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Carnitine Palmitoyltransferase II Deficiency Due to a Novel Gene
Variant in a Patient With Rhabdomyolysis and ARF

Hidetoshi Kaneoka, MD, PhD, Noriko Uesugi, MD, PhD, Ayaka Moriguchi, PharB,
Shinichi Hirose, MD, PhD, Masaki Takayanagi, MD, PhD, Seiji Yamaguchi, MD, PhD,
Yosuke Shigematsu, MD, PhD, Tetsuhiko Yasuno, MD, Yoshie Sasatomi, MD, PhD,

and Takao Saito, MD, PhD

Adult patients deficient in carnitine palmitoyltransferase II (CPT II) cannot generate sufficient amounts of energy,
hich results in rhabdomyolysis and acute renal failure (ARF). Its genetic basis has been recognized; but
istopathologic changes, especially electron microscopic changes, have scarcely been described. The study
ubject is a patient with ARF caused by repetitive nontraumatic rhabdomyolysis. The acylcarnitine profile of serum
nd enzyme assay on skin fibroblasts confirmed the diagnosis of CPT II deficiency. Renal biopsy specimens were
xamined microscopically and immunohistochemically. The histological diagnosis was interstitial nephritis with
cute tubular necrosis caused by rhabdomyolysis. Myoglobin in tubules was detected by means of immunohisto-
hemistry and electron microscopy. The genetic structure of CPT II was analyzed in the patient and his family. Eight
airs of polymerase chain reaction (PCR) primers were designed to cover the coding region. Each PCR-amplified
ene product was subjected to DNA sequencing, which unveiled heterozygosity at the CPT II locus consisting of a
eletion of cytosine and thymine at codon 408, resulting in a stop signal at 420, as well as a mutation of arginine to
ysteine at codon 631. The frame shift at 408 has never been described before. DNA sequencing of the family
howed the deletion mutation from the mother and the point mutation from the father. We describe renopathological
ndings in a patient with CPT II deficiency associated with rhabdomyolysis, which suggested the pathological role
f myoglobin casts in the development of tubular necrosis. Genetic analysis of the patient identified a novel variant
f the CPT II gene. Am J Kidney Dis 45:596-602.
2005 by the National Kidney Foundation, Inc.
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rame shift; point mutation; electron microscopy.
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ARNITINE palmitoyltransferase II (CPT
II) is one of the key mitochondrial en-

ymes involved in �-oxidation of long-chain
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atty acids. �-oxidation is activated when there is
n immediate requirement for high levels of
nergy, for example, in exhausting sports, mili-
ary exercises, and severe infection. Adult pa-
ients deficient in this enzyme cannot supply
dequate amounts of energy, which results in
cute rhabdomyolysis and, if not appropriately
anaged, acute renal failure (ARF).1-3 There is

ufficient evidence for a genetic basis of this
isorder; however, the associated histopatho-
ogic findings, especially electron microscopic
ndings, have rarely been described. We report a
ase of ARF caused by repetitive and nontrau-
atic rhabdomyolysis resulting from CPT II

eficiency. Renal biopsy specimens were exam-
ned by means of light microscopy, electron
icroscopy, and immunohistochemistry. Genetic

tructure and familial segregation also were deter-
ined.

CASE REPORT

A 24-year-old Japanese man was transferred to the emer-
ency department of Fukuoka University Hospital and Clinic
Fukuoka, Japan) because of ARF. Three years before presen-
ation, he developed an illness characterized by high fever,
yalgia, respiratory symptoms, and dark-colored urine. Af-
er hospitalization, he was found to have markedly elevated

Kidney Diseases, Vol 45, No 3 (March), 2005: pp 596-602
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GENETICS AND PATHOLOGY OF CPT II DEFICIENCY 597
evels of serum muscle enzymes and urine myoglobin, and a
iagnosis of rhabdomyolysis, probably caused by a viral
nfection or drugs prescribed for a common cold, was made.
e was treated by means of assisted ventilation through

ndotracheal intubation, hydration, and medical diuresis and
ischarged 2 weeks later without complications. During that
dmission, renal dysfunction was not recognized.

In the current illness, the patient reported high fever,
eneral malaise, myalgia, flulike symptoms, dyspnea, and
ark-colored urine. He was seen by the family physician and
eferred to a consultant at a local medical center, where he
as found to have rhabdomyolysis and ARF, and he was

ransferred to our unit. He was born to a nonconsanguinous
ouple. He smoked 40 cigarettes per day and was an occa-
ional drinker. Physical examination on admission was not
emarkable, with alert consciousness, normal neurological
igns and reflexes, and arterial blood pressure of 150/96 mm
g. Initial laboratory investigations showed positive test

esults for inflammation (circulating leukocytes, 17.4 �
03/�L [� 109/L]; C-reactive protein, 21.5 mg/dL), high
erum levels of myogenic enzymes (aspartate aminotransfer-
se, 1,645 IU/L; alanine aminotransferase, 571 IU/L; lactic
ehydrogenase, 4,340 IU/L; creatine kinase, 127,600 IU/L;
ldolase, 132.8 U/L [normal, 0.5 to 3.1 U/L]; and myoglo-
in, 63,000 ng/mL [normal, �60]), and evidence of renal
amage (proteinuria, 2� by means of test strips; myoglobin-
ria with myoglobin of 370,000 ng/mL; blood urea nitrogen,
7 mg/dL [9.6 mmol/L]; serum creatinine, 3.1 mg/dL [274
mol/L]; �2-microglobulin, 21.5 mg/L [normal, 0.8 to 1.8
g/L]; and 24-hour creatinine clearance, 15 mL/min [0.25
L/s]). Urine sediments showed 1 to 4 red blood cells and

0 to 20 white blood cells per high-power field, as well as a
ew granular and epithelial casts per low-power field. Sero-
ogical test results for toxoplasma, mycoplasma, and anti-
uclear autoantibodies were negative. Lymphocyte stimula-
ion tests for drugs administered for the flulike symptoms
ere negative. Diagnoses of rhabdomyolysis and ARF were
ade. The patient recovered successfully from ARF with

ydration and diuresis and continuous hemofiltration and
emodialysis for 4 consecutive days, with resultant normal-

Table 1. CPT I and II Activ

Without Ma
Coenzym

Present case 0.90
CPT I deficiency 0.01
Healthy controls (n � 10)* 1.38 � 0

NOTE. CPT activity expressed as nanomoles of palmito
PT I activity is expressed as the difference in CPT I activity
, which is a specific inhibitor of CPT I. CPT I and II act
emaugre et al.5 Briefly, activities were assayed in sup
arnitine formed from L-(methyl-14C) carnitine and palmito
ith isopropanol and measured for CPT I activity.
*Data expressed as mean � SD.
zation of 24-hour urine volumes. c
The repetitive rhabdomyolysis and complete recovery
rom ARF prompted us to investigate genetic and metabolic
isorders in this patient after obtaining a signed consent
orm. Skin fibroblasts were surgically harvested from the
orearm, cultured, and used for additional metabolic and
enetic analyses. The acylcarnitine profile in a serum sample
btained during the acute phase by using tandem mass
pectrometry showed markedly elevated levels of long-
hain acylcarnitines, suggesting the diagnosis of CPT II
eficiency (data not shown).4 Enzyme assay using cultured
kin fibroblasts showed low enzymatic activity and con-
rmed the diagnosis of CPT II deficiency5 (Table 1).

mmunohistochemical and Electron Microscopy
One month after the onset, serum creatinine and 24-hour

reatinine clearance values were 1.4 mg/dL (124 �mol/L)
nd 27 mL/min (0.45 mL/s), respectively. Urinalysis still
howed 1� proteinuria with a few granular and epithelial
asts. To determine the significance and extent of renal
nvolvement, rather than its existence, a renal biopsy was
erformed. The obtained tissue sample was examined by
eans of light microscopy, immunohistochemistry, and elec-

ron microscopy, using methods described previously.6 For
ight microscopy, paraffin-embedded sections were stained
ith hematoxylin-eosin, periodic acid–Schiff, periodic acid–
ethenamine silver, and Masson trichrome. For immunohis-

ochemistry, sections were stained with polyclonal antisera
o human immunoglobulin G (IgG), IgA, IgM, complements
q and 3, and fibrinogen. Immunoperoxidase staining also
as performed using rabbit antihuman myoglobin antibody

Dako, Glostrup, Denmark).
Light microscopic examination showed no remarkable

hanges in glomeruli; however, patchy and dense cellular
nfiltration was identified in the interstitium, together with
cute necrosis of the proximal tubules. Distal tubules con-
ained coarse granular light-brown pigmented casts (Fig 1A)
nd other protein-rich casts. Necrosis of tubular epithelia,
isruption of the tubular basement membrane, and inflamma-
ory cells were seen in several distal tubules, especially those
ontaining pigmented casts. Dense inflammatory infiltrates,

ultured Skin Fibroblasts

T I Activity

CPT II
Activity

With Malonyl
Coenzyme A

0.20 0.02
0.08 0.80

0.30 � 0.11 0.97 � 0.25

ethyl-14C) carnitine per minute per milligrams of protein.
presence and absence of 50 �mol/L of malonyl-coenzyme
s measured in cultured skin fibroblasts as described by
t of fibroblast homogenates as palmitoyl-L-(methyl-14C)
zyme A. Palmitoyl-L-(methyl-14C) carnitine was extracted
ity in C

CP

lonyl
e A

.54

yl-L-(m
in the

ivity wa
ernatan
yl coen
omposed mainly of lymphocytes, histiocytes, neutrophils,
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Fig 1. Microscopic examination. (A) Note severe inflammatory cell infiltration around tubular myoglobin casts
nd damaged tubules. (Hematoxylin and eosin stain; original magnification �100.) (B) The other distal tubule
ontaining a similar cast shows necrosis of epithelial cells (arrow) with infiltration of inflammatory cells. (Hematoxy-
in and eosin stain; original magnification �400.) Myoglobin (brown) can be identified on (C) pigmented casts, (D)
ubular epithelial cells (arrowhead), and (D) macrophages (arrow) by means of immunohistochemical study.
lectron microscopy shows (E) numerous osmiophilic casts (original magnification �2,900) composed of an
lectron-dense core surrounded by an electron-lucent rim, as seen (F) under higher magnification. (Original

agnification �10,000.)
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GENETICS AND PATHOLOGY OF CPT II DEFICIENCY 599
nd plasma cells, were noted around the affected tubules
Fig 1B).

Immunofluorescent study showed no glomerular staining
or IgG, IgA, IgM, C3, C1q, or fibrinogen (data not shown).
mmunoperoxidase staining using rabbit antihuman myoglo-
in antibody showed strong positivity for brown-colored
igmented casts (Fig 1C), tubular epithelial cells (arrow-
ead), and inflammatory cells (arrow; Fig 1D). Electron
icroscopy showed numerous osmiophilic granular casts in

he distal tubules (Fig 1E). At greater magnification (Fig 1F),
asts were composed of a dense core surrounded by an
lectron-lucent rim, indicating they were myoglobin casts.
he diagnosis based on biopsy examination was interstitial
ephritis with acute tubular necrosis caused by rhabdomyol-
sis.

enetic Structure of CPT II From the Patient
nd His Family
Written informed consents for genetic investigation were

btained from the patient and family members. Direct DNA
equencing of polymerase chain reaction (PCR)–amplified
ene products was performed to determine the CPT II gene
f the patient.7-9 A new approach was used. Eight pairs of
CR primers were designed by overlapping to cover the
omplete stretch of the coding sequence (Table 2; GenBank
ccession no. M58581). Genomic DNA was extracted from
ultured fibroblasts using a standard method.7 The PCR
rotocol was as follows: 30 cycles of 1 minute at 94°C for
enaturation, 1 minute at 60°C for annealing, and 1 minute
t 72°C for extension and 1 cycle of 10 minutes at 60°C for
ompletion. Each PCR-amplified gene product was then
ubjected to DNA sequencing on an automated DNA se-
uencer (ABI 3100 Genetic Analyzer; Applied Biosystems-
itachi, Tokyo, Japan) using the PCR primer as the sequenc-

ng primer and the BigDye Terminator v3.1 cycle-sequencing
it (Applied Biosystems, Foster City, CA). Sequences from

Table 2. Primers Used for PCR Am

PCR Exon Sequence

1 1 Sense 5=-CGGCCTTGTGTTT
Antisense 5=-CTTCCAGATTAGG

2 2 Sense 5=-GCCTTACACTGAC
Antisense 5=-AGGTTCTGGGTTC

3 3 Sense 5=-TTCCAGGTTTTAGG
Antisense 5=-GGAGGATGAGACG

4 4 Sense 5=-TAGGGACAGCATT
Antisense 5=-TGGCCTTGTCATC

5 4 Sense 5=-GTCCCAGTATTTTC
Antisense 5=-TGTGGGACAAGTG

6 4 Sense 5=-GAGTTTCCCCTGG
Antisense 5=-GCCTCCTCTCTGA

7 4 Sense 5=-ACAGCTGCTAAGG
Antisense 5=-CAAGACCCAAGGG

8 5 Sense 5=-CTGAGACGCTGGT
Antisense 5=-GGTAGCTTTTCATC

NOTE. PCR primers also were used as sequencing prim
he 5= end were confirmed by those from the 3= end. q
The 8 DNA sequences obtained from 8 PCR products
ere assembled (data not shown), and the resulting coding

equence was analyzed. Sequencing from the 5= end and that
rom the 3= end showed a deletion of CT from TCT at codon
408 (1223delCT), resulting in a stop signal at codon 420

Fig 2), and a sense mutation of arginine to cysteine at codon
31 (1891C3T; R631C). Because our sequencing strategy
etermines 2 haploids at once, a family study was deemed
ecessary to confirm the genotypes. The family study showed
hat the frame-shift mutation came from the mother (M) and the
ull-length point mutation came from the father (P). The younger
rother (S2) shared the frame shift, but still had an intact
enotype from the father. The youngest brother (S3) shared the
genotypes with the patient (Fig 3), but, to date, he has never

eported symptoms suggestive of CPT II deficiency. All family
embers shared the same single-nucleotide polymorphisms at

he 3 reported positions in the CPT II region.

DISCUSSION

Nontraumatic or non–drug-induced rhabdomy-
lysis is seen after exhaustive exercise and after
evere infection, evidenced by dark-colored urine,
ecognized as one of the frequent causes of ARF,
nd, in rare cases, presents repeatedly and among
amily members.9-13 Familial rhabdomyolysis of-
en is attributed to deficiency of enzymes related
o the metabolism of long-chain fatty acids. CPT
I mutation is the most common disorder affect-
ng mitochondrial �-oxidation. Genetic analyses
ave been carried out extensively.2,3,8,14-20 In
arked contrast to ordinary autosomal recessive

raits, which usually are genotyped by restriction
nzyme fragment length polymorphism, se-

tion and Direct DNA Sequencing

Fragment Length (bp) Reference

CC-3= 360 This report
TG-3= This report
TT-3= 290 This report

AGA-3= 19
TG-3= 360 19
TTC-3= 19
TT-3= 430 19
AG-3= 19
TT-3= 380 19
AGG-3= 19
CT-3= 510 This report
GA-3= This report

GTT-3= 410 19
CTC-3= 19
A-3= 404 19
CA-3= 19
plifica

AGACT
GGCTG
CCTGC
CTGG
GCTA
TTAC

AACAT
AGTGA
GGCT
GACA
CATAC
AACTG
AAAA
CATG
TTTCC
TGCC
uence-specific oligonucleotide hybridization, se-
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KANEOKA ET AL600
uence-specific PCR, and so on, mutations of
PT II deficiency are located along the entire

tretch of the coding region. Gene sequencing is
ndispensable for determining the mutation in
ffected patients, especially in our case. We used
irect DNA sequencing of PCR-amplified gene
roducts to avoid the time-consuming cloning
nd sequencing. To our knowledge, 41 sites of
utation in the 5 exons and 2 sites in introns

ave been reported.3,8 Four of the 41 sites were
rame-shift mutations based on nucleotide inser-
ions or deletions. However, the deletion at codon
408 (1223delCT), seen in our case, has never
een described before.
The association between types and sites of
utations and clinical features has been a focus

f interest. Unfortunately, the crystallography of
PT II has not been achieved to date; however,

everal functional analyses related to the genetic
ariances have been reported. Mutation of serine
t codon 113 to leucine (338C3T; S113L), which
s the most frequent, 60% in European unrelated
lleles,18 was reported to be closely related to
dult-type rhabdomyolysis. The pathological
unction of R631C (1891C3T), also detected in
he present family, is still controversial. This
henotype was recognized as important for the
tability of the enzyme and sometimes assigned
s a “severe” infantile systemic type, but some-
imes as a “mild” adult muscular type.19 The

PT II molecule resides on the mitochondrial l
nner membrane as a homotetramer21 and an-
hors to the membrane with codon 464 through
96. Because our patient has a shorter peptide,
hich lacked the anchor sequence, it is conceiv-

ble that enzyme activity was very low.
The genotypes of CPT II of the youngest

rother were identical to those of the patient.
ecently, peroxisome proliferator-activated re-
eptor � was shown to have important roles in
he regulation of CPT II gene transcription.22

dditional analyses are required.
Intraluminal myoglobin casts are attributed to
yoglobinuric ARF through the induction of

ubular obstruction and luminal urinary stasis,
ollowed by reduced glomerular infiltration and
ncreased toxin uptake by proximal tubules.23

owever, direct histological evidence for tubular
amage by myoglobin casts has not yet been
rovided. Our immunohistochemical study shows
hat myoglobin was evident not only in tubular
asts, but also in tubular epithelial cells and
nterstitial phagocytotic cells. The cast-contain-
ng distal tubules showed severe injury with
pithelial cell necrosis, disruption of the base-
ent membrane, and invasion of inflammatory

ells. Dense cellular infiltration in the intersti-
ium was recognized around the affected tubules.
olez et al24 analyzed 57 renal biopsy specimens
rom patients with potentially reversible ARF
nd emphasized that necrosis of individual tubu-

Fig 2. Direct DNA se-
quencing of CPT II–specific
PCR product. Two nucleo-
tides CT were deleted from
codon 408 (1223delCT;
Y408), resulting in a mixture
of sequences consisting of
the wild-type sequence and
frame-shift sequence. Stop
codon was identified at
codon 420 on the frame-shift
sequence.
ar epithelial cells appeared to be a continuing
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GENETICS AND PATHOLOGY OF CPT II DEFICIENCY 601
rocess in ARF. The histopathologic findings in
ur case strongly suggest tubulotoxicity of the
yoglobin casts and resultant ARF. We identi-
ed intraluminal myoglobin casts in the electron
icroscopic study, which has rarely been de-

cribed in patients with myoglobinuric ARF. The
ajor feature of the cast was the electron-lucent

eripheral rim relative to the dense core, similar
o the myoglobin casts described previously by
adasdy and Racusen.25

In conclusion, we describe renopathological
ndings in a patient with CPT II deficiency
ssociated with rhabdomyolysis. These findings
mphasize the pathological role of myoglobin
asts in the development of tubular necrosis.
enetic analysis of the patient and family mem-
ers identified a novel variant of the CPT II

Fig 3. Sequence analyses of mutations of exons 4
1223delCT) arose from the mother (M), and the point m
oding gene. L
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