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Metabolomics analysis identifies a lipidomic profile
in treatment-naı̈ve juvenile dermatomyositis patients
vs healthy control subjects
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David S. Pisetsky2, Olga Ilkayeva3 and Kim M. Huffman3

Abstract

Objectives. To perform an exploratory study to identify a JDM serum metabolic profile that differs from healthy

controls (HCs) and responds to immunosuppressive treatment.

Methods. Blood was collected from 9 HCs and 10 patients diagnosed with probable (n¼ 4) or definite (n¼ 6)

JDM based on the criteria of Bohan and Peter for myositis, with 7 of the 10 providing longitudinal samples follow-

ing initiation of treatment; these patients comprised the treatment-naı̈ve cohort. Sera underwent mass spectros-

copy–based measurements of targeted metabolic intermediates, including 15 amino acids, 45 acylcarnitines (ACs),

15 ceramides and 29 sphingomyelins. Principal components analysis reduced metabolites into smaller sets of fac-

tors each comprised of correlated metabolic intermediates. Factor scores and metabolite concentrations were com-

pared with HCs using two-sample t-tests while treatment effects were evaluated using paired t-tests.

Results. Of eight principal components analysis–derived metabolite factors (one AC, two amino acids, three

sphingosine and two ceramide), two were significantly associated with JDM: one AC factor containing mostly long-

chain ACs (P¼0.049) and one ceramide factor (P< 0.01). For 12 individual ACs, mostly long chain, and three

ceramides, concentrations were significantly greater for JDM than HCs. Factors based on these individual metabo-

lites showed decreasing scores with treatment (P¼ 0.03 and P<0.01, respectively).

Conclusion. While additional validation is needed, these lipids have potential as JDM serum diagnostic and/or

treatment biomarkers. Additionally, the significant association of long-chain ACs and ceramides with JDM offers

insights regarding pathogenesis, implicating dysregulation of mitochondrial fatty acid b-oxidation.
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Introduction

JDM is a rare, autoimmune, vasculopathic syndrome

characterized primarily by inflammation of skeletal

muscle, leading to impaired function identified clinically

as weakness, decreased endurance and fatigability,

most notably of proximal muscle groups. Despite advan-

ces in identifying factors involved in establishing the

circumstances that result in JDM, many aspects of its

pathogenesis remain elusive. Optimal approaches to
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diagnosing, staging and treating this disease are yet to

be determined such that JDM remains a life- and organ-

threatening disease with significant morbidities [1].

Further complicating efforts to develop a treatment

strategy is the considerable heterogeneity of disease

presentation, response to treatment and course, with

this variability reflected in the lack of specific and con-

sistent biomarkers [2].

Our current understanding of JDM implicates patho-

genic mechanisms involving cellular pathways that elicit

both immune and non-immune responses, with skeletal

muscle a primary target of these mechanisms resulting

in the clinical, histopathologic and biochemical features

of JDM [3, 4]. Skeletal muscle, with its insulin-

dependent mitochondria-rich myocytes, is a primarily

energy-consuming tissue that plays a major role in main-

taining metabolic homeostasis through its utilization

of glucose, free fatty acids (FAs) and amino acids (AAs)

[5–7]. To date, magnetic resonance spectroscopy has

been the most extensively used modality to assess

altered skeletal muscle mitochondrial bioenergetics and

metabolites in the juvenile myopathies, including JDM

[8–10] and PM [10]. Application of a newer, more sensi-

tive ‘omics-based’ platform is warranted to gain new

insights into the pathogenesis and allow identification of

metabolic signatures. As high-throughput technologies

have evolved, omics platforms have been employed in

the search for biomarkers in multiple classes of disease,

including neoplastic, infectious and inflammatory

[11–13]. Most omic investigations in JDM have involved

genomic and proteomic analyses [14–16].

The amalgamation of systems biology approaches

and omics technologies has transformed the ability to

quantify low molecular weight molecules using metabo-

lomics; energy-yielding substrates and their metabolic

intermediates can be measured using a targeted metab-

olomics approach. The strength of a metabolomic ana-

lysis vs other omics lies in its capacity to acquire a

‘snapshot’ of the physiology of a cell or tissue by evalu-

ating the levels of small molecule intermediaries and

end products of metabolic pathways. Altered lipid

profiles have been identified by metabolomic analysis in

inherited and acquired conditions, as well as chronic in-

flammatory diseases [13, 17–21]. In a metabolomic ana-

lysis of serum from adult DM and PM patients taken at

baseline compared with healthy controls (HCs), as well

as longitudinally following treatment, altered lipid profiles

were identified consistent with dysregulated lipid metab-

olism, with a response of profiles to immunosuppressive

treatment [22]. To the best of our knowledge, no study

has been published characterizing the serum metabolic

profile of patients with treatment-naı̈ve (TN) JDM com-

pared with HCs or that followed the TN cohort after

treatment initiation to measure treatment effect on the

metabolic profile. To that end, in this pilot study we

compared serum targeted metabolic profiles of probable

and definite JDM with those of HCs. In addition, to char-

acterize the impact of therapy we measured metabolic

changes after treatment initiation. Together, our results

indicate JDM exhibits a treatment-responsive dysregula-

tion of mitochondrial b-oxidation of long-chain FAs,

suggesting novel diagnostic and treatment response

biomarkers.

Methods

Ethics approval

Research on human subjects was conducted in accord-

ance with the Declaration of Helsinki, using protocols

approved by the Institutional Review Boards of Duke

University. All patients or their parents gave fully

informed written consent to participate and provide bio-

logic samples.

Patients and samples

Participants included 10 patients diagnosed with prob-

able (n¼ 4) or definite (n¼ 6) JDM using the criteria of

Bohan and Peter for myositis [23]. The diagnosis of

probable JDM was based on meeting clinical and la-

boratory criteria alone while those fulfilling criteria for

definite disease had EMG and/or skeletal muscle biopsy

consistent with JDM. These 10 patients constituted the

TN group (Fig. 1). Seven of the ten were newly diag-

nosed and had not received prior immunosuppression.

The remaining three were previously diagnosed with,

and treated for, JDM and had experienced a disease

flare after a clinical remission off medications for a

period ranging from 8 to 53 months. Baseline samples

were obtained from all 10 patients within the TN group.

Longitudinal samples were available for six newly diag-

nosed and one flare patient; the time from baseline to

longitudinal sample attainment ranged from 3 to

8 months.

Ten gender- and age-matched (612 months) controls

without inflammatory musculoskeletal disease or a his-

tory of chronic disease were recruited from Duke paedi-

atric clinics presenting for well-child visits (n¼5) and

from the Duke paediatric rheumatology clinic, where

they were diagnosed with non-inflammatory arthralgias

secondary to mechanical factors, i.e. joint hypermobility

(n¼5). All were assessed for acute illness and were

found to be healthy at the time of sample acquisition.

Venous blood was collected in serum separator tubes

from patients and HCs. After standing for 30 min, sam-

ples were centrifuged at 1200 rpm for 15 min at room

temperature for serum separation. Samples were stored

at �80�C until they were analysed; no samples had

undergone a freeze–thaw cycle until use for this study.

One control sample was lost in processing.

Serum metabolomic analysis

The first analysis compared metabolic profiles from TN

sera vs HC sera. The second, a longitudinal analysis,

included seven patients from the initial analysis; one of

the seven (patient 7 in Tables 1 and 3) was the only flare

patient with a longitudinal sample available at the time
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of analysis. Stable isotope dilution and mass spectrom-

etry (MS) techniques were used to measure 104 small

molecule metabolites using a targeted MS-based meta-

bolic platform including AAs (n¼ 15), acylcarnitines

(ACs; n¼ 45), ceramides (n¼ 15) and sphingomyelins

(n¼29), metabolites related to skeletal muscle metabol-

ism. A targeted approach was applied, as it allows for

absolute quantification of metabolite concentrations.

Analyses were performed in a single batch in the Duke

Molecular Physiology Core. AA and AC measures were

made by flow injection tandem MS as previously

described [24, 25]. Data were acquired using a

Micromass Quattro Micro liquid chromatography–MS

system running MassLynx 4.0 software (Waters, Milford,

MA, USA). Ceramides and sphingomyelins were

extracted as described previously [26, 27] and analysed

by flow injection tandem MS for precursors of m/z 264

and m/z 184, respectively, using a Xevo TQS mass

spectrometer (Waters).

Statistical analysis

To identify metabolite associations and reduce multiple

comparisons we employed principal components ana-

lysis (PCA) on log-transformed, standardized metabolite

measurements separately to reduce the dimensionality

of data to a limited number of principal component (PC)

factors. This technique has been used previously,

including a study by Kraus et al. [19] based on 739

observations considering the same metabolites pre-

sented here [20]. Individual metabolites with a factor

load of �0.6 are reported as composing a given factor.

Interpretable factors (those accounting for a large

amount of the variance) as well as individual metabolites

were assessed for their association with JDM using t-

tests. In additional analyses we used regression controls

for baseline BMI and change in BMI to assess whether

any associations between JDM and our outcome varia-

bles were due to BMI.

Results

Patient characteristics

Table 1 shows the clinical and pathologic features of TN

patients. Patients’ ages ranged from 4 to 16 years at

diagnosis (mean 7.8). All patients had rash at diagnosis;

one patient’s disease course (patient 10) has been

amyopathic. Myositis-specific antibodies were identified

in five patients (MI-2, PM/SCL, HMG-CoA, NXP2 and

TIF-1Ç); this 50% myositis-specific antibody positivity is

consistent with published values [28, 29]. Muscle biopsy

was performed in six patients and EMG in three who

had also been biopsied.

Immunomodulatory medications received during the

JDM disease course up to procurement of longitudinal

serum samples are listed in Table 1. Prior to experienc-

ing a flare of their disease, patients 7, 9 and 10 had

been weaned from either methotrexate (patients 7 and

9) or methotrexate/hydroxychloroquine (patient 10) fol-

lowing at least 24 months of clinical remission on these

medications alone. Two of the flare patients (patients 7

and 9) also received methylprednisolone and prednis-

one; additionally, patient 9 received IVIG. Flare patients

had been off all immunomodulatory medications for at

least 8 months prior to developing flare symptoms.

At longitudinal serum sampling, there were seven pa-

tient samples available from the TN cohort: six newly

FIG. 1 Schematic representation of disease course and sample collection in 10 JDM patients comprising the TN

cohort
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diagnosed patients (patients 1–6) and one flare patient

(patient 7). All longitudinal samples were obtained at a

time when patient disease activity was improving on

medication as assessed clinically and by laboratory

measures.

No patients or HC subjects were on glucocorticoid

treatment for another disease (i.e. asthma) or other im-

munosuppression at the time of serum sampling. Due to

the presence of one obese subject in the control group,

mean BMI was higher among HCs compared with TN

patients (23.7 vs 18.5; P¼ 0.11). Mean BMI increased

from 19.7 to 22.5 (P¼ 0.15) at the time of the longitudin-

al sample during treatment.

Baseline metabolomics analysis, TN vs HC serum

Eight PCA-derived metabolite factors were identified

from serum and included one AC factor, two AA factors,

three sphingosine factors and two ceramide factors. Of

these eight factors, two—one AC and one ceramide fac-

tor—were significantly associated with JDM.

A single PCA factor (PC factor 1) explained 39% of

the variance in ACs and was composed of 26 ACs that

loaded �0.6 on PC factor 1 (Table 2, in bold text).

These included 14 long-chain ACs (LCACs; 14–20 car-

bon atoms), 8 medium-chain ACs (8–12 carbon atoms)

and 4 short-chain ACs (2–6 carbon atoms). PC factor 1

scores were significantly greater in the TN group com-

pared with the HC group by 0.89 S.D. (P¼0.049). Fig. 2A

shows the eigenvalues for the 10 AC components with

eigenvalues �1. The score plot (Fig. 2B) shows a posi-

tive relationship between PC factor 1 and JDM.

Statistically controlling for BMI did not change this posi-

tive relationship between JDM and PC factor 1. As BMI

was unrelated to factor 1, it was dropped from our final

models.

Individual assessments indicated that 12 ACs had

significantly greater concentrations in the TN group,

with standardized mean differences >0.8. These

included two short-chain ACs (C4-OH and C5-OH/C3-

DC), two medium-chain ACs (C6 and C8:1-OH/C6:1-

DC) and eight LCACs (C16-OH/C14-DC, C16:1, C18,

C18-OH/C16-DC, C18:1, C18:1-DC, C18:1-OH/C16:1-

DC and C20-OH/C18-DC). Eight of these also loaded

�0.6 on PC factor 1, with six of the eight being

LCACs.

In a PCA of serum ceramides, two PC factors

accounted for 62% of the variance (see Supplementary

Table S1, available at Rheumatology online). The PC

factor 1 score, with high loadings of nine ceramides,

was not significantly associated with TN patients vs

HCs. PC factor 2, with high loadings of four C26-related

TABLE 2 HC and TN means on acylcarnitine factor 1 and concentrations (N¼ 45)

Variable name Concentration, lM, meana P-value Variable name Concentration, lM, meana P-value

HCs JDM (TN) HCs JDM (TN)

Factor 1 �0.470 0.423 0.049* C12:1 �0.312 0.281 0.206

C2b �0.361 0.325 0.140 C12-OH/C10-DC �0.319 0.287 0.196
C3 �0.340 0.306 0.166 C14 �0.406 0.365 0.094
C4/Ci4 �0.170 0.153 0.480 C14:1 �0.390 0.351 0.108

C4-OH �0.500 0.450 0.040* C14:2 �0.212 0.191 0.395
C4-DC/Ci4-DC �0.372 0.335 0.120 C14:1-OH �0.146 0.131 0.562

C5 �0.073 0.066 0.760 C14-OH/C12-DC �0.155 0.140 0.536
C5:1 0.187 �0.168 0.456 C16 �0.440 0.396 0.060
C5-DC 0.078 �0.070 0.758 C16-OH/C14-DC �0.513 0.462 0.030*

C5-OH/C3-DC �0.514 0.463 0.029* C16:1 �0.484 0.436 0.041*

C6 �0.571 0.514 0.013* C16:1-OH/C14:1-DC �0.430 0.387 0.074

C7-DC �0.086 0.077 0.734 C16:2 �0.255 0.229 0.306
C8 �0.210 0.189 0.400 C18 �0.672 0.605 0.002**

C8:1 0.332 �0.299 0.177 C18-OH/C16-DC �0.524 0.472 0.030*

C8:1-DC 0.053 �0.048 0.833 C18:1 �0.640 0.576 0.004**

C8-OH/C6-DC �0.038 0.034 0.880 C18:1-DC �0.546 0.491 0.020*

C8:1-OH/C6:1-DC 0.547 �0.492 0.019* C18:1-OH/C16:1-DC �0.533 0.480 0.020*

C10 �0.154 0.139 0.540 C18:2 �0.283 0.255 0.240
C10:1 �0.019 0.017 0.942 C18:2-OH �0.196 0.177 0.433

C10:2 0.226 �0.204 0.364 C20 �0.363 0.326 0.130
C10:3 0.377 �0.339 0.122 C20-OH/C18-DC �0.513 0.461 0.029*

C10-OH/C8-DC �0.096 0.086 0.703 C20:4 0.077 �0.069 0.760

C12 �0.250 0.225 0.315 C22 �0.181 0.163 0.690

Twenty-six of 45 acylcarnitine concentrations (in bold text) loaded >0.6 on a PCA-derived factor (PC factor 1) composed
primarily of LCACs. PC factor 1 scores were significantly greater in the TN patients compared with the HCs (P¼0.049).
Twelve individual mostly LCAC concentrations were significantly higher in the TN group. aMean concentrations are based

on data logged to the base 10 then standardized. bAcylcarnitines loading �0.60 are in bold. *P<0.05, **P<0.01.
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ceramides, was negatively associated with TN group

membership (P<0.01). Fig. 3A shows eigenvalues for

the four ceramide components with eigenvalues �1,

while the score plot in Fig. 3B shows a negative relation-

ship between PC factor 2 and JDM. In individual

assessments, the concentrations of ceramides C23,

C24:1 and C24 (d18:1/24:1) were higher in the TN group

(P<0.05) and C18 (d18:1/C18:0) trended in the same

direction (P< 0.059, in bold text in Supplementary Table

S1, available at Rheumatology online). Controlling for

BMI did not change the negative relationship between

TN and PC factor 2 and BMI was again dropped from

our final models.

Three PC factors explained 77% of the variance noted

in sphingosine items (see Supplementary Table S2,

available at Rheumatology online). PC factor 1 contained

22 of 32 sphingosines loading �0.6. Sphingosines

C35:3, C43:3, C45 and C45:1 loaded �0.6 on PC factor

2, while sphingosines C44:1 and C44:2 loaded �0.6 on

PC factor 3. No significant associations were present

between sphingosine factors and JDM. Five individual

TN sphingosine concentrations—C35:3, C38:1, C42:1,

C43:1 and C43:3—were significantly less than in HCs,

with mean differences >0.80. Sphingosine concentra-

tions of C37:2, C40:1, C45 and C45:1 were also lower

and trending towards significance.

Two AA PC factors explained 54% of the AA variance;

however, neither of these factor scores differed for JDM

and HCs. Similarly, none of the individual AAs were

related to JDM in individual t-tests. As neither the

TABLE 3 Longitudinal decline in AC and ceramide component scores following treatment

Baseline AC analysis Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 Patient 7a

Baseline ceramide
analysis

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 Patient 7a

Months to longitudinal
sampling

8.0 5.5 3.0 4.5 4.0 4.0 8.0

Baseline sample score 0.117 0.410 1.743 2.236 0.894 ��0.322 �0.370
Follow-up sample score �0.937 �1.264 �1.315 �0.890 �0.500 0.058 �0.457
Months to longitudinal

sampling
8.0 5.5 2.0 4.5 4.0 4.0 8.0

Baseline �0.652 �0.505 1.542 1.140 �0.592 �0.152 1.721

Follow-up �0.706 �1.746 0.266 �0.487 �1.256 �0.332 �0.298

In baseline analysis of the AC data (Table 2), 12 AC concentrations were significantly greater in the TN group. In longitu-
dinal analyses, a single PCA-derived factor explaining 51% of the variation in these ACs decreased by 1.43 .S.D. (P¼0.03)

during treatment. Mean decline of �1.43 S.D. (P¼0.03). Baseline ceramide analysis revealed three of four concentrations
higher in the TN group at baseline (C24:1, d18-1-C18 and d18-1-C24-1). These loaded on a single PCA-derived factor. In
longitudinal analyses, this factor, which explained 78% of the variance, decreased by 0.98 S.D. (P<0.01) during treatment.

Mean decline of �0.97 S.D. (P<0.01). aFlare patient.

FIG. 2 Scree and score plots of serum acylcarnitines in subjects, JDM vs HCs

(A) Scree plot for 10 acylcarnitine components with eigenvalues �1.0. A single PC factor (factor 1) explains 39% of

the variance in acylcarnitines. (B) Score plot of PC factor 1 shows a positive relationship between PC factor 1 and

JDM.
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sphingosine nor the AA factors were associated with

JDM, we do not present scree or score plots for these

analyses.

Longitudinal analysis of serum acylcarnitines and
ceramides

Longitudinal data were available for 7 of 10 members of

the TN group (6 new diagnosis and 1 flare); longitudinal

samples were not collected for HCs. In baseline analysis

of the AC data, 12 AC concentrations (C4-OH, C5-OH/

C3-DC, C6, C8:1-OH/C6:1-DC, C16-OH/C14-DC, C16-

1, C18, C18-0H/C16-DC, C18-1, C18-1-DC, C18-1-OH/

C16-1-DC and C20-OH/C18-DC) were significantly

greater in the TN group. In longitudinal analyses, a sin-

gle PCA-derived factor explaining 51% of the variation

in these ACs decreased by 1.43 S.D. (P¼ 0.03) during

treatment (Table 3). Factor scores declined for six of

seven samples, including the only flare sample (patient

7). For the ceramides, three of four concentrations noted

to be higher in the TN group at baseline [C24:1, C18

(d18:1/18:0) and C24:1 (d18:1/24:1)] loaded on a single

PCA-derived factor. In longitudinal analyses, this factor,

which explained 78% of the variance, decreased by

0.98 S.D. (P< 0.01) during treatment. As with the ACs,

factor scores declined for six of seven samples.

Discussion

In this cross-sectional and longitudinal pilot analysis we

provide preliminary evidence that serum from patients

with TN JDM differs from HCs on two PCA-based meta-

bolic profiles at diagnosis. Further, these metabolic dif-

ferences decline with treatment. At diagnosis, TN

patients exhibited greater scores for an AC factor (AC

factor 1; Table 2) composed mainly of LCAC items and

greater concentrations of 12 individual AC species,

again, mainly LCACs, as compared with HCs. TN

patients had lower scores for a ceramide factor (factor

2; see Supplementary Table S1, available at Rheumatol-

ogy online) and greater concentrations of four individual

ceramide species that did not load on factor 2.

Longitudinal analyses indicated that TN as compared

with HC differences in ACs and ceramides declined with

immunosuppressive treatment. As such, this profile

has promise as a minimally invasive diagnostic and

treatment-response biomarker. To our knowledge this is

the first report of targeted serum metabolic profiles in

JDM prior to and during treatment. In addition to their

potential as biomarkers, these AC and ceramide metab-

olites may inform the pathogenesis of JDM, as they rep-

resent the physiologic state of a patient with new-onset

disease prior to treatment.

In this study we found greater concentrations of ACs

in patients compared with HCs, principally even chain

number LCACs, indicating a disruption of early stages of

mitochondrial FA b-oxidation. ACs are fatty acyl lipids

and perform a principal role regulating the balance of

skeletal muscle carbohydrate and lipid metabolism. As

such, ACs are considered indicators of the state of mito-

chondrial FA b-oxidation, as they reflect cellular fluctua-

tions in substrate supply and flux limitation of specific

enzymes [30–33]. FAs are thioesterified to acetyl coen-

zyme A to form their cognate fatty acyl CoA esters; this

step is required for FAs to enter a metabolic pathway.

Mitochondrial oxidation of long-chain fatty acyl CoA

(�14 carbon atoms) requires the long-chain acyl CoA L-

carnitine be transferred to L-carnitine. The resulting

long-chain AC is transported into the mitochondrial ma-

trix by the carnitine shuttle (see Supplementary Fig. S1,

available at Rheumatology online). Within the mitochon-

dria, long-chain FAs are converted to non-oxidized acyl-

FIG. 3 Scree and score plots of serum ceramides in subjects, JDM vs HCs

(A) Scree plot for four ceramide components with eigenvalues �1.0. Two PC factors explain 62% of the variance in

ceramides. (B) Score plot of PC factor 2 shows a negative relationship between PC factor 2 and JDM.
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CoAs and these acyl-CoAs undergo chain shortening

during successive rounds of b-oxidation. The acyl-CoA

ester is converted to acetyl CoA molecules by shorten-

ing of the acyl-CoA by two carbons per cycle [32, 34].

When mitochondrial FA b-oxidation is disrupted, non-

oxidized acyl-CoA esters of various chain lengths

accumulate. In this situation, acyl-CoAs and their chain-

shortened derivatives can be transferred back to L-car-

nitine, forming the corresponding ACs [32, 34]. This

allows for transport of these ACs out of the mitochon-

dria and eventually from the cell where they may under-

go alternative pathways of oxidation; various ACs and

their metabolites may be detected in the blood and/or

urine [34, 35].

The circulating metabolic profile we identified for TN

patients supports a model whereby disruptions in skel-

etal muscle mitochondrial b-oxidation lead to an

increase in acyl CoAs that, impeded from further b-oxi-

dation, are converted to other metabolites including

ceramides and diacylglycerols or transferred back to L-

carnitine to form ACs, some of which are oxidized in the

liver by x-oxidation, a ‘rescue’ pathway [34–36]. In add-

ition to increased circulating ACs, we report an increase

in specific ceramides [C23, C24:1, C24:1 (d18:1/24:1)

and C18:0 (d18:1/18:0)] and dicarboxyacylcarnitines

(C8:1-OH/C6:1-DC, C16-OH/C14-DC and C18:1-OH/

C16:1-DC), all of which decrease following initiation of

immunosuppression, suggesting a return of homeostatic

metabolism. Our results are consistent with findings in

an adult DM and PM study evaluating the lipid profiles

from newly diagnosed patients as compared with HCs

in which the reported profiles are altered compared with

HCs and respond to immunosuppressive treatment [19].

They are also consistent with earlier metabolic studies in

JDM using P31 magnetic resonance spectroscopy in

which subjects with JDM were found to have decreased

levels of adenosine triphosphate, suggesting that the

acetyl-CoA produced by mitochondrial FA b-oxidation is

not available for oxidative phosphorylation [15].

The conditions that lead to dysregulation and disrup-

tion of mitochondrial FA b-oxidation in skeletal muscle

have been most widely investigated in obesity, type 2

diabetes mellitus and cardiovascular disease [11, 13, 17,

30]. Common factors cited as instigating and perpetuat-

ing derangement are lipotoxicity and insulin resistance

[37]. Lipotoxicity is the storage of excess lipid in non-

adipose tissue, including skeletal muscle, and can lead

to changes in metabolic flux that have deleterious cellu-

lar effects, including activation of endoplasmic reticulum

(ER) stress responses, inflammation and insulin resist-

ance; these lipids include fatty acyl-CoAs and ceramide

[37–39]. Conversely, ER stress is a critical regulator of

lipid biosynthesis [38, 40]. In JDM, activation of ER

stress responses is considered a non-immune mechan-

ism of skeletal muscle injury [12]. Pro-inflammatory cyto-

kines, including IL-6 and TNF-a, play a role in metabolic

disease through their effects on signalling pathways

leading to insulin resistance [13, 37]. These cytokines

play a significant pro-inflammatory role in JDM

pathogenesis [7, 41] such that it could be hypothesized

that inflammation affects mitochondrial function in JDM.

The value of this pilot study is 2-fold. First, we identify

a metabolic profile comprised of lipids that discriminate

individuals with TN JDM from HCs and, as indicated in

the longitudinal analyses, demonstrate a treatment re-

sponse in patients with reductions in ACs and ceram-

ides. Second, our results inform disease pathogenesis,

opening new avenues for investigation. Nevertheless,

several weaknesses should be mentioned. This analysis

is exploratory and based on a small number of patients

with a rare, clinically and pathogenically heterogeneous

disease. We did not include other inflammatory disease

conditions as controls; our results may not be specific

to JDM and, in additional studies, other inflammatory

disease controls are warranted. However, in a metabolo-

mic analysis of juvenile-onset SLE, no specific AC or

ceramide profile was identified [42]. Additionally, we did

not employ specific disease measures to determine dis-

ease status at the time of the longitudinal samples.

There are variables that affect metabolism, including

diet and fed/fasting status, pubertal status and medica-

tions, for which we did not specifically control. In this

study, as all samples were randomly collected with re-

spect to fed/fasting state and regular diet, we expect

these variables to influence metabolites similarly for

both groups (JDM and HCs). In the absence of a con-

trolled fed/fasting state or diet, overall metabolite vari-

ation will be much greater, likely increasing the chance

of a type 2 error (failing to uncover significant associa-

tions) while reducing the chance of a type 1 error (false

positive). Furthermore, using regression controls for

baseline BMI and change in BMI, it was determined that

associations between JDM and our outcome variables

were not due to BMI and BMI did not influence our lon-

gitudinal results. Pubertal status was known for all study

individuals except for controls seen in the clinic (n¼ 5);

therefore, 5 of 10 were matched for pubertal status and

all were age- and gender-matched. Prior to diagnosis,

study patients were not on immunosuppressive medica-

tions or medications known to alter FA metabolism,

including those indicated for treatment of diabetes (type

1 or 2), depression, seizure disorders or inflammatory

disease. During treatment they received a variety of im-

munosuppressive medications, including glucocorticoids

and subcutaneous methotrexate. It is well known that

cellular responses to inflammation include shifts in meta-

bolic pathways in immune effector cells as well as tissue

cells such as hepatocytes and myocytes [43]. The

effects of immunosuppression on metabolic changes

are likely dose and duration dependent and controlling

for these variables will be important when investigating

the value of metabolic biomarkers in assessing disease

activity, medication response and medication toxicity

[44, 45]. Although we did not control for these variables,

our objective in this study was to see if there was a

change in baseline signatures following treatment and to

use this data to inform future metabolic studies in JDM

where these factors will be studied.
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Our results appear to implicate multiple pathways

involved in maintaining metabolic and biosynthetic

homeostasis in the face of JDM. Further delineation of

systems involved in initiating dysregulated lipid metabol-

ism as well as those leading to the deleterious conse-

quences of JDM will benefit from a combined lipidomic/

transcriptomic analysis. Interrogation of genes involved in

lipid metabolism, oxidative phosphorylation, ER stress

and stress responses, apoptosis and mitophagy will add

to our knowledge of pathogenesis. To better understand

the value of our metabolic profile, it is important to per-

form a lipidomic study in a larger cohort of juvenile myo-

sitis patients controlling for covariates considered to

affect metabolism and disease activity. A second study

would ideally include patients in remission off medication

and those with active disease on treatment, with analyses

using disease activity measures to further correlate treat-

ment effect to disease stage. Other inflammatory dis-

eases (i.e. systemic lupus) should be included as disease

controls. This study will require a large number of individ-

uals; it will, by necessity, be a collaborative study.

In summary, this pilot study has provided evidence of

an altered lipid profile in TN patients with JDM compared

with HCs that shows a significant response to immuno-

suppressive therapy in longitudinal analyses. As this is an

exploratory study and we have not adjusted for multiple

comparisons, our findings are provisional and will require

corroboration. Our data show an increase in ACs and

ceramides that we propose are derived from excess lipid

present in skeletal muscle due to dysfunction and dysre-

gulation of lipid metabolism, a potential mechanism of

disease pathogenesis in JDM.
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