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Abstract: Systemic sclerosis (SSc) is an autoimmune disease with fibrosis of the skin and/or internal
organs, causing a decrease in quality of life and survival. There is no causative therapy, and the
pathophysiology of the SSc remains unclear. Studies showed that lipid metabolism was relevant
for autoimmune diseases, but little is known about the role of lipids in SSc. In the present study,
we sought to explore the phospholipid profile of SSc by using the lipidomics approach. We also
aimed to analyze lipidomics results for different clinical manifestations of SSc. Experiments were
performed using high-performance liquid chromatography coupled to mass spectrometry for the
lipidomic profiling of plasma samples from patients with SSc. Our study showed, for the first time,
significant changes in the level of phospholipids such as plasmalogens and sphingomyelins from
the plasma of SSc patients as compared to controls. Phosphatidylcholine plasmalogens species
and sphingomyelins were significantly increased in SSc patients as compared to controls. Our
results also demonstrated a significant association of changes in the metabolism of phospholipids
(phosphatidylcholine and phosphatidylethanolamine plasmalogens species and sphingomyelins)
with different clinical manifestations of SSc. Further lipidomic studies might lead to the detection of
lipids as new biomarkers or therapeutic targets of SSc.

Keywords: systemic sclerosis; lipidomics; skin fibrosis; lung fibrosis; calcinosis cutis; digital ulcers;
sicca; plasmalogens; sphingomyelin; phospholipids

1. Introduction

Systemic sclerosis (SSc) is a chronic autoimmune disease that leads to fibrosis of the
skin and/or internal organs and endothelial damage [1]. The most frequent cause of
death in SSc patients is progressive lung fibrosis (LF). The quality of life in SSc patients is
decreased due to multi-organ manifestations of SSc, such as thickening of the skin, chronic
digital ulcers (DU), pain and superinfections due to calcinosis cutis (CC), dyspnea due
to lung disease or dry mouth, and eyes due to sicca mucositis [2]. Based on the skin
involvement, there are two major forms of SSc, limited cutaneous SSc (lcSSc), where skin
fibrosis is limited to the distal extremities and face, and diffuse cutaneous SSc (dcSSc) with
generalized skin fibrosis [2]. Clinical manifestations and autoantibody profiles are often
specific for these two subsets of SSc. Anti-centromere antibodies (ACA) are frequently
associated with lcSSc and anti-Scl70-antibodies (anti-topoisomerase I-antibodies) with
dcSSc. Although management of SSc has improved during the last years [3,4], there is no
causative treatment for SSc, and the pathophysiology is still unclear.

There is emerging evidence on the relevance of lipids in autoimmune and inflam-
matory diseases. In systemic lupus erythematosus (SLE), alteration of serum lipids, in
particular lipid plasmalogens, were reported [5]. Lipidomic studies showed an altered
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phospholipid metabolism in sera from patients with multiple sclerosis compared to controls
and suggested the crucial role of lipids in the pathophysiology and severity of multiple
sclerosis [6–8]. Lipids from serum or plasma, such as phospholipids and lysophospho-
lipids, were different in chronic diseases such as rheumatoid arthritis (RA) or psoriasis, as
compared to controls. It was also possible to differ between RA and Lyme arthritis based
on the lipidomics profile [9]. Lipid profiles were also altered in patients with polymyositis
and dermatomyositis as compared to controls [10].

In the literature, there are only limited data on the role of lipids in SSc. A study showed
low HDL levels in patients with lcSSc with positive ACA [11]. Moreover, significantly
higher serum levels of phospholipids like arachidonoyl (20:4)—Lysophosphatidic acid
(LPA), and sphingosine 1-phosphate (S1P) in SSc versus controls were reported [12]. In
LPA1 knockout mice, skin fibrosis was reduced in the bleomycin-induced scleroderma
model [13–15]. Moreover, SSc patients’ altered fatty acid profile in plasma and dendritic
cells was reported [16].

Phospholipids are essential for building membranes of cells and organelles. Numer-
ous functions of phospholipids on the cellular level, such as regulation of cell shape, cell
migration, and intercellular communication, are well documented [17]. Signaling path-
ways of phospholipids are very complex, and small changes in phospholipid levels can
strongly influence cell survival [17,18]. Studies showed the involvement of phospholipids
in cardiovascular and metabolic diseases, cancer, inflammatory and autoimmune disorders,
and neurodegenerative diseases [8,17,19,20].

Subgroups of phospholipids such as plasmalogens and sphingomyelins (SM) play an
important role in vital organs. Plasmalogens represent a significant part of membranes
in neurons, blood cells, and muscles (including the heart) and are responsible for storing
inflammatory mediators and regulating oxidative stress [21–23]. Defects in the synthesis
of plasmalogens lead to damages in the brain, lung, kidney, and heart [20]. The most
abundant phospholipids in humans are phosphatidylcholine (PC), with 40–50% of total
phospholipids, followed by phosphatidylethanolamine (PE), which is particularly frequent
in mitochondrial membranes [17]. Both PC and PE species with one acyl and one alkenyl
side chain (called PC ae and PE ae) are known as phospholipids plasmalogens. Sphin-
golipids are membrane structural components and are involved in cardiovascular and
metabolic diseases [24,25]. Accumulation of SM due to genetic defects leads to multi-organ
damage in the brain, lung, and liver [26].

Our aim in this study was to explore the phospholipid profile in the plasma of patients
with SSc using the lipidomics approach. Furthermore, this study aimed to analyze changes
in phospholipid metabolism in different clinical manifestations of SSc.

2. Materials and Methods
2.1. Study Subjects and Plasma Samples

Patients with systemic sclerosis and control subjects without systemic sclerosis were
recruited at the Department of Dermatology, Ordensklinikum Linz Elisabethinen, Linz,
Austria. Patients were assessed during routine annual checkups (laboratory, serological
tests, and assessment of organ involvement). Diagnosis of SSc was performed following
the 2013 classification criteria for SSc by the American College of Rheumatology (ACR) and
the European League Against Rheumatism (EULAR) [2]. Informed consent was obtained
from all subjects involved in the study. This project was approved by the Ethics Committee
of the Johannes Kepler University Linz, Austria.

The modified Rodnan skin score (mRSS) was used for the measurement of skin
fibrosis [27]. Lung fibrosis (LF) was assessed using high-resolution computed tomography
(HRCT) scans and pulmonary function tests. Calcinosis cutis (CC) was evaluated clinically
and using an X-ray. Plasma samples were stored at 4 ◦C for a maximum of four hours and
then at −80 ◦C before further processing.
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2.2. Sample Preparation

Lipids were extracted by a modified Folch protocol [28]. A total of 75 µL plasma was
mixed with 1.5 mL chloroform/methanol (2:1) and shaken for 10 min at 4 ◦C. Subsequently,
300 µL 5% acetic acid was added for phase separation, and the sample was shaken for
30 min and centrifuged (4200× g, 10 min, 4 ◦C). The lower layer was transferred into a 2 mL
safe lock-tube, while the upper phase was mixed with 500 µL chloroform and shaken for
30 min. Again, after centrifugation (4200× g, 10 min, 4 ◦C), the lower phase was collected
and combined with the solution in the safe-lock tube. The organic phases were dried under
a gentle nitrogen stream, reconstituted in 150 µL methanol/chloroform (9:1), and stored at
−80 ◦C until analysis.

2.3. HPLC-IM-QTOF Measurement

We explored the phospholipid profile in the plasma of patients with SSc using a
lipidomics approach utilizing a high-performance liquid chromatography coupled to an
ion mobility quadrupole time-of-flight (HPLC-IM-QTOF). The HPLC utilized an Eclipse
Plus C8 column (3.5 µm, 3.0 mm × 150 mm, Agilent, Waldbronn, Germany) equipped
with a C18 guard column (4 × 3.0 mm, Phenomenex). For measurement, a 1290 Infinity
HPLC (Agilent Technologies) coupled to a 6560 IMS-QTOF-MS (Agilent Technologies) was
used. For chromatographic separation, solvent A consisted of 60% 18 MΩ-water and 40%
acetonitrile with 10 mM ammonium acetate and 1 mM acetic acid, and solvent B was 90%
isopropanol, and 10% acetonitrile with 10 mM ammonium acetate and 1 mM acetic acid.
The used HPLC gradient started with 60% solvent A and 40% solvent B for 8 min followed
by 11 min of 30% A and 70% B and a final step to 10% A and 90% B for 9 min. The flow
was 0.7 mL/min, and the injection volume was set to 3 µL. The mass spectrometer was
equipped with a Dual Agilent Jet Stream Electrospray Ionization (Dual AJS-ESI, Agilent,
Waldbronn, Germany) source, which was operated in positive mode. The scan range was
100 to 1200 m/z. Ion mobility measurement was completed by using N2 as drift gas and
4-bit multiplexing with a trap fill time of 3900 µs and a trap release time of 250 µs.

2.4. Data Processing and Statistical Analysis

The generated raw data was processed by PNNL PreProcessor 3.0 (Version 24 Novem-
ber 2020.) for demultiplexing and chromatographic smoothing. IM-MS Browser (Version
10.0), Mass Profiler (Version 10.0), and PCDL Manager (Version 8.00), all from Agilent
Technologies (Waldbronn, Germany), with an in-house library, were used for feature extrac-
tion and feature annotation. Statistical analysis was carried out employing the web-based
platform of MetaboAnalyst (McGill University, Montreal, QC, Canada). The visualization
of the boxplots was completed with OriginPro 2021 (Northampton, MA, USA).

3. Results
3.1. Study Subjects

In total, 52 patients with SSc and 48 controls without SSc were recruited. SSc patients
had a mean age of 60 years, and 44 patients were female. Seventeen patients were posi-
tive for anti-Scl70-antibodies (anti-topoisomerase I-antibodies), eighteen patients showed
positivity towards anti-centromere-antibodies (ACA), thirteen patients were only ANA-
positive, and four patients had anti-SSA (alone or combined with anti-Rnp-Sm, anti-Pm-
scl75, or anti-Pm-Scl100). Eleven patients had diffuse cutaneous SSc (dcSSc), 39 patients
had limited cutaneous SSc (lcSSc), and two patients had no skin sclerosis (both were female
patients with Very Early diagnosis of Systemic Sclerosis, VEDOSS). The characteristics of
the patients with systemic sclerosis (SSc) and control group (without SSc) are summarized
in Table 1.
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Table 1. Demographic and clinical characteristics of patients with systemic sclerosis (SSc) and controls.

Characteristics SSc (n = 52) Controls (n = 48)

Female/Male 44/8 37/11
Age (range) 60 ± 12 51 ± 16

Anti-Scl70/ACA, n (%) 17 (32.7%)/18 (34.6%) -
ANA only/other Abs, n (%) 13 (25%)/4 (7.7%)

dcSSc/lcSSc, n (%) 11 (21.2%)/39 (75%) -
Lung fibrosis (LF), n (%) 14 (26.7%)
Digital ulcers (DU), n (%) 10 (19.2%) -

Calcinosis cutis (CC), n (%) 15 (28.8%) -
Sicca symptoms, n (%) 14 (26.9%) -

Raynaud symptoms, n (%) 44 (84.7%) -
Pulmonal arterial hypertension, n

(%) 20 (38.5%) -

Mycophenolate mofetil, n (%) 5 (9.6%) -
Methotrexate, n (%) 14 (26.9%) -

Bosentan, n (%) 8 (15.4%) -
Ambrisentan/Macitentan, n (%) 2 (3.8%)/10 (19.2%) -

3.2. Plasmalogens and Sphingolipids from Plasma Are Increased in Patients with SSc

Plasma samples have been evaluated for 263 targets. Within the volcano plot
(Supplementary Figure S1), it can be observed that in SSc, PC ae, and SM species were up-
regulated. Furthermore, within the top 25 features based on the T-tests result in the heatmap,
a tendency of clustering due to these lipids was observed (Supplementary Figure S2). This
was more visible within a heatmap only showing groups (Supplementary Figure S3). The
statistical results for the top features based on p-value resulting from the T-tests and fold
changes are listed in the Supplementary Material (Supplementary Tables S1 and S2).

The data showed that there was a significant increase in the levels of PC ae (PC ae 34:1,
34:2, 34:3) and SM (SM 33:1, 35:1, 35:2) in patients with SSc as compared to the controls
subject without SSc (Figure 1).

Figure 1. Increased plasma levels of plasmalogens and sphingolipids in patients with SSc. Results of lipidomics measure-
ments for (A) phosphatidylcholine PC ae 34:1, (B) PC ae 34:2, (C) PC ae 34:3 and for (D) sphingomyelin SM 33:1, (E) SM 35:1
and (F) SM 35:2. Controls (n = 48), SSc patients (n = 52). Data are expressed as normalized abundance. Resulting p-values
from group comparisons were determined using a two-tailed Student’s t-test, and p < 0.05 was considered significant
(** p < 0.01).
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3.3. Differences in Plasmalogens and Sphingolipids from Plasma in Patients with lcSSc and dcSSc

We further compared plasma lipid levels of patients with dcSSc and patients with lcSSc.
Data showed a statistically significant increase in PC ae 32:0 species and a decrease in PE ae
38:5 and PE ae 38:6 in the dcSSc group as compared with the lcSSc patients. Moreover, SM
(SM 30:1, SM 32:2, and SM 40:4) were significantly decreased in dcSSc patients (Figure 2).

Figure 2. Differences in plasma levels of plasmalogens and sphingomyelins between dcSSC and lcSSc patients. Results
of lipidomics measurements for (A) phosphatidylcholine PC ae 32:0, (B) phosphatidylethanolamine PE ae 38:5, (C) PE ae
38:6 and for (D) sphingomyelin SM 32:2, (E) SM 40:4 and (F) SM 30:1. Limited cutaneous systemic sclerosis, lcSSc (n = 39),
diffuse cutaneous systemic sclerosis, dcSSc (n = 11). Data are expressed as normalized abundance. Resulting p-values from
group comparisons were determined by a two-tailed Student’s t-test, and p < 0.05 was considered significant (* p < 0.05).

3.4. Plasmalogens and Sphingolipids from Plasma Are Associated with Clinical Symptoms in
SSc Patients

To further examine whether changes in plasma lipid levels were linked to symptoms
of SSc, we analyzed plasmalogens and sphingolipids in subgroups of SSc patients. The
data showed that in SSc patients with high mRSS (>14), SM (SM 40.4) were significantly
decreased, and plasmalogens (PC ae 34:1, PC ae 34.0) were significantly increased as
compared to patients with low mRSS (Figure 3A–C). In SSc patients with digital ulcers
(DU), significantly decreased plasma levels of SM (SM 40:1, SM 42:1, and SM 42:4) were
observed, as compared to SSc patients without DU (Figure 3D–F). Calcinosis cutis in SSc
patients was significantly associated with decreased levels of plasmalogens in plasma
(Figure 3G–I). SSc patients with lung fibrosis (LF) had significantly lower PE plasmalogen
levels in plasma (PE ae 36:3, PE ae 38:5, and PE ae 38:6) as compared to SSc patients without
LF (Figure 3J–L). Significantly increased levels of PC plasmalogens were associated with
sicca symptoms in SSs patients (Figure 3M–O).
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Figure 3. Association of plasmalogens and sphingomyelins from plasma with clinical manifestations of SSc. Results of
lipidomics measurements for (A) sphingomyelin, SM 40:4, (B) phosphatidylcholine PC ae 34:0, (C) PC ae 34.1, (D) SM 40:1,
(E) SM 42:1, (F) SM 42:4 (G) phosphatidylethanolamine PE ae 36:3, (H) PE ae 36:5 and (I) PE ae 38:5, (J) PE ae 36:3, (K) PE
ae 38:5, (L) PE ae 38:6, (M) SM 33:1, (N) SM 41:1, and (O) PC ae 38:6. Modified Rodnan skin score, mRSS (n = 15), digital
ulcers, DU (n = 10), calcinosis cutis, CC (n = 15), lung fibrosis, LF (n = 14), sicca (n = 14). Data are expressed as normalized
abundance. Resulting p-values from group comparisons were determined by a two-tailed Student’s t-test, and p < 0.05 was
considered significant (* p < 0.05, ** p < 0.01).

4. Discussion

In the present study, we analyzed the lipidomic profile of plasma from SSc patients
from a single cohort (Upper Austria) compared to controls. The study’s major findings were
significantly altered phospholipids such as plasmalogens and sphingomyelins in plasma
from SSc patients versus controls and association of changed phospholipid metabolism
with different symptoms of SSc.

We detected significantly increased plasma levels of PC ae in the plasma of SSc
patients (PC ae 34:1, PC ae 34:2 and PC ae 34:3) versus controls, and in the plasma of dcSSc
patients (PC ae 32:0) versus lcSSc patients. To our knowledge, no data are published on
the role of PC ae in SSc. One study showed that linoleic acid (18:2) proportion in serum
PC was lower in SSc patients than in control subjects [29]. The previous study reported
significantly higher serum levels of phospholipids other than PC, such as arachidonoyl
(20:4)—LPA, and S1P, in SSc versus controls [12]. The role of LPA and S1P in SSc as relevant
for platelet-activation, antigen-processing in dendritic cells, or early fibrogenesis during
SSc was suggested [12,30].

Several studies described the possible role of PC in different diseases, others from SSc.
The lipidomic study showed a significant decrease in some species of PC in patients with
SLE [5]. Oxidative stress led to the lower levels of plasmalogens in sera from patients with
SLE, and oxidation-related lipids have been shown as promising novel biomarkers for SLE



Diagnostics 2021, 11, 2116 7 of 11

diagnosis [31]. Analyses of lipidomics in dermatomyositis and polymyositis revealed the
identification of three PC (PC 38:4, PC 36:4, and PC 40:8) that were significantly decreased
in patients compared to controls [10]. In mucus from patients with ulcerative colitis, a
low PC level was shown, while oral intake of PC improved intestinal function in the
animal model [32,33]. Lipidomic profiling showed the down-regulated metabolism of
PC in psoriasis patients [34]. PC levels from the serum of RA patients were found to be
correlated to the disease duration of RA. [35]. The role of PC ae in SSc patients has to be
further explored.

We found significantly decreased levels of PE ae in plasma from dcSSc patients (PE
ae 38:5 and PE ae 38:6) as compared with lcSSc patients. The role of PE species in SSc
is unknown. Recent data showed that some SSc patients have anti-PE-IgM antibodies,
and these were associated with hypocomplementemia [36]. Moreover, PE were shown to
induce antifibrotic mechanisms in lung fibrosis [37]. Our data showed that lung fibrosis in
SSc patients was associated with decreased plasma levels of PE ae (PE ae 36:3, PE ae 38:5,
PE ae 38:6). Thus, certain PE species could be related to the severity of fibrosis during SSc.

Our data showed significantly higher SM levels in plasma from SSc patients (SM 33:1,
SM 35:1, and SM 35:2) versus controls. Previous data demonstrated that sphingolipids have
an important role in the healing of wounds and are strongly involved in TGF-β signaling
and the regulation of fibrosis in the lungs and skin [38]. Sphingolipids such as S1P and
ceramide were shown to regulate inflammation and stimulate renal fibrosis [39]. Moreover,
in patients with psoriasis, an increase in circulating S1P levels is described. [40] Our data
further showed significantly decreased sphingomyelins in the plasma of patients with
dcSSc (SM 30:1, SM 32:2 and SM 40:4) versus lcSSc, in plasma of SSc patients with more
intensive skin sclerosis with mRSS > 14 (SM 40.4), and in SSc patients with DU (SM 40:1,
SM 42:1, and SM 42:4). Thus, it seems that certain species of sphingomyelins can influence
skin sclerosis and chronic wounds in patients with SSc. Further studies are needed to
elucidate the role of sphingomyelins in SSc.

Calcinosis cutis (CC) in SSc patients often leads to high impairment of the quality of
life in SSc patients due to complications such as chronic wounds, pain, superinfections,
sepsis, and hospitalization. Efficient therapy for CC is lacking, and very little is known
about the pathophysiology of the CC in SSc. Our data showed that CC in SSc patients
was associated with decreased plasma levels of PE. A previous publication reported
that PE plays an essential role in vascular calcification as a significant component of the
autophagosome membrane [41,42]. Autophagosomes contain calcium, phosphate, and
calcified hydroxyapatite, which can be released during calcification. Lipids such as PE were
described to function as nucleation centers for the formation of calcinosis [43,44]. Thus, PE
might also play an essential role for CC in SSc patients.

Sicca symptoms can decrease the quality of life in SSc patients due to pain and
complications on the eyes, mouth, or nose. Therapeutic options are limited. Our data
showed that sicca symptoms in SSc patients were significantly associated with decreased
PC ae and SM in plasma. This is in line with previously published data showing low levels
of PE and SM in the ocular fluid, which was associated with ocular surface abnormalities
in sicca patients [45]. Recently, a study was published describing the positive effects of oral
uptake of choline alfoscerate (precursor of acetylcholine) in patients with sicca symptoms,
and PC was shown to stimulate the synthesis of acetylcholine [46,47]. Thus, PC, PE, and
SM play an important role in pathophysiology, and PC possibly also in the therapy of sicca
symptoms, which could be true also for SSc patients with sicca problems and should be
further evaluated.

In addition to the role of lipid plasmalogens in inflammation and fibrosis, one further
aspect could be involved in SSc. Lipid plasmalogens also function as antioxidants and can
influence cell differentiation. The exact role of plasmalogens has still to be explored in detail,
but data are suggesting that lipid plasmalogens and their metabolites may play an essential
role in the development of cancer diseases, especially adenocarcinoma [48]. Previous
studies showed that lipid plasmalogens are potential biomarkers for the prognosis of ade-
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nocarcinoma such as breast, lung, colorectal, gastric, ovarian, or prostate carcinoma [49–53].
Moreover, synthetic plasmalogens have a promising role in the chemotherapy of tumor
diseases [54,55]. Patients with SSc have a higher risk for adenocarcinoma as compared
to healthy individuals [56]. This is primarily due to chronic inflammation during SSc,
and for lung cancer, due to reflux and fibrosis. Due to improved medical care for SSc
patients and more prolonged survival, cancer disease in SSc patients became one of the
significant causes of death [57]. We hypothesized that lipid plasmalogens in SSc patients
might have an important role for carcinogenesis in SSc patients and may in the future be
useful as a prognostic biomarker or maybe even as a therapeutic agent in patients with
SSc-associated malignancies. Further studies are needed to assess the role of plasmalogens
in carcinogenesis in SSc patients.

In conclusion, previous studies have suggested that lipids may play an important role
in autoimmune, inflammatory, and cancer diseases. The lipidomic approach led to the
discovery of lipids in several autoimmune diseases such as SLE, RA, multiple sclerosis,
which can be potentially used as biomarkers of the disease.

Our present lipidomic study described, for the first time, significant changes in the
level of phospholipids such as plasmalogens and sphingomyelins from plasma of SSc
patients and the association of changed phospholipid metabolism with different clinical
manifestations of SSc.

The limitations of our study were a single small cohort and single time-point exami-
nation. Future studies should explore longitudinal lipidomic profiles during the natural
course of SSc and compare lipidomic data before and after treatment of SSc disease in a
large multi-center SSc cohort.

Lipidomic studies might contribute to the identification of new lipids, which could be
relevant in the pathophysiology of SSc. This could lead to the detection of new biomarkers
for prognosis and treatment monitoring of SSc. Moreover, targeting lipids or their receptors
based on lipidomics data could lead to the development of new therapies of SSc.

Supplementary Materials: The following are available online: https://www.mdpi.com/article/10.3
390/diagnostics11112116/s1, Figure S1: Volcano plot indicates increased plasma levels of plasmalo-
gens and sphingolipids in patients with SSc; Figure S2: Heatmap combined with clustering using
a Euclidean distance measure and ward algorithm; Figure S3: Heatmap combined with clustering
using a Euclidean distance measure and ward algorithm showing only group averages; Table S1:
Significant results of t-tests (p-value < 0.05); Table S2: Significant results of fold changes (>2).

Author Contributions: Conceptualization, M.G.-S. and W.B.; clinical investigation and recruitment:
M.G.-S.; experiments and statistics: T.B.; resources, N.S. and W.B.; writing—Original draft preparation,
M.G.-S. and T.B.; writing—Review and editing, M.G.-S., T.B., N.S., M.H. and W.B.; funding acquisition,
M.G.-S. and W.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported in part by a Clinician scientist grant of the Austrian Society
of Dermatology and Venereology and in part by Postdoctoral scholarship for medical doctors in
Upper Austria.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Ethics Committee of the Johannes Kepler University
Linz, Austria (protocol 1265/2019 and amendments).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
authors M.G.-S. and T.B.

Acknowledgments: Open Access Funding by the Johannes Kepler University, Linz, Austria.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/diagnostics11112116/s1
https://www.mdpi.com/article/10.3390/diagnostics11112116/s1


Diagnostics 2021, 11, 2116 9 of 11

References
1. LeRoy, E.C.; Black, C.; Fleischmajer, R.; Jablonska, S.; Krieg, T.; Medsger, T.A.; Rowell, N.; Wollheim, F. Scleroderma (systemic

sclerosis): Classification, subsets and pathogenesis. J. Rheumatol. 1988, 15, 202–205.
2. Van den Hoogen, F.; Khanna, D.; Fransen, J.; Johnson, S.R.; Baron, M.; Tyndall, A.; Matucci-Cerinic, M.; Naden, R.P.; Medsger,

T.A.; Carreira, P.E.; et al. 2013 classification criteria for systemic sclerosis: An American College of Rheumatology/European
League against Rheumatism collaborative initiative. Arthritis Rheum. 2013, 65, 2737–2747. [CrossRef] [PubMed]

3. Kowal-Bielecka, O.; Fransen, J.; Avouac, J.; Becker, M.; Kulak, A.; Allanore, Y.; Distler, O.; Clements, P.; Cutolo, M.; Czirjak,
L.; et al. Update of EULAR recommendations for the treatment of systemic sclerosis. Ann. Rheum. Dis. 2017, 76, 1327–1339.
[CrossRef]

4. Distler, O.; Gahlemann, M.; Maher, T.M. Nintedanib for Systemic Sclerosis-Associated Interstitial Lung Disease. Reply. N. Engl. J.
Med. 2019, 381, 1596–1597. [CrossRef]

5. Ferreira, H.B.; Pereira, A.M.; Melo, T.; Paiva, A.; Domingues, M.R. Lipidomics in autoimmune diseases with main focus on
systemic lupus erythematosus. J. Pharm. Biomed. Anal. 2019, 174, 386–395. [CrossRef] [PubMed]

6. Del Boccio, P.; Pieragostino, D.; Di Ioia, M.; Petrucci, F.; Lugaresi, A.; De Luca, G.; Gambi, D.; Onofrj, M.; Di Ilio, C.; Sacchetta,
P.; et al. Lipidomic investigations for the characterization of circulating serum lipids in multiple sclerosis. J. Proteom. 2011, 74,
2826–2836. [CrossRef] [PubMed]

7. Vergara, D.; D’Alessandro, M.; Rizzello, A.; De Riccardis, L.; Lunetti, P.; Del Boccio, P.; De Robertis, F.; Trianni, G.; Maffia, M.;
Giudetti, A.M. A lipidomic approach to the study of human CD4(+) T lymphocytes in multiple sclerosis. BMC Neurosci. 2015,
16, 46. [CrossRef]

8. Ferreira, H.B.; Melo, T.; Monteiro, A.; Paiva, A.; Domingues, P.; Domingues, M.R. Serum phospholipidomics reveals altered lipid
profile and promising biomarkers in multiple sclerosis. Arch. Biochem. Biophys. 2021, 697, 108672. [CrossRef]

9. Łuczaj, W.; Moniuszko-Malinowska, A.; Domingues, P.; Domingues, M.R.; Gindzienska-Sieskiewicz, E.; Skrzydlewska, E. Plasma
lipidomic profile signature of rheumatoid arthritis versus Lyme arthritis patients. Arch. Biochem. Biophys. 2018, 654, 105–114.
[CrossRef]

10. Raouf, J.; Idborg, H.; Englund, P.; Alexanderson, H.; Dastmalchi, M.; Jakobsson, P.-J.; Lundberg, I.E.; Korotkova, M. Targeted
lipidomics analysis identified altered serum lipid profiles in patients with polymyositis and dermatomyositis. Arthritis Res. Ther.
2018, 20, 83. [CrossRef]

11. Borba, E.F.; Borges, C.T.L.; Bonfá, E. Lipoprotein profile in limited systemic sclerosis. Rheumatol. Int. 2005, 25, 379–383. [CrossRef]
12. Tokumura, A.; Carbone, L.D.; Yoshioka, Y.; Morishige, J.; Kikuchi, M.; Postlethwaite, A.; Watsky, M.A. Elevated serum levels

of arachidonoyl-lysophosphatidic acid and sphingosine 1-phosphate in systemic sclerosis. Int. J. Med. Sci. 2009, 6, 168–176.
[CrossRef]

13. Higuchi, T.; Takagi, K.; Tochimoto, A.; Ichimura, Y.; Norose, T.; Katsumata, Y.; Masuda, I.; Yamanaka, H.; Morohoshi, T.;
Kawaguchi, Y. Antifibrotic effects of 2-carba cyclic phosphatidic acid (2ccPA) in systemic sclerosis: Contribution to the novel
treatment. Arthritis Res. Ther. 2019, 21, 103. [CrossRef]

14. Stoddard, N.C.; Chun, J. Promising pharmacological directions in the world of lysophosphatidic Acid signaling. Biomol. Ther.
(Seoul) 2015, 23, 1–11. [CrossRef]

15. Ohashi, T.; Yamamoto, T. Antifibrotic effect of lysophosphatidic acid receptors LPA1 and LPA3 antagonist on experimental
murine scleroderma induced by bleomycin. Exp. Dermatol. 2015, 24, 698–702. [CrossRef] [PubMed]

16. Ottria, A.; Hoekstra, A.T.; Zimmermann, M.; van der Kroef, M.; Vazirpanah, N.; Cossu, M.; Chouri, E.; Rossato, M.; Beretta, L.;
Tieland, R.G.; et al. Fatty Acid and Carnitine Metabolism Are Dysregulated in Systemic Sclerosis Patients. Front. Immunol. 2020,
11, 822. [CrossRef] [PubMed]

17. Van der Veen, J.N.; Kennelly, J.P.; Wan, S.; Vance, J.E.; Vance, D.E.; Jacobs, R.L. The critical role of phosphatidylcholine and
phosphatidylethanolamine metabolism in health and disease. Biochim. Biophys. Acta Biomembr. 2017, 1859, 1558–1572. [CrossRef]
[PubMed]

18. Kennedy, E.P.; Weiss, S.B. The function of cytidine coenzymes in the biosynthesis of phospholipides. J. Biol. Chem. 1956, 222,
193–214. [CrossRef]

19. O’Donnell, V.B.; Rossjohn, J.; Wakelam, M.J. Phospholipid signaling in innate immune cells. J. Clin. Investig. 2018, 128, 2670–2679.
[CrossRef] [PubMed]

20. Braverman, N.E.; Moser, A.B. Functions of plasmalogen lipids in health and disease. Biochim. Biophys. Acta 2012, 1822, 1442–1452.
[CrossRef] [PubMed]

21. Wallner, S.; Orsó, E.; Grandl, M.; Konovalova, T.; Liebisch, G.; Schmitz, G. Phosphatidylcholine and phosphatidylethanolamine
plasmalogens in lipid loaded human macrophages. PLoS ONE 2018, 13, e0205706. [CrossRef] [PubMed]

22. Leidl, K.; Liebisch, G.; Richter, D.; Schmitz, G. Mass spectrometric analysis of lipid species of human circulating blood cells.
Biochim. Biophys. Acta 2008, 1781, 655–664. [CrossRef] [PubMed]

23. Wallner, S.; Schmitz, G. Plasmalogens the neglected regulatory and scavenging lipid species. Chem. Phys. Lipids 2011, 164, 573–589.
[CrossRef]

24. Ishay, Y.; Nachman, D.; Khoury, T.; Ilan, Y. The role of the sphingolipid pathway in liver fibrosis: An emerging new potential
target for novel therapies. Am. J. Physiol. Cell Physiol. 2020, 318, C1055–C1064. [CrossRef] [PubMed]

http://doi.org/10.1002/art.38098
http://www.ncbi.nlm.nih.gov/pubmed/24122180
http://doi.org/10.1136/annrheumdis-2016-209909
http://doi.org/10.1056/NEJMc1910735
http://doi.org/10.1016/j.jpba.2019.06.005
http://www.ncbi.nlm.nih.gov/pubmed/31207360
http://doi.org/10.1016/j.jprot.2011.06.023
http://www.ncbi.nlm.nih.gov/pubmed/21757039
http://doi.org/10.1186/s12868-015-0183-1
http://doi.org/10.1016/j.abb.2020.108672
http://doi.org/10.1016/j.abb.2018.07.021
http://doi.org/10.1186/s13075-018-1579-y
http://doi.org/10.1007/s00296-004-0580-8
http://doi.org/10.7150/ijms.6.168
http://doi.org/10.1186/s13075-019-1881-3
http://doi.org/10.4062/biomolther.2014.109
http://doi.org/10.1111/exd.12752
http://www.ncbi.nlm.nih.gov/pubmed/25959255
http://doi.org/10.3389/fimmu.2020.00822
http://www.ncbi.nlm.nih.gov/pubmed/32528464
http://doi.org/10.1016/j.bbamem.2017.04.006
http://www.ncbi.nlm.nih.gov/pubmed/28411170
http://doi.org/10.1016/S0021-9258(19)50785-2
http://doi.org/10.1172/JCI97944
http://www.ncbi.nlm.nih.gov/pubmed/29683435
http://doi.org/10.1016/j.bbadis.2012.05.008
http://www.ncbi.nlm.nih.gov/pubmed/22627108
http://doi.org/10.1371/journal.pone.0205706
http://www.ncbi.nlm.nih.gov/pubmed/30308051
http://doi.org/10.1016/j.bbalip.2008.07.008
http://www.ncbi.nlm.nih.gov/pubmed/18723117
http://doi.org/10.1016/j.chemphyslip.2011.06.008
http://doi.org/10.1152/ajpcell.00003.2020
http://www.ncbi.nlm.nih.gov/pubmed/32130072


Diagnostics 2021, 11, 2116 10 of 11

25. Iqbal, J.; Walsh, M.T.; Hammad, S.M.; Hussain, M.M. Sphingolipids and Lipoproteins in Health and Metabolic Disorders. Trends
Endocrinol. Metab. 2017, 28, 506–518. [CrossRef]

26. Gabandé-Rodríguez, E.; Boya, P.; Labrador, V.; Dotti, C.G.; Ledesma, M.D. High sphingomyelin levels induce lysosomal damage
and autophagy dysfunction in Niemann Pick disease type A. Cell Death Differ. 2014, 21, 864–875. [CrossRef]

27. Khanna, D.; Furst, D.E.; Clements, P.J.; Allanore, Y.; Baron, M.; Czirjak, L.; Distler, O.; Foeldvari, I.; Kuwana, M.; Matucci-Cerinic,
M.; et al. Standardization of the modified Rodnan skin score for use in clinical trials of systemic sclerosis. J. Scleroderma Relat.
Disord. 2017, 2, 11–18. [CrossRef]

28. Folch, J.; Lees, M.; Sloane Stanley, G.H. A simple method for the isolation and purification of total lipides from animal tissues. J.
Biol. Chem. 1957, 226, 497–509. [CrossRef]

29. Lundberg, A.C.; Akesson, A.; Akesson, B. Dietary intake and nutritional status in patients with systemic sclerosis. Ann. Rheum.
Dis. 1992, 51, 1143–1148. [CrossRef]

30. Schmidt, K.G.; Herrero San Juan, M.; Trautmann, S.; Berninger, L.; Schwiebs, A.; Ottenlinger, F.M.; Thomas, D.; Zaucke, F.;
Pfeilschifter, J.M.; Radeke, H.H. Sphingosine-1-Phosphate Receptor 5 Modulates Early-Stage Processes during Fibrogenesis in a
Mouse Model of Systemic Sclerosis: A Pilot Study. Front. Immunol. 2017, 8, 1242. [CrossRef]

31. Hu, C.; Zhou, J.; Yang, S.; Li, H.; Wang, C.; Fang, X.; Fan, Y.; Zhang, J.; Han, X.; Wen, C. Oxidative stress leads to reduction of
plasmalogen serving as a novel biomarker for systemic lupus erythematosus. Free Radic. Biol. Med. 2016, 101, 475–481. [CrossRef]
[PubMed]

32. Chen, M.; Huang, H.; Zhou, P.; Zhang, J.; Dai, Y.; Yang, D.; Fan, X.; Pan, H. Oral Phosphatidylcholine Improves Intestinal Barrier
Function in Drug-Induced Liver Injury in Rats. Gastroenterol. Res. Pract. 2019, 2019, 8723460. [CrossRef] [PubMed]

33. Treede, I.; Braun, A.; Sparla, R.; Kühnel, M.; Giese, T.; Turner, J.R.; Anes, E.; Kulaksiz, H.; Füllekrug, J.; Stremmel, W.; et al.
Anti-inflammatory effects of phosphatidylcholine. J. Biol. Chem. 2007, 282, 27155–27164. [CrossRef] [PubMed]

34. Zeng, C.; Wen, B.; Hou, G.; Lei, L.; Mei, Z.; Jia, X.; Chen, X.; Zhu, W.; Li, J.; Kuang, Y.; et al. Lipidomics profiling reveals the role of
glycerophospholipid metabolism in psoriasis. Gigascience 2017, 6, 1–11. [CrossRef] [PubMed]

35. Jacobsson, L.; Lindgärde, F.; Manthorpe, R.; Akesson, B. Correlation of fatty acid composition of adipose tissue lipids and serum
phosphatidylcholine and serum concentrations of micronutrients with disease duration in rheumatoid arthritis. Ann. Rheum. Dis.
1990, 49, 901–905. [CrossRef]
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