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containing vacuoles in skeletal muscle were predom-
inantly observed in type 1 fibers (Fig. 1B), Patent |
had rvpe 2 fiber awophy, whereas patients 2 and 3
showed npe 2A fiber atrophy and tpe 2B fiber
deficiency. On eleciron microscopy, there was an
increase in number of lipid droplets and mitochon-
dria. Incidentally. lipid droplets were often next to
mitochondria (Fig, 5A, B)

MADD Patients. The clinical features of the 1 pa-
tients genetically confirmed to have MADD are sum
marized in Table 3. The diagnosis of MADD in pa-
tients 6 and 7 was initially made based on the results
of urinary organic acid analysis by gas chromatogra-
phy/mass spectroscopy. All 1 patients had the infan-
tile form. They all had generalized muscle weakness
and hypotonia. Serum CK levels vavied from normal
o 4000 TU/L. Hepatomegaly was documented in
patients 4 and 5. Patient 5, who received t-caumitine
and riboflavin treatment, had normal growth and
development, except for some mild metabolic epi-
sodes, and is now 20 years old. Patient 6 had hyper-
rophic cardiomyvopathy, He was wreated with 1-ca-
nitine. but he died of pulmonary alveolar bleeding at
the age of | year and 11 months. Patient 7 was alwins
a slow runner and poor athlete with easy fatigability
since her preschool vears. She developed nausea and
vomiting at age 13 yewrs and started experiencing
difficulty climbing stairs. She had proximal domi-
nant muscle weakness and atrophy on examination
at age 13 vears and | months, After treatment with
t-carnitine and riboflavin, muscle weakness wis ame-
liorated.

In skeletal muscle, lipids were observed predom-
imantly in wpe 1 fibers. Mitochondria were not as
prominent as in PCD (Fig. 1C, D). Type 2 fibe
atrophy was seen in patient 5. Electron-microscopic
findings were similar 1o those seen in PCD patients:
intracytoplasmic lipid droplets were markedly in-
creased both in number and size, and lipid droplets
were often present next to mitochondria (Fig. 5.
1)

NLSDM Patients. Punents 8 and 9 had mutations in
PNPLA2. Patient 8 developed progressive weakness
in the lower legs and fingers at age 20 veurs (anicle
in submission): at age 27 vears, echocardiogram s

vealed dilated cardiomyopathy with leflt ventriculn
enlvgement. Serum CK was elevated from 757 1o
1697 TU /71" Patient 9 was a slow rinner sinee child
hood." A1 age 23 vears, she noticed weakness of all
extremitics and developed murked geneoalized mus
cle weakness at 35 voars, Flectrocudiogmam (ECG)
showeel lefsentvicular lnpestrophy. bt echocsndio
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FIGURE 2. Lipid accumulation in type 2 fibers of patients with no mi

gram was normal. Serum CK was elevited 10 651
IU/L. In both patients, peripheral blood smear re
vealed  lipid-containing
mamely Jordan’s amomaly, Both patents had numer
ous lipid droplets mainly in type 1 fibers in addirion
to variation in fiber size. Surprisingh. there were
scattered nmmed vacuoles within the myofibers (Fig
LE. F). which were demonstrated to be autophagic
vacuoles on eleciron microscopy (Fig. 5F). Interest-

vacuoles  in lenkocvies,

ingh. increased lipid droplets were seen berween
mvofibrils where mitochondria appeared pyknotie
(Fig. 5E)

DISCUSSION

\Il'mli_;{ Al LSM cases. we identified murarions in
known cosative genes in only 28% ol the vases. This
brings to owr attention two ]I'l}\\ll‘lilllt\ the exis

tence of verunknown causative genes and secondins

338 Lipid Siwage Myopathies

stations In known genas asscciated with LSM: patient 10 (A, B) and
patient 11 (C, D). Lipid droplets stained with cil-red-O (A, C) are only seen in type 2 libers (routine adenosine iriphosphatase stain) (B,
D) Bar - 50 um

increase of lipid in muscle under a variery of meta
bolic alterations without inheritance

Analysis of muscle lipids demonstrated an in
crease in the amount of TG, but not FFA The accu-
mulated lipid droplets in the cytoplasm of skeletal
myofibers are therefore likely to be mainly com
posed of TG Although. theoretically. wighceride
accumulation should oceur in NLSDM and N1LSDI
in which genes encoding TG hvdrolase or i activae
tor are muated. it s accumulved in vicially all
patients amalyeed regardless of the cansamve gene
Reduetion of mitochondeial Bay acid metabolism
many negatively regulate the hvdimohsis of TG in o
1o

We identificd 3 1CD patonts with nudtations in
SMC2205 Their elieal el teisties woere © onsis
tent with the |\|ns.|i P ssimploms with severe hy

pogheemia, dikued candivonopathy, e progies
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FIGURE 3. TLC analysis of lipid composition of skeletal muscle
with LSM. The bars represent the mean triglyceride (TG) amount
which is nommalized with cholesterol (Cho) content. Values are
shown for patients with mutation (black bar; N = 2), patiants with
no mutation (gray bar; N = 12), and in controls (white bar; N = 4)
Error bars represant standard arror of means. Note the remark-
able increase of TG In patients with mutations. *P « 0.05 (Stu-
dent's Htest)

sive muscle weakness, as reported elsewhere LAY i
|‘1n-ijlllt' response L-carnitine treatment was seen
in all 3 patients, a feature that has been shown to be
characteristic of PCD.!!

Among the patients with MADD, 2 had a good
response o riboflavin, Olsen et al. noted that ribo-
flavin-responsive MADD may result from defects in
ETFDH combined with general mitochondrial dys
function.'” In support of this notion, both of our

patents who responded o riboflavin had mutations
in ETFDH. With regard 1o CoQ,, levels, however, our
case contmadicts the recent report.” Although we

measired (.IDQ_.” levels in only 2 p.l!il‘i‘ll.\i due
sample size limitwion, the finding of a normal
CoQyy level in a patient with the E7TDFH mutation s
still relevant for clinicians, because it indicates that
ETFEDH mutations may not always be associated with
(o0, deficiency. Further studies are necessany to

determine whether there is a detailed velati
bemween the ETFDH mutation and CoQ,,, deficiency

The frst step of the mitochondrial B-oxidation
cyele is catalyzed by four farry acvl-CoA dehydroge
nases (very long, long, medium, and short chain), all
of which are affected in MADD. We previously re
ported that ven-long-chain acvl-CoA dehvdrogenase
(VLCAD) deficiency does not show increased lipid
droplets in muscle.”" In contrast. MADD is charac-
terized pathologically by lipid stormge. raising the
possibility that lipid droplets may not accumulate
when one of the four acyl-CioA dehyvdrogenases, such
as VLCAD, is defective.

O patients with NLSDM presented with diswal
myvopathy and cardiac symptoms, accompanied by
lipid accumulation in muscle and peripheral leuko-
cytes, suggesting multisystemic lipid accumulation
Notably, in the patient with NLSDM. mitochondria
un electron microscopy were pyknotc, in stark con-
trast to those in PCD and MADD. This morphologi
cal difference is contrary 1o that expected from fune-

iship

tion of each causative gene. because PCD and
MADD have defects in the mitochondrial Boxida-
tion cyvele, whereas NISDM is due to a defect in
oytoplasmic TG hydrobsis, In addition, rimmed
vacuoles were observed in the 2 NLSDM patients and
not in the other LSM patients, Together with the fact
that both patients had progressive, rather than epi

sodic, muscle disease. these clinicopathological pe-

culiz

ities should rellect a distinct pathomechanism
that is vet to be elucidated. Clearly, further studies

Table 2. Identifiod mutations

Paticrt Age

Gone name

Nucleotide ¢

Aming acid change

BX p A2

a398G=A" £ 844C =T nwWiz
-G1_Z2del’
-91_22del

Lipid Storage Myopathies
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Table 3. Clinical summary of MADD patiants
Serum CoQ,, level

Patient Age Ganger Chnical foature CK L) (ug/gmuscle) Trealment Clinical course
3 5mo F Muscle weakness: hepatomegaly 55 NA NA NA
5 & mo M Muscle weakness. hepatomegaly  2000-4000 NA L-camitine Nomal development after
rinGftanin treatment
6 11mo M Vamiting. hypertrophic 128-618 241 L-camitine Dad at 2 years of age due 1o
cardiomyopathy pulmanary alveclar Bleeding
i 13y4mo F Progressive muscle weakness 127 323 L-camniting No muscie weakness a

rbofilavin - present

NA, rol madabie. Normal mnge: CK 57-187 VL CoQI0. 321 = 6.8 mean . slandant deviation|

e Rl : -
FIGURE 4. Routine histochemical staining of patients with LSM Ragged-red-like fibers are seen on modified Goman inchrome staining
(A) end numercus lipid droplets are seen with cll-red-O (B) In a PCD patient, tut not in an MADD patient (C, D) Rimmed vacuciss are
sgen in myofibers of patiems with NLSDM (E). in addition 10 the characteristic numerous lipid droplets predominantly in type 1 fibers (F)
Bar 20 um,
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FIGURE 5. Electron microscopy findings. In a patient with PCD, markedly increased lipid droplets and increased numbers of mitochondrnia
are saen (A) On higher magnification, lipid droplets (asterisks) are seen next o mitochondria (arrows) (B). In a patient with MADD, note
the increase in the number of lipid droplets (C) and the proximity of these droplets (asterisks) with mitochondria (arrows) (D), findings
similar 1o those for PCD. In a patient with NLSDM, there s also a marked increase in the amoun of lipid (asterisks) deposited within tha

mycfibers, however, note that mitochondria appear pyknatic (arrows) (E) In this patient, numerdius autophagic vacucles (arrows) in close

proximity to lipid deposition (arrowheads) are also cbserved (F). Bar

are necessany 1o ully understand the meclanism ol
the discase.

CPI 11 deficiency has been |i_'[m|1|nl oy show
increased lipid droples in muscle ' However, in all
patens whose samples were suntable Tor biochemn

cal assas, normal enmvmatic activity was scen. Fu-

thermere, i our series, we had 7 panents with €11
I deficiency. bt none showed lipid dvopler acow

mutlation on muscle pathoelogy (i not shown)

Lipid Storage Myopathies

1 wm in (A}, (C), and (F) Bar - 0.5 um in (B), (D) and (E)

Lhis suggests that lipid storage may not be g com
mon pathological feature of CPU T deficiency, al
though analysis of a Lrger population of paticnts
with CPT 1 deficiency would be necded 1o huther
support this contention

In spite of an extensive genetic siuvey of known

causative genes Tor [SM, we did por God muatiations
in 76% of the paticnts. (i [h.:wil"|l explimation for
the absence of mutations in these patents s that
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they may have secondary LSM, as intsmuscular lipid
content is known to be secondarily increased under
avariety of conditions, including diaberes, renal dis-
ease, latrogenic conditions, gastrointestinal distur-
bance. elevated plasma fauy acid levels. and high
dietary fat inake.'™ The fact that 2 patients were
taking antiepilepric drugs could be supportive of this
notion. In the majorin of patients without mutation,
conditions associated with a secondary increase in
muscle lipids were not seen. In addition, 2 patients
had pathological features that differed from the resi
of the patients in the form of lipid droplets almaost
exclusively in type 2 fibers, in contrast to the prefer-
ence of lipid accumulation in npe 1 fibers in all
others, indicating the probability of a4 common
pathomechanism, at least in these 2 cases,

Among the 28 patients without mutitions in
known causative genes, 5 had a positive family his-
tory and/or consanguinity (Table 1), suggesting that
these individuals are likely to have primary genetic
lipid disorders, rather than secondary LSM and the
presence of additional yerto-be-idenrified causative
genes for LSM. Further analysis on biochemical anal-
vses of accumulated metabolites and extended sty
of candidate genes involved in lipid metabolism will
be helpful in the genetic diagnosis of LSM patients.
Lhis stuely was suppored by Rescarch on Psvebdatric and Newges
logical Discases and Memal Health, from Health and Labour
Sciences Roscarch Grans; Research on Health Seicnces Focusing
on Dirug Innesation, fom the Japancs: Health Selences Founda-
dop rescarch grants for nervous and menial disorders (2008-12
20813 1944 and 19A71. tromn the Minisuy of Health, Labour
and Weltare; and the Program for Promotion of Fundamental
Susdics in Healily Seicnees. National Institute of Riomedieal Tn-
nenation (NIBICY)
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