples from
the younger brother were obtained by liver biopsies at 30 and
37 months of age.



294 S. Kaji et al. / Molecular Genetics and Metabolism 97 (2009) 292-296

Tx
sop, Casel »::; - 113
a 400+ 110
=) g
5 B
L 200 S
5 &
4 =
(4] : Q
9 12
Age (months)
2000p  Case 2 Medication 12
(imes B e |
1500+ RN
= g
o K,
g
§/1000 11 ;;5
3 o
& 5001 103
- g
R0
24
Age (months)
T3 Fludlike signs Rota infection T'x; Fransplantation

Fig. 1. Clinical courses of cases 1 (upper panel) and 2 (lower panel),

Determination of enzyme activities

Activities of RC Co 1, II, 1], and IV were assayed for the crude
post-600 g supernatant of the liver samples as described previ-
ously [6,7]. The activity of each complex was presented as a per-
centage of the mean value obtained from 35 healthy controls. For
each patient, the percentages of Co [, II, ll, and IV activities relative
to that of citrate synthase (CS) as a mitochondrial enzyme marker
or Co II activity were calculated [6].

BN-PAGE Western blotting

Expression levels of the mitochondrial RC Co [, II, If, and IV pro-
teins in the liver were examined by Western blotting using blue

Table 1
Enzyme assay of respiratory chain and quantitative mtDNA evaluation by gPCR.

native polyacrylamide gel electrophoresis (BN-PAGE) according
to the methods described previously [8,9]. Ten micrograms of the
protein in the mitochondria-enriched fraction was separated by
BN-PAGE. Immunostaining was performed using a monoclonal
antibody specific for the 39 kD subunit of Co I, the 70 kD subunit
of Co I, the core 1 subunit of Co IlI, and the subunit 1 of Co IV
(Molecular Probes, Eugene, OR).

Quantitative PCR

mtDNA was quantitatively estimated by the real-time amplifi-
cation of fragments of ND1 in the mtDNA genome, as previously
described {10,11]. To determine the overall abundance of mtDNA,
we compared the real-time amplification of ND1 with a single-

Co I; complex [, Co II; complex 11, Co HI; complex HI, Co IV; complex IV, CS; citrate synthase.
Enzyme activities are expressed as % of mean normal control activity relative to protein, relative to CS, and relative to Co II.
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copy nuclear reference gene (exon 24 of the CFTR gene, chosen be-
cause it lacks single-nucleotide polymorphisms). For both experi-
ments, DNA from six adult liver samples (from needle biopsies,
obtained with informed consent) was used as controls. The results
presented were the means of four independent runs, with samples
assayed in triplicate in each run.

Mutation detection

Genomic DNA was extracted from liver or peripheral blood leu-
kocyte according to the standard procedures. Detailed sequencing
methods appear in the supplemental materials.

Results
Enzyme activities

Both affected siblings showed low activity levels of RC Co [, lll,
and IV. In particular, their Co I activities were strikingly low. In
contrast, their Co Il activities were maintained at normal, and those
of citrate synthase were greatly elevated (Table 1). Co Ill and Co IV
activity levels were higher in the younger brother than those in the
elder brother.

BN-PAGE Western blot analysis

Fig. S2 shows the RC Co amounts by BN-PAGE in each brother. In
both brothers, the band corresponding to either assembled Co I or
assembled Co IV was invisible, and the band corresponding to the
assembled Co IlI was strikingly weak. On the other hand, the inten-
sity of the Co If band remained normal in both brothers.

Quantitative PCR

Quantitative PCR revealed that liver mtDNA was markedly de-
creased in both brothers (Table 1). The ratio of ND1 to CFIR in
the liver of each brother was lower than those of the six controls
(mean £SD: 7.8 £4.6% for the elder brother, 6.6 £1.5% for the
younger brother).

Mutations in MPV17

Both brothers were confirmed to be compound heterozygotes
for ¢.451insC/c.509C > T (Fig. $3). c.451insC in exon 6 causes a
frame-shift predicting an elongated gene product p.Leu151fsX189
(p.Leu151PhefsX39, according to the standard mutation nomen-
clature guidelines at http://www.genomic.unimelb.edu.au/mdi/
mutnomen/). The ¢, 509C > T in exon 7 causes an amino acid sub-
stitution (Ser170Phe). These variations had not registered as ge-
netic polymorphisms in the ensembl_mart_ 47 database
(martdb.ensembl.org) and had not been reported as disease-caus-
ing mutations. Moreover, the alignment shows that both amino
acid residues (Leu151 and Ser170) mutated in the affected sib-
lings are absolutely conserved in all species (Fig. S4). Therefore,
we consider these variations to be novel mutations. A single al-
lele of c.451insC was present in all three siblings and their
mother, whereas ¢. 509C>T was detected in both affected sib-
lings and their father (Fig. S3). The fact that two such mutations
were inherited from each parent independently indicated that
these mutations were compound heterozygous in both affected
siblings. The parents and the unaffected sibling had only one
mutation, and had no obvious phenotype (Fig. S3). These obser-
vations support an autosomal recessive manner of inheritance
for the hepatic dysfunction phenotype segregating within this
family.

Discussion

Both brothers had novel compound heterozygous mutations,
¢.451insC/c.509C > T, but their clinical courses differed greatly.
The phenotype of the elder brother was classified as possibly the
infantile form, characterized by early onset liver disease that rap-
idly progresses to liver failure within the first few years of life [4,5].

In contrast, the younger brother exhibited a rather mild course.
His liver damage was relatively mild, and he did not show any
apparent neurological abnormality.

Such a great difference in the clinical courses between these
brothers might be explained, in part, by the differences in their
RC activity levels. The degree of reduction in RC activity was gen-
erally milder in the younger brother than in the elder. However,
several studies have shown that RC activities were not correlated
with the clinical course [4,5].

In our MPV17 mutant patients, the fluctuations in liver function
were associated with infections that may cause oxidative stress. It
was likely that cytomegalovirus infection promoted the onset and
progression of liver disease in the elder brother, and that the liver
dysfunctions in these siblings were greatly exacerbated by viral
infections, in particular rotavirus infection.

Taken together, our experiences with these cases allowed us to
assume that the clinical course and prognosis of MDS caused by
MPV17 mutations were determined not only by the mutation but
also by other factors. We postulated that many complicating fac-
tors may arise, including infection.

An effective treatment for mitochondrial RC disorders involving
MDS has yet to be established. Liver transplantation is not so
promising [6,12-14}. Besides the surgical complication, neurologi-
cal regression after transplantation has been reported. Collectively,
the survival rate is less than 50% {14].

For the younger brother, we tried to administer medications
targeting the RC system, including succinate and coenzyme Q.
Simultaneously, a lipid-rich carbohydrate-restricted diet using ke-
tone milk was initiated. This combined treatment improved his li-
ver disease biochemically and histologically. However, his liver RC
activities did not improve.

Initially, he received a carbohydrate-rich, lipid-restricted diet
and fat-soluble vitamins, together with UDCA, as had his elder
brother. Recently, Parini et al. reported that glucose administration
to avoid hypoglycemia is efficient in slowing the progression of li-
ver disease [5]. However, this dietary treatment did not achieve
favorable effects for our patients. Therefore, we resorted to another
treatment for the younger brother.

The efficacy of medications with succinate and coenzyme Q, to-
gether with a lipid-rich diet, was possibly explained by their bio-
chemical features. The mitochondrial RC system comprises Co [, I,
111, and IV. Colactivity was markedly reduced in the younger brother,
while his Co Il activity remained mildly or moderately decreased.
On the other hand, his Co Il activity was entirely normal.Col, anelec-
tron and proton acceptor from NADH and H*, respectively, is the
most important reduction-type hydrogen carrier, generating ATP
by glucose oxidation [13]. From this context, glucose should hardly
have been used as an energy source in the liver of the younger broth-
er. On the other hand, succinate might donate electrons and protons
to Co Il connected to ubiquinone via FADH; {15]. In addition, a lipid-
rich diet was expected to donate electrons and protons to ETF
(electron-transfer flavoprotein): QO (ubiquinone oxidoreductase)
connected to ubiquinone by promotion of FADH, production.

In summary, these cases suggested that the clinical course of
MPV17 mutation is not determined solely by the mutation but
rather is greatly influenced by viral infection, and that medications
targeting Co lI, together with a lipid-rich diet, may be beneficial in
the clinical management of patients with MDS.
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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)
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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 génes 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 fernale 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 involvemnent. 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 103 mg/dL and 0.88 mg/dL,
respectively, with a reduction in the lactate-to-pyruvate ratio to 1L7.

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 mitochondrial 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 sodium 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
¥ 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-"Clacetate [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 I 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 sodium: 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 normalicy or to provide
a safer and more affordable alternative to liver transplantation [14].
Thus, - exténded  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 mitochondrial abnorm-
alities confirmed by genetic or biochemical analysis.
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