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Background: Duchenne muscular dystrophy (DMD) is a progressive muscle wasting disease caused by muscle
dystrophin deficiency. Downstream of the primary dystrophin deficiency is not well elucidated. Here, the hy-
pothesis that prostaglandin D, (PGD;)-mediated inflammation is involved in the pathology of DMD was ex-
amined by measuring tetranor PGDM, a major PGD, metabolite, in urine of DMD patients.

Methods: We measured tetranor PGDM in urine using LC-MS/MS. First morning urine samples were collected
from genetically confirmed DMD patients and age-matched healthy controls aged 4 to 15 y.

Results: The urinary tetranor PGDM concentration was 3.08 £ 0.15 and 6.90 & 0.35 ng/mg creatinine
(mean = SE) in 79 control and 191 DMD samples, respectively. The mean concentration was approximate-
ly 2.2-times higher in DMD patients than in controls (p < 0.05). Remarkably, urinary tetranor PGDM con-
centrations in DMD patients showed chronological changes: it stayed nearly 1.5 times higher than in
controls until 7 y but surged at the age of 8 y to a significantly higher concentration.

Conclusion: Urinary tetranor PGDM concentrations were shown to be increased in DMD patients and be-
came higher with advancing age. It was indicated that PGD,-mediated inflammation plays a role in the pa-

Keywords:
Tetranor PGDM
Muscle wasting
Inflammation

thology of DMD.

© 2013 Elsevier B.V, All rights reserved.

1. Introduction

Duchenne muscular dystrophy (DMD; OMIM #310200) is the most
common inherited muscle disease, affecting one in every 3500 male
births and shows progressive muscle wasting resulting in early death.
DMD is characterized by muscle dystrophin deficiency caused by muta-
tions in the dystrophin gene, which is the largest human gene consisting
of 79 exons. DMD patients all carry disastrous mutations in the dystrophin
gene, such as frameshift or nonsense mutations [1,2]. However, there is
some clinical heterogeneity among DMD patients [3,4] and intra-
familial differences have been observed in patients with an identical
dystrophin mutation {5]. Dystrophin is a critical member of the dys-
trophin glycoprotein complex that creates a direct link between the
intracellular cytoskeleton and the extracellular matrix of skeletal mus-
cle. The loss of this connection leaves the muscle fibers susceptible
to damage resulting in continuous rounds of muscle degeneration/
regeneration.

* Corresponding author at: Department of Medical Rehabilitation, Faculty of Re-
habilitation, Kobegakuin University, 518 Arise, Ikawadani, Nishi, Kobe 651-2180,
Japan. Tel./fax: +81 78 974 6194.

E-mail address: mmatsuo@reha.kobegakuin.ac.jp (M. Matsuo).

0009-8981/% - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.cca.2013.03.031

DMD has been classically considered stereotyped in its clinical
presentation, evolution, and severity [6-8]. [n a minimal disability
stage children are without symptoms or with minimal weakness. In
the moderate disability stage, patients are impaired in running and
climbing stairs. In the severe disability stage, patients are still ambu-
lant but become increasingly handicapped in their physical activities.
In the non-ambulant stage that starts before age 12 y, the children are
bed-ridden or wheelchair-bound. This progression process has not
been totally explained by a primary loss of dystrophin. Inflammatory
and immune responses initiated by aberrant signaling in dystrophic
muscle have been considered contributors to disease pathogenesis
[9].

Prostaglandin (PG) D, (PGD;) has been implicated in both the de-
velopment and resolution of inflammation. PGD; is synthesized by
PGD synthase (PGDS) from PGH, that is produced from arachidonic
acid by the action of cyclooxygenase and 2 PGDS have been disclosed;
lipocalin-type PGDS and hematopoietic PGDS (HPGDS)[10,11]. HPGDS
in skeletal muscles was found immunohistochemically stained in
some of DMD patients but not in controls [12]. This indicated that the
inflammatory mediator PGD, plays a role in DMD pathology. However,
detailed time-course studies of PGD, metabolism in DMD patients
are incomplete. Recently, urinary 11,15-dioxo-9«a-hydroxy-,2,3,4,5-
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tetranorprostan-1,20-dioic acid (tetranor PGDM) was shown to be a
major urinary metabolite of PGD, and to reflect its biosynthesis [13).

2. Materials and methods
2.1. Patients

More than 400 DMD patients were referred to the DMD specialist
clinic at Kobe University Hospital (Kobe, Japan). Patients were regu-
larly checked for their clinical findings. The causative mutation in
the dystrophin gene was identified in each case [1]. When corticoste-
roid use was indicated, predonine was prescribed at 0.5 mg/kg on
alternate days. However, fewer than one fifth of patients received
corticosteroid therapy in our clinic. One hundred seventeen DMD pa-
tients from 4 to 15 y were enrolled in this study and their first morn-
ing urines were obtained at 191 points. Age matched 71 male controls
were recruited from healthy relatives or volunteers and first morning
urine were obtained at 79 points. Two samplings from 1 patient were
done at least 6 months separated. Information concerning the clinical
condition of the patients and controls was obtained from their parents
and hospital records, respectively. Voluntary urine samples or first
morning urine samples were collected. Urine samples were stored at
— 20 °C until analysis. The protocols used in this study were approved
by the ethics committee of Kobe University School of Medicine. All
urine analysis was conducted after obtaining informed consent from
the patients’ parents.

2.2. Measurement of urinary tetranor PGDM concentration using mass
spectrometry

The urine samples (0.4 ml) diluted with 0.5 ml of water were
acidified by the addition of 1 mol/t HCl (final pH ~ 3) and 50 pl
(5 ng) of d6-tetranor PGDM and 9,15-dioxo-11a-hydroxy-,2,3,4,5-
tetranorprostan-1,20-dioic acid (tetranor PGEM) (Cayman Chemi-
cal, Ann Arbor, Ml) was added as an internal standard. The mixtures
were purified by solid-phase extraction using Sep-Pak Vac 3 cc cartridges
(Waters Corp., Milford, MA). The cartridges were pre-conditioned with
3 ml of ethanol and equilibrated with 3 ml of water. The urine sample
was applied to the cartridge, which was washed with 6 ml of 5% (v/v)
acetonitrile in and then with 6 ml of n-hexane. The analyte and internal
standard were eluted from the cartridge with 3 ml of ethyl acetate. The
eluate was collected and dried under vacuum. The resulting residue
was reconstituted in 100 p of 10% (v/v) acetonitrile. The sample solution
(20 W) containing tetranor PGDM and tetranor PGEM was then intro-
duced into an API3000 LC-MS/MS system (Applied Biosystems, Foster
City, CA) equipped with an electrospray (Turbospray) interface. The
HPLC column was a 150 x 2.1-mm i.d. Inertsil ODS-3 (GL Sciences,
Tokyo, Japan). LC separation was carried out using a mobile phase
consisting of 0.01% (v/v) acetic acid (solvent A) and acetonitrile
(solvent B). The following gradient was employed at a flow rate of
250 pi/min: initial (2 min) at 10:95 (A:B); 24 min at 30:70,
27 min at 70:30. The LC-MS/MS was operated in the negative ion
mode. The urinary tetranor PGDM was measured in the selected
reaction monitoring mode. The transitions monitored were m/z
327-143 for the endogenous material and m/z 333-149 for the in-
ternal standard. The scan time was 250 ms.

The self-prepared samples were used to document the specificity
of this method. The linearity of standard calibration curve was exam-
ined by analysis of seven concentrations (0.125, 0.250, 0.625, 1.25,
2.50, 6.25 and 12.5 ng/ml). The limit of quantitation defined as the
lowest concentration on the calibration curve could be determined
with 75-125% of accuracy and CVs < 20%, and the limit of detection
was determined at a S/N of 3. The recovery was obtained by experi-
ments using spiked blank matrix with mutually independent replicates
at three concentrations of tPGDM (2.50, 6.25 and 12.5 ng/ml). Ten mea-
surements were performed at each of the above 3 concentrations. The
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intra-day CV of this method was examined using 10 parallel samples
at 3 concentrations (2.50, 6.25 and 12.5 ng/ml) prepared as described
above. All samples were analyzed on the same day together with the
daily calibration; the accuracy and precision were determined at each
concentration. Acceptance criteria defined as precision should not ex-
ceed 15%, while accuracy should be within 100 4+ 15% at each concen-
tration. Acetonitrile (HPLC grade), ethanol, n-hexane, ethyl acetate, and
all other chemicals were from Wako Pure Chemical Industries Ltd.
(Osaka, Japan).

2.3. Creatinine measurements

Urinary creatinine concentration was measured using a creatinine
measurement kit (Wako Pure Chemical Industries Ltd.).

2.4. Statistical analysis

Group difference between DMD patients and healthy children was
analyzed using t-tests or 2-way analysis of variance in GraphPad Prism 5
(GraphPad Software, Inc., La Jolla, CA). Statistical significance was set at
p < 0.05.

3. Results

Tetranor PGDM in urine samples was determined in a selected ion
monitoring mode by LC-MS/MS. The monitored product ion peaks of
tetranor PGDM and tetranor PGEM were clearly separated in the mass
chromatogram with each single peak but no interference peaks. The
retention time of these peaks of urine samples matched with that of
controls (Fig. 1). The concentration of tetranor PGDM was quantitated
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Fig. 1. LC-MS/MS chromatograms. Representative chromatograms of d6-teteranor PGDM
and d6-tetranor PGEM (a) and endogenous compounds in urine (b). The first-order MS
(Q1) analysis was conducted using negative ion scanning mode to ascertain that the precur-
sor ion peak of d6-tetranor PGDM and tetranor PGDM was [M-H] ™ and M-1 of these com-~
pounds was 332.2 and 327.1, respectively. The second-order MS (Q2) analysis was done
after the collision of precursor ion of the respective PGDM with [M-H] ™. Through adjust-
ment of cone voltage and impact energy, the second-order mass chromatogram was
obtained, and is shown. The ion transitions (Q1/Q3) of m/z 332.2/149.2 and 327.1/143.1
were used to analyze quantitatively and qualitatively, respectively.
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using the peak area ratios of tetranor PGDM to d6-tetranor PGDM, on
the basis of the calibration curve. The calibration curve was linear in
the concentration range of 0.125-12.5 ng/ml (1/x weighting, y =
0.072x + 0.00503, r = 0.997). The lower limit of quantification
reached 0.125 ng/ml. The intra- and the inter-day precision were less
than 5.5% and 8.5%, respectively. The current LC-MS/MS method was
validated as simple, sensitive, and accurate.

Urinary tetranor PGDM concentrations of DMD patients were de-
termined in samples obtained at voluntary urination. The concentra-
tion fluctuated during the day but the first morning urine showed the
lowest daytime concentration in all the examined paired samples
(data not shown). Therefore, we used the first morning urine for fur-
ther analyses, as has been suggested for adults [14]. Urine samples
were obtained at 191 points from 117 DMD patients aged from 4 to
15 y and 79 points from 71 age-matched healthy children (Fig. 2a). In
controls, the concentration of tetranor PGDM was 3.08 + 0.15 ng/mg
creatinine (mean 4+ SE), with a range of 1.23 to 7.08 ng/mg creatinine.
In contrast, the concentration in DMD patients was 6.90 + 0.35 ng/mg
creatinine (range, 0.38 to 26.46 ng/mg creatinine). The mean concentra-
tion of tetranor PGDM in DMD patients was approximately 2.2-times
higher than that in controls (p < 0.0001).

Corticosteroids are administered to DMD patients even though the
mechanism of action is unknown [15]. One report suggested that the
anti-inflammatory effect of corticosteroids is due to the suppression
of prostaglandin-related inflammation [16]. Therefore, we examined
whether corticosteroid administration affected the urinary excretion
of tetranor PGDM. The average urinary excretion of tetranor PGDM
was 544 + 0.81 (n = 28) and 7.15 4 0.38 (n = 163) ng/mg creati-
nine in DMD patients with and without corticosteroid therapy, respec-
tively (Fig. 2b). No significant difference (p = 0.078) was found. This
indicates that the benefit of our corticosteroid treatment is not observed.

To examine chronological changes, we plotted urinary tetranor
PGDM concentrations against the age of the patients (Fig. 3a). The
concentration in controls did not change greatly by age. In DMD pa-
tients, the tetranor PGDM concentrations were higher at younger ages
(4-7 y) than in controls. Remarkably, they surged still higher from
age 8 to 9 y, the beginning of the non-ambulant stage, and stayed in
high concentration thereafter. Urinary tetranor PGDM was significantly
higher in the older age DMD group (age 8-15 y) than in the younger
age group (age 4-7 y) (Fig. 3b). In contrast, urinary tetranor PGDM
was significantly lower in the older age control group (age 8-15y)
than in the younger age group (age 4-7 y) (Fig. 3b). Our results

indicated high production of PGD, in DMD patients and suggested a
role of PGD, in DMD pathology, especially the older DMD patients.

4. Discussion

We established a way to quantitate urinary PGDM using LC-MS/MS
without a treatment of urine sample with methoxyamine (Fig. 1). Our
quantitation way became suitable for clinical application by avoiding a
time- and cost-consuming methoxyamine modification that has been
employed [13]. It was found that urinary concentrations of tetranor
PGDM were approximately 2.2-times higher in DMD patients than in
controls (Fig. 2). Furthermore, it was first shown that urinary tetranor
PGDM concentrations in DMD patients chronologically fluctuated
(Fig. 2). It was remarkable that concentrations of urinary tetranor
PGD, increased still further from the age of 8 y. Since the concentration
of urinary tetranor PGDM has been reported to reflect the amount of
PGD; in the body and ultimately reflect the activity of HPGDS [13], our
findings indicated high HPGDS activity in the body of DMD patients. Im-
munohistochemical examination of HPGDS in biopsied skeletal muscle
disclosed HPGDS-positive necrotic muscle fibers from DMD patients
and myositis patients [ 12]. However, HPGDS was not stained in skeletal
muscles of the control and Fukuyama-type muscular dystrophy [12].
Urinary excretion concentration of tetranor PGDM in DMD patients
(Fig. 2) implied a 2.2-times increase in HPGDS. Our findings were also
consistent with those of a murine study, in which the urinary concen-
tration of tetranor PGDM was approximately 3-times higher in mdx
mice than in wild-type mice [16]. This indicates that similar pathogenic
mechanisms caused by primary dystrophin deficiency occur in both
human and mouse. PGD, is considered an important molecule in the pa-
thology of DMD.

Urinary tetranor PGDM has been shown to be increased in adults
with inflammatory conditions such as chronic obstructive pulmonary
disease, asthma, and amyotrophic lateral sclerosis, and PGD, is con-
sidered a mediator of inflammation in these conditions [13,14,17,18].
Therefore, increased urinary concentrations of tetranor PGDM in DMD
suggested that PGD,-mediated inflammation plays a role in the pathol-
ogy of DMD. This finding may pave the way towards understanding the
pathogenesis of DMD. However, it was questioned why urinary tetranor
PGDM concentration increased by aging. As HPGDS is expressed in ne-
crotic muscle fibers [12], increased urinary PGDM is supposed to relate
with abundance of necrotic muscle fibers.
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Fig. 2. Urinary tetranor PGDM in DMD patients and healthy children. a. Urinary tetranor PGDM concentration in DMD patients and healthy control children. Individual data points
showing urinary tetranor PGDM concentration are represented by circles. In controls, the levels of tetranor PGDM were 3.08 -+ 0.15 ng/mg creatinine {mean =+ SE) (range, 1.23 to
7.08 ng/mg creatinine), while those were 6.90 £ 0.35 ng/mg creatinine (range, 0.38 to 26.46 ng/mg creatinine) in DMD patients. The mean concentration of tetranor PGDM in
DMD patients was approximately 2.2-times higher than that in controls (p < 0.0001). The horizontal bars represent the mean. b. Effect of corticosteroid treatment on urinary
tetranor PGDM concentration in DMD patients. The average urinary excretion of tetranor PGDM was 5.44 + 0.81(n = 28) and 7.15 £ 0.38 (n = 163) ng/mg creatinine in DMD patients
with (Steroid) and without corticosteroid therapy (Non-steroid), respectively. The data are shown as mean -+ SE. Bars and horizontal lines represent mean and SE, respectively. There was
no significant difference between patients receiving corticosteroid (Steroid) (n = 28) or not receiving (Non-steroid) (n = 163) corticosteroid treatment.
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the beginning of the non-ambulant stage, and stayed high level thereafter. However, the tetranor PGDM levels in controls were similar levels throughout the examination period. The data are
shown as mean + SE. b. Comparison of urinary tetranor PGDM concentrations in aged 4 to 7 and 8 to 15 groups. Mean concentration of urinary PGDM in aged 4-7 and 8-15 groups of DMD
patients (black columns) and controls (open columns) are shown. In DMD urinary tetranor PGDM was significantly higher in the older age group (age 8-15) (n = 140) than in the younger
age group (age 4-7) (n = 51) (7.69 + 044 vs.4.75 £ 0.32 ng/mg creatinine (mean =+ SE) (p < 0.05)). In control, however, urinary tetranor PGDM was significantly lower in the older age
group {age 8-15) (n == 57) than in the younger age group (age 4-7) (n = 22) (2.90 £ 0.17 vs. 3.55 4 0.30 ng/mg creatinine (mean + SE) (p < 0.05)). The data are represented as

mean + SE. Asterisks mean significant difference (p < 0.05).

It has been demonstrated that creatinine excretion progressively
decreases in parallel with muscle wasting in patients with Duchenne
muscular dystrophy [19]. The apparent increase of tetranor PGDM
(expressed as ng/mg creatinine) in the DMD patients (Fig. 2) was at-
tributable, at least in part, to the decreased concentrations of creati-
nine excretion in these patients. Considering that urinary creatinine
excretion could be a reliable index of muscle mass [20], urinary tetranor
PGDM concentration expressed as ng/mg creatinine was considered to
reflect a PGD, production in a certain amount of muscle mass. Namely,
DMD patients are supposed to have higher HPGDS activity than controls
in a certain volume of muscle. Ideally, tetranor PGDM concentrations
would have been studied in 24 h urine samples, allowing them also to
be expressed as total output per day and hence independent of creati-
nine concentration. However, it was not considered reasonable to per-
form 24 h urine collections in this patient population.

HPGDS is widely distributed in various human organs [21]. Howev-
er, the remarkable increases in HPGDS in DMD boys are observed only
in the skeletal muscle [12]. The other type of PGDS, lipocalin-type
PGDS, is distributed in the heart, male genital organs, and the central
nervous system [22]. Lipocalin-type PGDS is not increased in the DMD
muscle. In mdx mice, a murine model of DMD, the urinary tetranor
PGDM concentration was decreased by administration of an HPGDS in-
hibitor, HQL-79 [16]. These indicated that urinary tetranor PGDM in
DMD is mainly produced by HPGDS-derived PGD,.

Administration of corticosteroids has been reported to give some
benefit to DMD patients [23,24]. The mechanism through which corti-
costeroids exert their action is still unclear [15]. It has been proposed
that corticosteroids alleviate the dystrophy process through immuno-
suppression and reduction of inflammation [25] or that corticosteroids
act directly on muscle fibers by stabilizing sarcolemma [26]. It was
reported that corticosteroids suppress the biosynthesis of prostaglandins
by suppression of their biosynthesis enzymes including phospholipase
A, and cyclooxygenase [27]. Therefore, corticosteroids were supposed
to decrease urinary tetranor PGDM excretion by suppression of prosta-
glandin synthesis. However, we found no significant difference in urinary
tetranor PGDM concentrations between DMD patients with and without
corticosteroid treatment (Fig. 2). This suggested that the benefits of cor-
ticosteroid administration are not mediated through PGD,-related in-
flammation or that our treatment protocol (0.5 mg/kg on alternative
days) is not enough to modulate PGDS. It needs further study to clarify
this.
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DMD is caused by a deficiency of dystrophin in skeletal muscle.
The clinical time-course of DMD is well known [9], but the detailed
pathogenesis of the progressive muscle wasting has not been elucidat-
ed. Muscle degeneration can be observed before birth [6], but the min-
imal disability stage occurs between ages 4 and 5 y. Mechanical injury
to dystrophin deficient membranes is an important factor promoting
dystrophic disease pathology but it does not fully explain DMD disease
onset and progression. Aberrant intracellular signaling cascades, which
regulate both inflammatory and immune processes, have been consid-
ered to contribute substantially to the degenerative process. Observa-
tions of upregulated inflammatory genes and activated immune cell
infiltrates during critical disease stages in dystrophic muscle suggest
that these inflammatory processes may play a critical role in initiating
and exacerbating muscle wasting [28-32]. A major limitation in under-
standing the role of the inflammatory immune response in DMD is the
absence of detailed time-course studies before, during, and after the
onset of lesion development in the muscles of affected humans. It was
remarkable that urinary tetranor PGDM concentrations changed chro-
nologically, with a notable increase from the age of 8 y (Fig. 3a). Our
findings are compatible with those of Okinaga et al. who showed
HPGDS-positive hyalinated necrotic muscle fibers in all aged DMD pa-
tients but not in all younger patients [ 12]. Taken this into consideration,
it was suggested that hyalinated fibers expressing HPGDS increase in
skeletal muscles of aged DMD patients.

It has been suggested that cycles of degeneration and regeneration
in dystrophic muscle eventually deplete satellite replacement cells
(i.e., muscle stem cells) [8,33] and that, once the satellite cells are de-
pleted, muscle regeneration ceases, promoting the progressive replace-
ment of muscle tissue with adipose and fibrous connective tissues [34].
However, the mechanisms regulating the degeneration and regenera-
tion cycles have not been clearly defined [9]. Ages 8 to 9 y when urinary
tetranor PGDM surged corresponds to the time when the clinical dis-
ability changes from the minimal to the severe disability stage. It was
supposed that the surge in production of PGD, may relate to this pro-
gression. The loss of ambulation was reported to manifest at a mean
age of 10.3 y in a recent study on genetically confirmed DMD cases [2].
High plateau concentration of urinary tetranor PGDM corresponded to
this non-ambulant stage. Our results suggest that PGD,-mediated in-
flammation augments pathophysiology in the advanced stages of DMD.
Therefore, chronological changes of urinary tetranor PGDM were consid-
ered to reflect clinical progression.



14 T. Nakagawa et al. / Clinica Chimica Acta 423 (2013) 10-14

Inhibition of PGD, production has been proposed as a target of DMD
treatment based on an animal study [16]. Administration of the HPGDS
inhibitor HQL-79 was shown to decrease urinary tetranor PGDM con-

_centrations and ameliorate muscle necrosis in mdx mice, DMD model
mice [16]. Our results showing high production of PGD; in DMD provide
a rationale for the administration of an HPGDS inhibitor to DMD pa-
tients. Recently, a cyclooxygenase inhibitor was shown to be effective
in slowing the progression of muscular dystrophy in c-sarcoglycan-null
mice [35]. Considering that PGD, is synthesized from PGH,, a product of
arachidonic acid generated by cyclooxygenase, inhibition of cyclooxy-
genase is another choice for the suppression of PGH,, leading to a de-
crease in PGD,. Aspirin has been shown to decrease urinary tetranor
PGDM concentrations significantly {16], and to ameliorate muscle mor-
phology in mdx mice [36]. So this common drug may also be useful for
the treatment of DMD.

5. Conclusion

Urinary tetranor PGDM concentrations were increased in DMD pa-
tients and became higher with advancing age. It was indicated that
PGD,-mediated inflammation plays a role in the pathology of DMD.
It was supposed that hyalinated fibers expressing HPGDS increase in
older DMD patients.

List of abbreviations

DMD Duchenne muscular dystrophy

PG prostaglandin

HPGDS hematopoietic prostaglandin D synthase

tetranor PGDM 11,15-dioxo-9c-hydroxy-,2,3,4,5-tetranorprostan-
1,20-dioic acid

tetranor PGEM 9,15-dioxo-11a-hydroxy-,2,3,4,5-tetranorprostan-
1,20-dioic acid.
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Dilated cardiomyopathy (DCM), a common cause of heart failure, is characterized by cardiac dilation and
reduced left ventricular ejection fraction, but the underlying mechanisms remain unclear. To investigate
the mechanistic basis, we performed global metabolomic analysis of myocardial tissues from the left ventri-
cles of J2N-k cardiomyopathic hamsters. This model exhibits symptoms similar to those of human DCM,
owing to the deletion of the §-sarcoglycan gene. Charged and lipid metabolites were measured by capillary
electrophoresis mass spectrometry (MS) and liquid chromatography MS(/MS), respectively, and J2N-k ham-
sters were compared with J2N-n healthy controls at 4 (presymptomatic phase) and 16 weeks (symptomatic)
of age. Disturbances in membrane phospholipid homeostasis were initiated during the presymptomatic
phase. Significantly different levels of charged metabolites, occurring mainly in the symptomatic phase,
were mapped to primary metabolic pathways. Reduced levels of metabolites in glycolysis, the pentose phos-
phate pathway, and the tricarboxylic acid cycle, together with large decreases in major triacylglycerol levels,
suggested that decreased energy production leads to cardiac contractile dysfunction in the symptomatic
phase. A mild reduction in glutathione and a compensatory increase in ophthalmate levels suggest increased
oxidative stress in diseased tissues, which was confirmed by histochemical staining. Increased levels of 4
eicosanoids, including prostaglandin (PG) E; and 6-keto-PGF,, in the symptomatic phase suggested activa-
tion of the protective response pathways. These results provide mechanistic insights into DCM pathogenesis
and may help identify new targets for therapeutic intervention and diagnosis.

© 2013 Elsevier Ltd. All rights reserved.

Keywords:

Dilated cardiomyopathy
Hamster model
Metabolomics
Oxidative stress
Phospholipid alteration

which result in severe contractile dysfunction. [3-Blockers constitute
a common treatment [2], but severely affected patients may undergo
heart transplantation or implantation of left ventricular assist devices.
While the underlying etiological factors remain largely unknown, and
both familial and non-familial factors are associated with DCM, some
proposed disease mechanisms include coronary artery disease, genet-
ic mutation, and viral infection [3]. Mutations in sarcomeric and cyto-

1. Introduction

Dilated cardiomyopathy (DCM), a common cause of heart failure
and a prevalent cardiomyopathy [1], is characterized by left ventricu-
lar dilation, impaired cardiac pump function, and a thin cardiac wall,
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skeletal genes cause hypertrophic and dilated cardiomyopathies,
respectively [4]. Some familial DCM cases are caused by mutations
in genes encoding components of the dystrophin-glycoprotein com-
plex (DGC), which spans the sarcolemma linking the extracellular
matrix and cytoskeleton and provides mechanical strength for con-
traction [5]. Mutations in dystrophin, a major cytoskeletal component
of the DGC, lead to a high incidence of X-linked DCM in patients with
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Duchenne or Becker muscular dystrophy. Mutations in other DGC
genes, including 8-sarcoglycan, are also associated with human DCM
[1].

Oxidative stress is also reported to be involved in DCM pathogen-
esis. Patients with DCM exhibit increased plasma glutathione levels
and lipid peroxidation products such as malondialdehyde [6], and
total plasma peroxide levels are inversely correlated with the cardiac
ejection fraction [7]. However, a contrasting study found that human
left ventricular DCM tissue showed normal glutathione peroxidase
and superoxide dismutase activities and malondialdehyde levels
similar to those found in healthy control tissue [8]. Thus, the role of
oxidative stress in DCM pathogenesis remains to be elucidated.

Animal models with a pathophysiology similar to human DCM are
useful for investigating pathogenic mechanisms. A ]J2N-k DCM ham-
ster and J2N-n control line were established by repeated sib mating
of J2N(N8), produced by cross-breeding BlO14.6 cardiomyopathic
and normal golden hamsters [9]. J2N-k hamsters are deficient in
d-sarcoglycan and are an animal model of human limb-girdle muscu-
lar dystrophy-associated cardiomyopathy. They begin showing heart
tissue fibrosis and exhibit moderate cardiac dysfunction at 8-9 weeks
of age. At 20 weeks, J2N-k hamsters exhibit considerable fibrosis, a
reduced number of cardiomyocytes, and hypertrophic changes in
the remaining cardiomyocytes; no such changes occur in J2N-n
heart tissues [9]. Accordingly, the life span of J2N-k hamsters
(ca. 298 days) is much shorter than that of J2N-n hamsters
(ca. 788 days). Besides the §-sarcoglycan gene, J2N-k and J2N-n ham-
sters have very similar genetic backgrounds. Since mutations in
§-sarcoglycan are also detected in DCM patients, J2N-k hamsters are
an ideal DCM disease model.

To gain an insight into the DCM in metabolic pathway basis,
we performed global metabolomic analysis of myocardial tissues
from the left ventricles of J2N-k and J2N-n hamsters. Capillary
electrophoresis-time-of-flight mass spectrometry (CE-TOFMS) [10]
and liquid chromatography (LC)-TOFMS or triple quadrupole MS/MS
were used to measure levels of charged (e.g., amino acids) and lipid
(e.g., phospholipids) metabolites, respectively. We identified signifi-
cant changes in several metabolite levels in age-matched J2N-k and
J2N-n hamsters.

2. Methods
2.1. Animals

Male 3- and 15-week-old J2N-k cardiomyopathic hamsters and
age-matched J2N-n controls were purchased from Nihon SLC Inc.
(Hamamatsu, Japan). All animals were maintained in a specific
pathogen-free facility under controlled conditions (20-24 °C and
40~70% humidity) with a 12-h light cycle and were given free access
to standard laboratory rat chow (MF, Oriental Yeast, Tokyo, Japan)
and tap water. After 1 week of habituation, 4- and 16-week-old ani-
mals were anesthetized by intraperitoneal injection of pentobarbital
(Dainippon Sumitomo Pharma, Osaka, Japan) at a dose of 50 mg/kg,
and the left ventricle was excised. The isolated tissue was processed
for either histological analysis (N=4) or for metabolomic and
western blot analysis (N=7). For metabolomic analysis, tissue was
randomly divided into 2 samples and minced on ice to measure
charged and lipid metabolites. The tissue samples were weighed
and snap frozen in liquid nitrogen before being stored at —80 °C.
All animal experiments were performed in accordance with the
Guide for the Care and Use of Laboratory Animals published by the
US National Institutes of Health (NIH Publication No. 85-23, revised
1996) and the Guidelines for Animal Experimentation and under
the control of the Ethics Committee of Animal Care and Experimenta-
tion of the National Cerebral and Cardiovascular Center, Japan (Ap-
proval number, 12056).
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2.2, Echocardiography and histochemical staining

Cardiac function was assessed by echocardiography measurements
as shown in the supplementary information. Following this procedure,
J2N-k and J2N-n hamsters were sacrificed as described above, and ven-
tricle tissue (from both hamster lines) was processed for Masson's
trichrome staining to detect fibrosis, 4-hydroxynonenal (4-HNE) stain-
ing to estimate lipid peroxidation [11], and dihydroethidium (DHE)
staining to approximate superoxide production [12] as described in
the supplementary information.

2.3. Metabolite extraction and quantification

Detailed information regarding the extraction and quantification
of charged and lipid metabolites has been provided in the supple-
mentary information. Briefly, charged metabolites were extracted
by homogenizing myocardial tissue in methanol and subjected
to CE-TOFMS, as previously described [10,13,14]. Lipid metabolite
extraction was performed using the Bligh and Dyer method [15] with
minor modifications. Lower organic and upper aqueous layers were an-
alyzed by LC-TOFMS and LC-MS/MS for phospholipids/sphingolipids/
triacylglycerols and oxidative fatty acids, respectively. Structural analy-
sis of phospholipids (PLs) and sphingomyelins (SMs) was performed as
previously described [16].

2.4, Data analysis

Datasets obtained from CE-TOFMS were processed using our pro-
prietary software, MasterHands [17] as shown in the supplementary
information. Hydrophilic metabolite concentrations have been
provided as the amount of metabolite (umol) per gram of tissue.

LC-TOFMS data were processed using the 2DICAL software (Mitsui
Knowledge Industry, Tokyo, Japan) [18] as described in the supplemen-
tary information. Extracted ion peaks were normalized using internal
standards (ISs). Metabolites eluting from 0.1 to 37.5 min and from 37.5
to 60 min for LC were normalized to 1, 2-dipalmitoyl-[*Hg]-sn-glycero-
3-phosphocholine (16:0-16:0PC-d6; Larodan Fine Chemicals, Malmo,
Sweden) and 1,2-caprylin-3-linolein, respectively. Some oxidative fatty
acids were quantified using commercially available standards.

2.5. Statistical and multiple classification analyses

Student's t-test was used for two-class comparisons between J2N-n
and J2N-k at each growth stage (4 and 16 weeks), and p<0.05 was
deemed as statistically significant. The multiple testing correction was
not applied since metabolite levels are not exclusive but rather related
with each other, and we focused on revealing overall metabolic changes
(such as pathways or metabolite groups) in the cardiomyocytes from
J2N-k hamsters compared to J2N-n cardiomyocytes. In addition, data
were imported into the SIMCA-P+ software (Version 12.0; Umetrics,
Umead, Sweden), pareto-scaled, and subjected to principal component
analysis (PCA; short explanation is provided in the supplementary
information). Cluster analysis and heatmap representations were
obtained using the Spotfire software (Version 7.1; TIBCO, MA, USA).

3. Results
3.1. Cardiac function and pathophysiology of J2N-n and J2N-k hamsters

In this study, the 4- and 16-weeks of ages were selected as DCM
presymptomatic and symptomatic phases for J2N-k (and its control
J2N-n) hamsters according to the previous paper [9]. First, we exam-
ined cardiac function of both hamsters at these time points.
Echocardiograph measurements of J2N-k hamsters at 16 weeks
revealed a significant increase in the internal diameter of the left ven-
tricle (LVID) during both diastolic and systolic states; however, this
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Table 1
Summary of echocardiographic analysis.
4 weeks 4 weeks 16 weeks 16 weeks
J2N-n J2N-k J2N-n J2N-k p values
LVIDd mm 3.1040.05 2.894£023 3.80+0.36 507+026 0.0291%
LVIDs mm 1.49+0.10 1.21:+£0.20 206+0.18 3.64+021 0.0013™*
LVPWd mm 1.85+0.18 1.82+031 2094030 1.77+£0.09 0.3487
LVPWs mm 2224011 2.0840.22 2284027 1.95+0.13 03285
EF % 77.64+1.43 83.68+3.07 77.64+1.44 54,46+ 1.04 <0.0001""*
S % 51.80 +3.53 58.4145.63 4562141 28.35 4 0.60 <0.0001"*
LV VOLd uL 38.03+1.46 32.81+6.57 64.50 = 14.69 123.70+ 15.58 0.0327"
LV VOLs uL 6.13+£1.08 4014153 1431+£2.94 56.69+8.27 0.0029™*

LVIDd, left ventricular internal diameter in diastole; LVIDs, left ventricular internal diameter in systole; LYPWd, left ventricular posterior wall in diastole; LVPWs, left ventricular
posterior wall in systole; EF, ejection fraction; FS, fractional shortening (given by (LVIDd-LVIDs)/LVIDd x 100); LV VOLd, left ventricular volume in diastole; LV VOLs, left ventricular
volume in systole. p values are analyzed between 16 week-old J2N-k and J2N-n hamsters. In 4 week-old hamsters, the p values are not significant.

* p<0.05.
** p<0.005.
HEE 1 20.0001.

was not observed at 4 weeks of age (Table 1). In addition, markedly
reduced ejection fractions and fractional shortening were
revealed at 16 weeks (Table 1 and Supplementary Fig. 1). Extensive
fibrosis was observed in J2N-k hamsters at 16 weeks (compared to
the J2N-n) by Masson's trichrome staining (Supplementary Fig. 2).
No fibrosis was observed at 4 weeks. Thus, no obvious pathophysio-
logical change was observed at 4 weeks, although DCM was obvious
at 16 weeks in J2N-k hamsters.

3.2. Profiling of charged metabolites measured by CE-TOFMS

Charged metabolite levels were quantified absolutely using stan-
dard chemicals for each metabolite, whereas lipid metabolite levels
were quantified relatively as ratios of ion counts (peak height) of
each metabolite to those of the internal standard, with the exception
of some oxidative fatty acids. Therefore, statistical analyses of charged
and lipid metabholites were carried out separately.

A total of 180 charged metabolites were identified and quantified
by the CE-TOFMS method (Supplementary Table 2). Using a whole
dataset of quantified metabolites, we performed a PCA (Supplemen-
tary Fig. 3) in order to understand the similarities/dissimilarities of
4 animal groups regarding variations in metabolite levels. From the
PCA score plot, DCM and control hamsters at 16 weeks (but not at
4 weeks) were separated in the first 2 principal components. This
analysis indicates that the profiles of charged metabolites reflect the
metabolic differences caused by disease progression.

Next, Student's t-test was used to examine DCM-associated meta-
bolic changes (Supplementary Table 2). Using a p-value threshold of
0.01 to generate a heatmap (Fig. 1A), the levels of 15 metabolites
were found to differ between J2N-k and J2N-n hamsters at 4 weeks;
specifically, the level of 12 metabolites increased and 3 metabolites de-
creased in J2N-k hamsters. At the symptomatic phase (16 weeks), 62
metabolites were detected at different levels (p<0.01) in J2N-k and
J2N-n hamsters (Fig. 1B), including 10 metabolites that also showed
significant differences in the presymptomatic phase (4 weeks;
2-aminobutyrate (2-AB), citrulline, guanidinoacetate, hypotaurine, me-
thionine, N-acetylaspartate, ophthalmate, ornithine, threonine, and
trigonelline). Of the 62 metabolites showing variation, the levels of
26 increased and 36 decreased in the J2N-k hamsters. Most of these
metabolites are components of primary metabolic pathways such as
glycolysis, the pentose phosphate pathway, the tricarboxylic acid
(TCA) cycle, the glutathione biosynthesis pathway, and the urea cycle.

3.3. Energy metabolism
J2N-k myocardial tissues from 16-week-old animals exhibited

changes in the levels of metabolic intermediates involved in energy
metabolism. The concentrations of several intermediates involved in

glycolysis, such as glucose 6-phopshate (G6P; levels of J2N-k/
J2N-n=0.5-fold, p=5.9x10"%), dihydroxyacetone phosphate
(DHAP; 0.6-fold, p=1.4x10~2), and acetyl CoA (0.3-fold, p=1.1x
1073), were significantly reduced at 16 weeks but not at 4 weeks
(Fig. 2).

Significantly decreased levels of the TCA cycle intermediates,
isocitrate (0.6-fold, p=1.5x1075) and malate (0.7-fold, p=2.5x
10™3), were aiso observed in myocardial tissues from 16-week-old
J2N-k hamsters. Decreased protein levels of aconitase 2, which cata-
lyzes citrate to isocitrate via cis-aconitate, were observed at
16 weeks in the J2N-k, suggesting decreased TCA cycle activity
(Supplementary Fig. 4). These results suggest that the levels of me-
tabolites involved in glycolysis and the TCA cycle energy pathways
are attenuated in J2N-k cardiomyopathic tissue during the symptom-
atic phase,

3.4. Glutathione biosynthesis pathway

The ophthalmate and 2-AB levels were significantly higher in
J2N-k myocardial tissues than in J2N-n control tissue at both the
presymptomatic (1.4-fold, p=2.6x1073; 2.2-fold, p=6.9x 1075, re-
spectively) and symptomatic (2.3-fold, p=3.9x1077; 4.2-fold, p=
22x1079, respectively) phases (Fig. 3). 2-AB is metabolized to
ophthalmate via y-Glu-2-AB through a 2-step reaction and then cata-
lyzed sequentially by y-glutamylcysteine synthetase and glutathione
synthetase [10]. In contrast, y-Glu-Cys and glutathione (GSH) con-
centrations are decreased at 16 weeks (0.2-fold, p=7.9x10"3,
0.8-fold, p=2.0x1072, respectively). These data suggest that
upregulation of the GSH biosynthetic pathway is associated with
DCM progression. Consistent with this observation, intracellular
levels of glycine (1.3-fold, p=1.2x107>), methionine (1.3-fold, p=
29x107°), and S-adenosylhomocysteine (SAH; 1.2-fold, p=
2.4%1072) were elevated in J2N-k hamsters at 16 weeks. In contrast,
S-adenosylmethionine (SAM; 0.9-fold, p=3.2x 10™2) levels were re-
duced at the symptomatic-phase in J2N-k hamsters.

Taurine levels did not differ significantly between the 2 genotypes,
although increased concentrations of its precursor, hypotaurine, were
observed in J2N-k hamsters at both 4 weeks (1.6-fold, p=6.9x1077)
and 16 weeks (3.4-fold, p=1.6x1079).

3.5. Urea cycle

The levels of most urea cycle intermediates significantly differed be-
tween myocardial tissues from J2N-k and J2N-n at 16 weeks (Fig. 4).
The levels of arginine (0.7-fold, p=3.2x1073), citrulline (0.6-fold,
p=2.0x10">), and argininosuccinate (0.4-fold, p=6.3x10"*) were
significantly reduced in J2N-k hamsters. In contrast, ornithine levels
(1.8-fold, p=8.2x10"%) were significantly increased. At 4 weeks, a
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Fig. 1. Heatmap showing charged metabolites in myocardial tissues from J2N-n and J2N-k hamsters at (A) 4 weeks and (B) 16 weeks (n=7 in all groups). Fold changes in the
amounts of each metabolite in individual J2N-k samples, relative to the average amounts in J2N-n at either 4 or 16 weeks are represented as the log2 ratio. Light gray cells indicate
that metabolites were not detected in those samples. Fifteen (at 4 weeks) and sixty-two (at 16 weeks) charged metabolites that showed different levels (p<0.01) at each time point
are shown, excluding Glu-Glu at 16 weeks, which was not detected in all ]2N-n samples.
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Fig. 2. Metabolome pathway map of quantified charged metabolites, including components of the glycolytic pathway, pentose phosphate pathway, and TCA cycle in J2N-n and
J2N-k hamsters at 4 and 16 weeks (4w and 16w). The columns represent average concentrations (nmol/g tissue), and the error bars indicate SD. *p<0.05; **p<0.01;

***p<0.001; and N.D., not detected.

significant increase in ornithine levels (1.4-fold, p=2.3x1074) and a
decrease in citrulline levels (0.7-fold, p=1.1x10"3) were also
observed in J2N-k hamsters.

3.6. Profiling of lipid metabolites measured by LC-TOFMS

LC-TOFMS detected 1173 peaks and 277 peaks in the positive and
negative ion modes, respectively. Relative quantification of the iden-
tified metabolites is shown in Supplementary Table 3.

Next, the data were processed for PCA. In the positive ion mode, the
1173 peaks (including unidentified metabolites) were divided into 2
groups on the basis of their retention time (RT): 0.1-37.5 min RT
(671 peaks; containing lysophospholipids [lysoPLs], diacylglycerols
[DAGs], PLs, SMs, and ceramides [Cers]) and 37.5-60 min RT (502
peaks; containing triacylglycerols [TAGs] and cholesterol esters
[ChEs]; Supplementary Fig. 5). PCA was performed separately for
each group since PLs and TAGs are the 2 major classes of lipid metabo-
lites in this mode (Supplementary Fig. 6). Distinct clustering of metab-
olites among the 4 groups (ie. 4- or 16-week-old J2N-n and J2N-k
hamsters) was observed in the data obtained using both positive
(0.1-37.5 min RT; Supplementary Fig. 6A) and negative ion modes
(data not shown). In contrast, for the second group of metabolites
identified in the positive ion mode (37.5-60 min RT), poor discrimina-
tion was obtained between all tissue samples (from 4- and 16-week-
old J2N-k and J2N-n hamsters) (Supplementary Fig. 6B). These results
suggest that the lipid metabolites that were eluted from 0.1 to
37.5 min include candidates for identifying DCM and healthy
tissues, even in the presymptomatic phase (4 weeks). Using a p-value
threshold of 0.01 for the heatmap, the levels of 34 and 68 metabolites

were found to differ between J2N-n and J2N-k hamsters at 4 and
16 weeks, respectively, with 15 overlapping metabolites (Fig. 5).

3.7. Myocardial lipid levels are significantly different in J2N-k and J2N-n
tissues

PLs are important components of heart membranes. When focus-
ing on phosphatidylcholine (PC), the levels of many species, most of
which contained unsaturated fatty acids, increased in J2N-k com-
pared with J2N-n at the presymptomatic phase (4 weeks). Some of
these PC species remained upregulated in the symptomatic phase
(16 weeks) (Fig. 5, Supplementary Table 3), including 18:0/20:4PC
(1.4-fold, p=5.4x10"% 1.6-fold, p=2.0x1073; at 4 and 16 weeks,
respectively) and 18:0/22:6PC (1.7-fold, p=7.0x107> and 1.7-fold,
p=2.0x10"7%; at 4 and 16 weeks, respectively). In contrast, levels
of several PC species containing linoleic acid (18:2), such as 18:2/
18:2PC (0.8-fold, p=9.4x1073), were reduced at 16 weeks. As
for lyso species, a significant increase in the level of 18:0 lyso PC
(LPC; 1.4-fold, p=9.5x107%) was observed in J2N-k at 16 weeks
but not at 4 weeks.

Regarding phosphatidylethanolamine (PE) and plasmalogen PE
(pPE), the levels of several species containing 22:5 and 22:6
(docosahexaenoic acid, DHA), such as 18:0/22:6PE (1.3-fold, p=
6.1x1073), increased in J2N-k compared with J2N-n hamsters at
4 weeks, although their increase was almost diminished at 16 weeks.
At 16 weeks, many species (11 PEs and 8 pPEs) were decreased in
J2N-k tissues (Fig. 5, Supplementary Table 3), although 3 PE and 2
pPE species were increased in J2N-k tissues. Notably, species
containing linoleic acid (18:2) or eicosapentaenoic acid (EPA; 20:5),
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such as 18:1/18:2PE (0.7-fold, p=15x10"3), and 18:0p/20:5PE
(0.4-fold, p=1.0x1073), were markedly reduced in J2N-k tissues at
16 weeks. Thus, the levels of PC and PE species commonly containing
linoleic acid (18:2) or EPA (20:5) were reduced at the onset of DCM.
Marked differences between the SM levels and their Cer metabo-
lites were observed in the 2 hamster strains at 16 weeks. For exam-
ple, the levels of 34:1SM (d18:1/16:0; 1.4-fold, p=>5.1x10"%) and
34:1Cer (1.4-fold, p=4.9x1072) increased, but those of 38:1SM
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(d18:1/20:0; 0.7-fold, p=3.3x1073) and 38:1Cer (0.6-fold, p=
3.1x1073) decreased in J2N-k tissue as compared to J2N-n tissue.
The levels of major TAG species significantly decreased in J2N-k
compared with J2N-n tissues at 16 weeks (Fig. 5, Supplementary
Table 3). Although we could not determine the individual fatty acid
chain compositions, many of these species were dramatically de-
creased, including 54:5TAG (0.5-fold, p=6.0x10"3) and 54:6TAG
(0.5-fold, p=>5.4x 107 3). Furthermore, the levels of 9 DAG species
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Fig. 5. Heatmap showing relative quantification of lipid metabolites identified in myocardial tissue from J2N-n and J2N-k hamsters (n=7 in all groups). Thirty-four (at 4 weeks)
and sixty-eight (at 16 weeks) lipid metabolites with different levels (p<0.01) in J2N-n and age-matched J2N-k at each time point are shown. Data are represented by the log2 ratio
of relative amounts of each metabolite in J2N-k to the mean relative amounts in J2N-n at either 4 or 16 weeks.

changed in J2N-k tissues at 16 weeks: 2 species, including 38:4DAG
(1.6-fold, p=2.4x1073), were increased, while another 7 species,
predicted to contain mono- or di-unsaturated fatty acids such as
36:3DAG (0.4-fold, p=2.2x1073), were significantly decreased.

3.8. Oxidative fatty acids levels were altered in J2N-k myocardial tissues

The levels of 3 prostaglandin (PGs)—PGE; (5.1-fold, p =1.5x 1072),
PGD, (7.8-fold, p=1.5x1072), and 6-keto-PGF; (stable metabolite of
PGly; 8.1-fold, p=4.6x10"3)—~were significantly increased in J2N-k
myocardial tissue at 16 weeks, compared with J2N-n tissue (Fig. 6, Sup-
plementary Table 4). Moreover, the levels of 12S-hydroxy-5Z; 8E; and
10E-heptadecatrienoic acid (12-HHT), a product of arachidonic acid
via the cyclooxygenase pathway, were also increased (5.7-fold, p=

4.7x1072) in these tissues. In addition, levels of cyclooxygenase 2, an
enzyme that catalyzes the rate-limiting step of these 4 metabolites, in-
creased at 16 weeks in J2N-k tissue (Supplementary Fig. 7).

3.9. Increased oxidative stress in the DCM heart

Since previous reports, as well as our results (increase in
ophthalmate levels), suggest the high oxidative stress levels at
16 weeks of J2N-k hamsters, we assessed lipid peroxidation and super-
oxide production by 4-HNE staining and DHE staining, respectively
(Supplementary Figs. 8 and 9). Results from both staining confirmed
an increased oxidative stress in the cardiac tissue of 16-week-old
J2N-k hamsters.
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4. Discussion

We performed global metabolomic analysis on myocardial tissues
from J2N-k cardiomyopathic hamsters, which were found to have sig-
nificantly different profiles of charged and lipid metabolites from
those of J2N-n normal controls. In general, mild edema could be
seen in the heart with DCM, and cardiomyocyte protein concentra-
tions in 16-week-old J2N-k hamsters (but not 4-week-old hamsters)
decreased by 9.5% compared with the J2N-n line at the same age (data
not shown). However, this difference did not have a large impact on
the variation in metabolite levels between J2N-k and J2N-n hamsters,
and the metabolomic results were shown per tissue weights.

Analysis of charged metabolites showed significant reductions in
the levels of glycolysis and TCA cycle metabolites in J2N-k myocardial
tissues as compared with those of J2N-n at 16 weeks (symptomatic
phase; Fig. 2). In addition to these pathways, the creatine kinase path-
way also supplies energy to the heart and maintains ATP levels by the
rapid transfer of high-energy phosphoryl groups from phosphocrea-
tine to ADP. Creatine and creatinine (degradation products of
phosphocreatine) levels in J2N-k symptomatic phase tissues were
significantly lower than those in age-matched controls (Supplemen-
tary Table 2). It has been reported that creatine levels are attenuated
in heart tissue from dystrophin-deficient mdx mice [19] and that
creatine levels reflect the severity of heart failure in patients with
DCM [20]. In addition, carnitine levels are also significantly decreased
in J2N-k tissues at 16 weeks (Supplementary Table 2). Since carni-
tines are used for transporting fatty acids from the cytosol into the
mitochondria, the availability of fatty acids for B-oxidation may be re-
duced in J2N-k hamsters. This supports our finding that acetyl CoA
levels are considerably decreased in J2N-k tissue (ratio of 0.3 at
16 weeks, Supplementary Table 2). A recent paper also reported
that Bio-TO2 cardiomyopathic hamster hearts showed reduced
activity of pyruvate dehydrogenase [21], which catalyzes acetyl CoA
production. These findings suggest that decreased energy production
occurs in DCM hearts, resulting in reduced cardiac pumping. Further
studies, such as flux analysis, are needed to validate these assumptions.

A mild reduction in GSH levels and a considerable loss of its
precursor, y-Glu-Cys in the glutathione biosynthesis pathway, were
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observed in J2N-k tissues at 16 weeks. In contrast, mild increases at
4 weeks and considerable increases at 16 weeks were observed for
levels of ophthalmate and its precursor, 2-AB in J2N-k tissue
(Fig. 3). Ophthalmate is synthesized by the same enzymes as those
for GSH, but it contains 2-AB instead of cysteine [10]. Although the
cysteine levels in myocardial tissue extracts were below the detection
limit, the GSH synthesis pathway appeared to be upregulated based
on the increased levels of its components methionine and SAH.
Instead of cysteine, our data suggests that the upregulated GSH syn-
thesis pathway uses 2-AB for ophthalmate production. This is
supported by changes in the levels of other GSH and ophthalmate
synthesis components: glycine levels significantly increased and glu-
tamine (a glutamate precursor) levels decreased. We also observed
increased levels of hypotaurine at both 4 and 16 weeks (Fig. 3). Un-
like taurine, hypotaurine has antioxidant activity that effectively
scavenges hydroxyl radicals and hypochlorous acid moieties [22].
These findings suggest that metabolic changes are initiated to coun-
teract the increased oxidative stress observed in DCM heart tissues
as confirmed in Supplementary Figs. 8 and 9.

Significant decreases in the urea cycle metabolites, arginine,
argininosuccinate, and citrulline, were observed in myocardial tissues
of 16-week-old J2N-k hamsters as compared to J2N-n hamsters
(Fig. 4). Reductions in arginine and citrulline levels suggest a reduc-
tion in nitric oxide (NO) production by nitric oxide synthase. This is
consistent with the report that NO concentrations in coronary circula-
tion were lower in DCM patients as compared to control human sub-
jects [23]. In contrast, increased conversion of arginine to ornithine
suggests that the high arginase activity in 16-week-old J2N-k ham-
sters can modulate NO synthesis by limiting arginine availability for
NO synthesis. NO is critical for coupling cardiac excitation-
contraction by modulating Ca®* homeostasis [24], suggesting its pos-
sible relation to DCM.

A recent study found that changes in lipid hormeostasis contribute to
the development of various cardiomyopathies [25]. In particular,
dysregulation of membrane phospholipid homeostasis alters the interac-
tion of membrane-associated protein complexes that modulate cell sig-
naling and myocardial metabolism [26]. At the presymptomatic phase
(4 weeks), we observed increased levels of PC containing unsaturated
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(especially polyunsaturated) fatty acids and PE/pPE with 22:5 or 22:6 in
J2N-k myocardial tissues (Fig. 5; Supplementary Table 3). In the symp-
tomatic phase, significant decreases in PC containing linoleic acid
(18:2) and many PE and pPE species, especially those containing 18:2
and/or EPA (20: 5), were observed in J2N-k hamsters. A significant accu-
mulation of ethanolamine phosphate (1.5-fold, p=8.7x107°) in J2N-k
tissues (Supplemental Table 2 and Fig. 1) suggests that function of the
PE biosynthetic enzyme, ethanolaminephosphotransferase, may be
impaired in the symptomatic phase tissues. Altered levels of the PC and
PE species suggest that membrane perturbations, such as fluidity, are
probably important for DCM pathology. Consistent with our results,
linoleic acid (18:2) content in PC was reported to be significantly
decreased in the myocardium of cardiomyopathic BIO 14.6 hamsters
during the development of congestive heart failure [27]. Increased PC
content (observed at 4 weeks in this study) was reported to inhibit
Ca®™-ATPase (SERCA) activity [28], which was indeed decreased in
J2N-k cardiomyopathic hamsters [29]. Our data also show that some
LPC species were significantly increased at the DCM symptomatic
phase. LPCs increase the intracellular calcium concentration [Ca%™]; by
modulating the activities of the cardiac sarcolemmal membrane ion
transporters such as SERCA [30], which may compensate for decreased
contractile function. These findings suggest that contractile dysfunction
in J2N-k myocardial tissue is partly attributable to aberrant PL
metabolism.

At 16 weeks, J2N-k myocardial tissues exhibited altered levels of
SMs and Cers of various acyl chain lengths (C16-C24; Fig. 5, Supple-
mentary Table 3), suggesting that specific Cer signaling pathways
are activated in DCM. For example, levels of Cer containing palmitic
acid (16:0), such as 34:1Cer, were augmented in J2N-k tissue at
16 weeks. As 34:1Cer is a major Cer species and is known to be ele-
vated during apoptosis induced by various agents [31]; it is possible
that the apoptosis pathway is triggered in the symptomatic phase.
The activation of the apoptotic pathway was reported in proteomic
analysis of a phospholamban-mutated DCM mouse model [32].

The PCA of TAGs and ChEs revealed only a modest discrimination
between J2N-k and J2N-n tissues both at 4 and 16 weeks (Supplemen-
tary Fig. 6B), suggesting wide within-group variations. Nevertheless,

remarkable reductions were observed in several major TAG species in’

J2N-k tissues at 16 weeks (Fig. 5, Supplementary Table 3). TAG is
stored in cytosolic lipid droplets within cardiomyocytes and ensures a
continuous fatty acid supply for mitochondrial oxidation [33]. There-
fore, TAG reductions suggest that heart tissue cannot secure enough
energy from fatty acid oxidation, thereby leading to impaired function.
Consistent with our observations, fatty acid utilization and oxidation
were found to be lower in patients with idiopathic DCM than in normal
controls [34]. In addition, DAGs (such as 34:2DAG and 36:3DAG) pro-
ducing TAGs by diacylglycerol acyltransferase were also significantly
decreased at 16 weeks (Supplementary Table 3). We observed de-
creased levels of glycerol-3-phosphate (a precursor of DAG and TAG,
Supplementary Table 2) in J2N-k at 16 weeks, which is consistent
with our lipid metabolite data.

The eicosanoids, PGE,, PGD,, 6-keto-PGF,, and 12-HHT, produced
by the COX pathway, were significantly (more than 5-fold) increased
in J2N-k tissues at 16 weeks (Fig. 6). Although eicosanoids are gener-
ally thought to contribute to inflammatory responses associated with
myocardial dysfunction, recent studies have showed that they may
also have a cardioprotective role. For example, increased PGE; pro-
duction protects the heart from ischemia-reperfusion injury via
PGE, receptors 3 (EP3) and 4 (EP4) [35,36]. Furthermore, mice with
cardiac-specific EP4 knockout display a DCM-like phenotype [37].
Elevated PGE; production may therefore counteract DCM pathophys-
iology in J2N-k hamsters. In the DCM transgenic mouse model
(Tgalphaq*44 mice overexpressing the activated Galphaq protein), el-
evated levels of PGI,, the active precursor of 6-keto-PGF,, compen-
sated for reduced NO-dependent coronary vasodilatation due to
endothelial dysfunction during late-stage heart failure [38]. PG,

also exerted protective effects on cardiomyocytes during cardiac
ischemia-reperfusion injury [39]. Elevation of at least some of these
4 eicosanoids may therefore counteract DCM pathophysiology in the
J2N-k model.

5. Conclusions

We performed global metabolomic analysis on left ventricular
heart tissues from hamsters with hereditary DCM. In the symptomatic
phase, the levels of the most significantly altered charged metabolites
are mapped to energy metabolism, the glutathione biosynthesis path-
way, and the urea cycle. Specifically, a mild reduction in GSH and a
compensatory increase in ophthalmate suggested that increased
oxidative stress played a role in DCM pathogenesis; this was later
confirmed by 4-HNE and DHE histochemistry. Regarding lipid metab-
olites, disturbances in membrane phospholipid homeostasis (changes
in PC and PE species levels) began even at the presymptomatic
phase. The potential involvement of specific eicosanoids in the
cardioprotective pathways was suggested by increased levels of
these metabolites during the symptomatic phase. Further investiga-
tion is required to determine how changes in the concentration of
the metabolites identified in this study contribute to cardiac dysfunc-
tion in DCM. However, our work does provide insight into the
mechanisms involved in DCM pathogenesis and may lead to the iden-
tification of new targets for therapeutic intervention or diagnosis.
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4-HNE  4-hydroxynonenal
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DAG diacylglycerols
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DGC dystrophin-glycoprotein complex
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MS mass spectrometry
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PCA principal component analysis
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ABSTRACT: Introduction: The glycosylation state of the mus-
cle sarcolemma is crucial for membrane strength and is thereby
linked to pathologic conditions. No markers currently exist with
sufficient sensitivity to detect muscle damage in biopsy samples.
We aimed to determine whether surface sialic acid content is a
useful criterion for estimating muscle injury. Methods: Sialic acid
content was measured by comparing the fluorescence intensity
of muscle sections stained with 2 types of lectins. One binds spe-
cifically to nonsialylated sugars, and the other binds to both sialy-
lated and nonsialylated sugars. Results: Sialic acid levels were
markedly reduced (60-80%) in muscles from dystrophin-defec-
tive mice, J-sarcoglycan—deficient hamsters, merosin-deficient
mice, and patients with muscular dystrophy, when compared with
their healthy counterparts. Conclusions: Testing for a marked
decrease in sialic acid levels, which is caused by the release of
trace amounts of sialidase from damaged muscles, is a sensitive
detection method for muscle injury and could be commonly
utilized for various subtypes of muscular dystrophy.

Muscle Nerve 47: 372-378, 2013

Muscular dystrophy is a severe degenerative disor-
der of skeletal muscle, characterized by progressive
muscle weakness." One subgroup of this disease is
caused by a defect in the genes that encode for
the components of the dystrophin—glycoprotein
complex (DGC). This multi-subunit complex spans
the sarcolemma to structurally link extracellular
matrix proteins, such as laminin, to the actin cyto-
skeleton, thereby providing mechanical strength to
muscle cell membranes.”” Therefore, defects of
the DGC result in marked disruption of membrane
integrity and/or stability. Sarcolemmal damage
accelerates the release of cytoplasmic enzymes or
the entry of extracellular substances across the cell
membranes. To date, increased serum creatine ki-
nase (CK)4 levels have been used as an indicator
of the extent of muscle damage in patients with
Duchenne muscular dystrophy or in corresponding
animal models such as dystrophin-deficient mice
(mdx). However, measurement of serum CK levels
is not always a reliable indicator of muscle damage,

Abbreviations: ACL, Amaranthus caudatus lectin; a-DG, a-dystroglycan;
CK, creatine phosphokinase; DAPI, 4',6-diamidino-2-phenylindole dihydro-
chloride; DGC, dystrophin-glycoprotein complex; dy/dy, merosin-deficient
mice; EBD, Evans blue dye; FITC, fluorescein isothiocyanate;
Galf1,3GalNAc, galactose-{B1,3)-N-acetylgalactosamine; J2N-k, d-sarco-
glycan—~deficient hamsters; J2N-n, control hamsters; mdx, dystrophin-defi-
cient mice; PNA, peanut agglutinin; RT, room temperature; WT, wild-type
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because they rise and fall rapidly and are easily
affected by stresses to the body from surgical pro-
cedures, vigorous exercise, or deep intramuscular
injections.5'7 In addition, other cytosolic enzymes
released in serum, such as myoglobin, aldolase, or
lactate dehydrogenase, have similar limitations
with regard to the detection of muscle damage.
Furthermore, merosin-deficient mice (dy/dy),
another dystrophic model representative of human
merosin-deficient congenital muscular dystrophy,
demonstrated no detectable increase in serum CK
levels despite their severe clinical phenotype.®
Enhanced uptake of externally added Evans blue
dye (EBD)” as a marker of membrane integrity
cannot be used in humans owing to its toxicity;
even in animals only postmortem muscle imaging
is possible using EBD.

Establishing a diagnosis of muscle damage
using biopsy samples and routine analysis is time
consuming, even in distinguishing between myopa-
thy and neuropathy. Therefore, newer and simpler
methods would be useful for easy detection of
muscle damage in various types of muscle degener-
ative disorders, and the validation of a new diag-
nostic marker would be invaluable.

Glycosylation has been demonstrated to be inti-
mately linked to muscular dystrophy. Indeed, glyco-
sylation of o-dystroglycan (a-dystroglycan DG), an
essential component of the DGC, is critical for its
interaction with the extracellular matrix to preserve
the mechanical strength of the sarcolemma. More-
over, «-DG interacts with extracellular matrix pro-
teins such as laminin through Omannosyl-linked
sialylated tetrasaccharides.”"" Abnormal glycosyla-
tion of 4-DG has been detected in multiple forms of
muscular dystrophy in mice and humans.'*"?
Therefore, we hypothesized that a test for changes
in glycosylation of the sarcolemma could be used
for diagnostic purposes for various types of muscu-

lar dystrophy.
Sialic acid (a generic term for neuraminic acid
derivatives) is an  important carbohydrate

expressed on the terminal ends of glycan struc-
tures in many cell surface glycoproteins and glyco-
lipids, where they mediate various cellular func-
tions (e.g., cell-cell or cell-matrix interactions)”
and are essential for mammalian survival, develop-
ment, and growth.'™'® Sialic acids are ultimately
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transferred to oligosaccharide chains by the
catalytic function of a large family of sialyltransfer-
ase enzymes. Conversely, the removal of sialic acid
moieties is catalyzed by sialidase. The cytosolic frac-

tion of skeletal muscles exhibits a higher level of

sialidase activity than do other tissues.'” Therefore,
if sialidase is released from damaged muscle, it
would greatly affect biological processes by chang-
ing the conformation of glycoproteins and uncov-
ering or masking the binding sites of functional
glycomolecules. Conversely, in distal myopathy
with rimmed vacuoles (hereditary inclusion body
myopathy), mutation of genes involved in the
biosynthesis of sialic acids has been reported.'®°
These findings raise the possibility that reduction
in sialic acid levels has important pathological
significance and may also be exploited as a sensi-
tive detection method to monitor release of siali-
dase in various types of muscle degenerative
disorders.

In this study, we addressed whether surface si-
alic acid content could be altered in muscular
dystrophy.

METHODS

Materials. Biotinylated peanut agglutinin (PNA)
lectin, Amaranthus caudatus lectin (ACL), and fluo-
rescein isothiocyanate (FITC-avidin D; Vector Lab-
oratories, Burlingame, California) were used
according to manufacturer’s instructions. The siali-
dase used was isolated from Clostridium perfringens
(Sigma Chemical Co., St. Louis, Missouri). Alexa
Fluor 647 goat anti-mouse IgG (H4L; Invitrogen,
Carlsbad, California) and FITC-PNA (Vector Labo-
ratories) were also used in several experiments.

Animals. Delta (d)-sarcoglycan—deficient hamsters
(J2N-k), a model of human J-sarcoglycanopathy,
and age-matched control hamsters (J2N-n) were
purchased from Japan SLC, Inc. (Shizuoka, Japan).
Four-week-old dy/dy and mdx wmice and age-
matched controls (wild-type [WT]) were purchased
from the Jackson Laboratories (Bar Harbor,
Maine). All animal experiments were performed in
accordance with the animal experimentation
guidelines of the National Cerebral and Cardiovas-
cular Center (NCVC), Japan.

Human Tissues. Tissue samples were obtained
from skeletal muscle biopsy specimens from the
NCVC from patients with muscular dystrophy and
by autopsies of patients without muscle failure as
controls.?! Written informed consent was obtained
from all subjects.

Staining of Skeletal Muscle Sections with Lec-
tins. The sugar chain properties in frozen sec-
tions (approximately 5-6 pm) of skeletal muscles
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were analyzed by the binding of biotinylated PNA
or ACL, as described previously.”” Frozen sections
were fixed in 100% ethanol for 10 min at room
temperature (RT). After washing with phosphate-
buffered saline, the sections were incubated with
each biotinylated lectin (10 pg/ml) for 15 min at
RT. When sialidase treatment was performed, the
sections were treated with 0-5000 mU of sialidase
in 50 mM sodium acetate (pH 5) for 2 hours at
37°C before incubation with lectins. These lectins
were visualized by incubating the sections with 20
ug/ml of FITC-avidin D for 5 min at RT, followed
by observation under a fluorescence microscope
(IX81; Olympus, Tokyo, Japan) equipped with con-
focal capability (Fluoview FV1000; Olympus). For
greater time savings, the fixed sections were
stained directly with FITC-PNA (10 pug/ml) for 15
min at RT. The nucleus was stained with 4',6-dia-
midino-2-phenylindole  dihydrochloride  (DAPI;
Dojindo Laboratories, Kamimashiki-gun, Japan).

Quantification of Fluorescent Intensity Visualized with
Lectin Staining. Images of serial sections stained
with lectins were analyzed by investigators blinded
to the genotypes, using NIH Image software. The
entire region covering each fiber and the region
covering only the intracellular space in cross-sec-
tions were selected visually, and their fluorescence
intensities were measured. Fluorescence intensity
corresponding to the sarcolemmal region was cal-
culated by subtracting the intensity of the intracel-
lular region from that of the total area. All data
were expressed as mean = standard deviation (SD)
unless otherwise indicated. Differences between
the groups were determined using the Student &
test. P < 0.05 was considered statistically
significant.

RESULTS

To specifically detect the sialylated sugar group, 2
types of lectins, PNA and ACL, were used. The
PNA lectin specifically binds to nonsialylated galac-
tose-(fi1,3)-MN-acetylgalactosamine (Galf1,3GalNAc)
moieties on oligosaccharide groups on glycopro-
teins or glycolipids, but not to sialylated sugar moi-
eties (Fig. 1A). By contrast, ACL interacts with sia-
lylated and nonsialylated forms of Galf1,3GalNAc
structures (Fig. 1A). Therefore, the amount of sia-
lylated sugars can be measured easily by compara-
tive staining between PNA and ACL in the plasma
membrane (Fig. 1A). This strategy was applied to
skeletal muscles from J2N-k and J2N-n hamsters.
Skeletal muscles from both types of hamster were
well stained with ACL (Fig. 1B and C), indicating
that both types of sarcolemma express similar
apparent levels of Galf1,3GalNAc. By contrast, the
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