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Highlights:

Systemic Lupus Erythematosus is an inflammatory chronic disease that lacks tools

for prognostics;

Lipids and oxidized lipids have important role in inflammation and disease

progression in SLE;
Lipidomics as tool to identify new lipid biomarkers of SLE relapsing episodes;

Lipidomics to identify lipid biomarkers to ensure better patient care and

personalized medicine;
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Abstract

Autoimmune diseases (AID) are a heterogeneous group of disorders that have in
common a chronic inflammation and dysregulation of the immune system. Systemic lupus
erythematosus (SLE) is one of the most frequent systemic autoimmune diseases
characterized by autoimmune phenomena in multiple organs. The tests used for evolution
and prognosis assessment are either non-specific or non-sensitive, impairing an adequate
therapeutics. To face this drawback, lipidomics is being used to provide more knowledge
and insights regarding autoimmune disorders. Through lipidomic approaches using MS, it
is possible to identify and quantify the level of lipid molecular species in the biological
system and this could be useful to identify biomarkers and to better understand the
pathophysiology of autoimmune diseases. There are some evidence that lipids and
oxidized lipids can play a key role in AID pathogenesis. Although this field has been
scarcely explored, there are some studies that reported variations on the lipid profile at a
molecular level using lipidomic approaches based on MS in SLE. The results gathered
herein showed changes mainly in the level of phospholipids, with decrease of some
plasmenyl lipids, fatty acids, with reduction of PUFA, and sphingolipids, with changes in
fatty acyl chain composition. These changes may be the result of lipids™ modifications due
to oxidation and increase of ROS. Some alterations can be associated with changes in
membrane of lymphocytes and with the deregulation of the immune system. Thus,
exploring the knowledge from modern lipidomic approaches in the study of the role of
lipids and oxidized lipids, in oxidative stress and in inflammatory diseases, could
contribute for the identification of new lipid biomarkers. Lipid biomarkers are promising
tools to prognosis and treatment monitoring, tailored for the best therapeutic response and
highest safety to ensure better patient care and to be used for personalized medicine.

Keywords Autoimmune diseases; systemic lupus erythematosus; lipidomics; mass

spectrometry; biomarkers; lipid peroxidation.
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Abbreviations: AA, arachidonic acid; ANA, antinuclear antibodies; APCs, antigen-

presenting cells; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; FA, fatty acids;
FFA, free  fatty acids; LPC, lyso-phosphatidylcholine; LPE, lyso-
phosphatidylethanolamine; LPL, lyso-phospholipid; mtDNA, mitochondrial DNA; NET,
neutrophil extracellular traps; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI,
phosphatidylinositol; PL, phospholipid; pPC, plasmenylphosphatidylcholine; pPE,
plasmenylphosphatidylethanolamine; PUFA, polyunsaturated fatty acid; ROS, reactive
oxygen species; SLE, systemic lupus erythematosus; SM, sphingomyelin; TG,

triglyceride;.
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108 1. Autoimmune diseases

109 Autoimmune diseases are a highly heterogeneous group of disorders that cover a
110 wide range of pathologies. Worldwide, they are known to have an estimated total
111  prevalence of 7.6-9.4% [1]. This type of diseases is extremely debilitating in their acute
112  phases and patients have their autonomy decreased. These diseases occur when the
113 immune system begins to attack the body itself, recognizing some of the molecules from
114  the own organism, as a foreign and undesirable pathogen [2]. The increased production of
115 those antigens will induce the production of antibodies present in plasma [3]. The
116  autoimmune diseases  pathogenesis is not a straightforward process, and it has the
117  contribution of several factors (environmental, genetic and hormonal), yet they all work
118  together to disrupt the normal tolerance to the system's own antigens [4]. However, there
119 are certain mechanisms that are common to every autoimmune disease such as: the
120  recognition of the autoantigen as a foreign body (disease initiation), enhanced production
121  of antibodies, amplification of the disease by including multiple pathways of the immune
122 response, chronic inflammation and tissue destruction [5].

123 The diagnosis of autoimmune diseases is based on clinical and laboratory data,
124 including serologic tests, the symptoms reported by the patient and the signs observed by
125  the clinician [6]. However, the diagnosis is not always easy to obtain due to insufficient
126  clinical data and specific markers to ensure a positive diagnosis. Under these
127  circumstances, only the unfolding of the clinical situation will confirm if the autoimmune
128  disease is being responsible for the signs and symptoms of the patient. Moreover,
129  autoimmune diseases have diverse forms of manifesting themselves, which also increases
130 the difficulty of the diagnosis [4,6].

131 Autoimmune disorders can be classified in two different ways: organ-specific or
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132 systemic (Table 1) [7]. In organ-specific autoimmune diseases, the autoimmune response is
133  directed against antigens that are expressed only in a particular organ. Autoantibodies bind
134  to autoantigens in the organ cells and can lead either to their destruction, overstimulation
135  or suppression of the normal cellular function. On the other side, in systemic autoimmune
136  diseases the autoimmune response is directed against autoantigens scattered throughout the
137  organism, which ends into a widespread tissue damage [8].

138  Table 1. Classification of autoimmune diseases: organ-specific autoimmunity vs systemic

139  autoimmunity, and some examples of the most common ones.

Organ-specific autoimmunity Systemic autoimmunity
Type 1 diabetes Systemic lupus erythematosus
Autoimmune hepatitis Sjogren’s syndrome
Hashimoto's thyroiditis Rheumatoid arthritis
Goodpasture’s syndrome Scleroderma
Psoriasis Systemic Sclerosis
Addison’s disease Antiphospholipid syndrome
Pernicious anemia Dermatomyositis
Myasthenia gravis Vasculitis
Graves' disease Ankylosing spondylitis
Vitiligo Polymyositis
140
141 Autoimmune disorders are polygenic and each type of autoimmune disease have its

142  distinct clinical phenotype, with specific physiopathology and specific symptoms [5]. Each
143  type of autoimmune disease has a different development and their prognostics are also

144  dissimilar [5]. A characteristic feature of autoimmune diseases is that they have relapse
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145 and remission periods [6]. A relapse, or flare, is an acute reactivation of the disease,
146  manifested by the worsening of pre-existing symptoms or the development of new ones.
147  Flare periods occur when the disease activity is enhanced and can manifest themselves in a
148 variety of forms. Usually, treatment during flare episodes, requires specific therapy to
149  attenuate symptoms. Meanwhile, remission is a period of inactivity of the disease. There
150 are cases that the disease becomes permanently inactive, which means, in total remission,
151  however this disease stage is rarely achieved. On the other side, partial remission is more
152 frequent [9]. Relapse periods can occur for no apparent reason. In order to avoid flares, it is
153  vital for the patient to adopt preventive measures or prediction tools. It is advisable to
154  make routine visits to clinicians to reassess the symptoms and the signs, as well as the
155 analysis and examinations that have been carried out. This way the treatment can be
156  readjusted whenever it is necessary. The patient should also have other precautions such
157  as: avoid stress, rest properly and avoid exaggerated physical activity [6]. However, there
158 s a lack of specific diagnostic tools or biomarkers that allow the prediction of the relapse
159  periods. To prevent the appearance of these highly debilitating periods of disease, new
160  studies are needed to understand the mechanism of disease and to find new biomarkers.
161  This should allow tailoring early diagnosis of flare episodes and promote most effective
162  treatment to each patient with a chronic autoimmune disease.

163 Due to the high complexity of autoimmune diseases, this paper will only focus on

164  one very common autoimmune disease, systemic lupus erythematosus (SLE) [4].

165 2. Systemic lupus erythematosus
166 SLE is a chronic, systemic autoimmune disease and it is characterized by systemic

167  inflammation in multiple organs such as joints, vessels, skin, kidneys and central nervous
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168  system [10]. A particular characteristic of SLE is that pathogenic autoantibodies are
169  produced by dysfunctional immunocompetent cells, leading to multiple organ injuries
170  [10,11]. It is most prevalent in women in childbearing age with a very strong 9:1 female to
171  male ratio and the major clinical features of this disease are fatigue and musculoskeletal
172 symptoms [12,13]. Clinical manifestations and the prognostic of the disease are influenced
173 by age of onset and gender [14]. The male gender is often related with higher levels of
174  disease activity, regardless their age or race, at the time of diagnosis. However, during
175  disease course, gender does not seem to dramatically influence the clinical manifestations
176  [15]. The death rate is also different according to the gender; female SLE patients have a
177  lower death rate than men. Patients’ age is also important for the cause of death; for
178  patients with ages between 20 and 39 years, the most common cause of death is
179  musculoskeletal and comorbidities that develop as a consequence of SLE, while patients
180  with more than 40 years of age commonly die due to any type of cardiovascular diseases
181  or malignancy, caused by the normal ageing process in combination with the added
182  inflammation due to SLE [16].

183 Diagnosis of SLE is based on the criteria established by the American College of
184 Rheumatology and besides the immuno-pathological features, there is also a clinical
185 laboratory profile that suggests that the patient suffers from SLE (Table 2) [9,17]. It
186  comprises mainly full blood cell count (with a decrease of red blood cells, usually
187  associated with anaemia, and/or white blood cells and/or platelets), inflammation
188  parameters (such as increase of C-reactive protein and erythrocyte sedimentation rate) and
189  immunological changes (as the presence of some antibodies, mainly IgG antinuclear
190 antibodies) [9]. The changes in the biochemical parameters are found in other autoimmune

191  diseases, only the immunological parameters are specific for SLE. These changes in
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laboratory parameters are not detected in the same patient at the same time, it is frequent
that only a few alterations of these parameters are seen at a particular time of the disease.
Also, the lab test results can vary from patient to patient [6,9]. In fact, the diagnosis of SLE
Is somehow difficult in many cases, therefore the interpretation of the laboratory results
should be made carefully and only by the attending physician that is aware of the patient’s

medical record.

Table 2. Principal alterations on laboratory parameters observed in SLE disease.

Blood count Inflammation parameters Immunology

4 Complement components C3, C4

Jd Red blood cells and CH50
(haemolytic anaemia) 0 Erythrocyte Presence of:
1 White blood cells sedimentation rate Antinuclear antibodies
(lymphopenia) T C-reactive protein Anti-DNA and anti-Sm antibodies
{ Platelets Anti-SS-A and anti-SS-B antibodies
(thrombocytopenia) Anti-RNP antibodies

Antiphospholipid antibodies

The development of SLE seems to have a strong genetic predisposition to a
dysregulation of the immune system. Hyperexpression of B lymphocyte activity is
therefore a consequence of SLE [4,18]. This autoimmune disorder is thus also associated
with a polyclonal hypergammaglobulinemia and with elevated titters of antibodies against
several auto-antigens, in particular, nuclear antigens. Nonetheless, there are also other
factors that contribute to trigger this disease, namely ultraviolet light exposure, cross

reactivity with infectious agents, drug hypersensitivities and several stress stimuli [19-21].
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208  Exposure to ultraviolet light, specially UVB, can contribute to the pathogenesis and
209 exacerbation of SLE, since it induces apoptosis in keratinocytes and alterations in DNA.
210  Sunlight exposition also promotes the production of pro-inflammatory molecules that
211  combined with the cell death mechanisms describe the cutaneous and flare reactions
212 typical of SLE [22]. Infectious agents, such as Epstein-Barr virus, can also influence the
213  development of SLE and induce flare periods, triggering the disease by molecular
214  mimicry. It is true that EBV can prompt autoimmune processes, however, SLE patients
215 have an abnormal viral latency period and a dysregulated anti-EBV response[23-25]. All
216 these factors will enable T lymphocytes to recognize peptides presented by antigen-
217  presenting cells (APCs) [26]. This process is known as antigen presentation and promotes
218  the release of cytokines, inflammation process and B lymphocyte stimulation. However, T
219  lymphocyte malfunction could be the result of defective APCs. In fact there are some
220  studies that reflect the dysfunction of APCs in autoimmune diseases [27-29]. B
221  lymphocyte stimulation leads to the hyperproduction of IgG autoantibodies that are
222 responsible for the tissue damage, which is a characteristic of SLE [18,26,30]. These 1gG
223  antinuclear antibodies (ANA) that are elevated in SLE target cellular nuclear components.
224  There are several types of ANA and their identification is of utterly importance in SLE
225  diagnosis. In SLE, the most commonly found ANA are anti-native (double stranded) DNA
226  antibodies, although they are not specific of this disease [31].

227 Genetic factors are one of the major effectors of SLE susceptibility. The
228 development of specific autoantibodies and SLE’s clinical features are genetically
229  encoded, thus the determination of the specific genes that directly contribute to this disease
230 would be a scientific breakthrough that would widely improve the knowledge of this

231 autoimmune disorder. This topic is being intensely investigated and will not be discussed
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232 in this paper (to further clarify this matter please check review article [14]). The
233  development of SLE is also aggravated by epigenetic changes, namely the DNA
234  methylation that is implicated in the pathogenesis of this disorder, although there is not
235  much information regarding hydroxymethylation in this process [14].

236 Metabolic alterations are also found in patients with SLE; there is evidence that
237  plasma, sera and urine of SLE patients have higher levels of reactive oxygen species
238 (ROS) as well as 8-hydroxy-2 -deoxyguanosine, an oxidative DNA damage biomarker
239  [32,33]. Also, first and second line of defences against mitochondrial ROS, or from other
240 intracellular sources, are found to be decreased in SLE patients [33,34]. First line of
241  cellular antioxidant system (manganese superoxide dismutase and copper/zinc superoxide
242  dismutase), as well as second line of antioxidant enzymes (catalase, glutathione peroxidase
243 1 and glutathione peroxidase 4), are significantly lower in plasma/serum and in
244 neutrophils/lymphocytes/leukocyte in SLE [33,34]. The disease activity and extent of
245 organ damage are related with glutathione and the ratio of glutathione/oxidized
246  glutathione, which are found to be downregulated in patients with SLE [34,35]. The
247  glucose metabolism is also altered in lupus, in particular, it was found that leukocytes have
248  lower levels of pyruvate dehydrogenase mRNA and of transcripts of mtDNA-encoded
249  peptides and mitochondrial transcription factor A, which are fundamental for electron-
250 chemical transport, oxidative phosphorylation and mtDNA replication [33]. It was likewise
251  shown that the Krebs cycle in SLE patients is reduced, as well as the levels of the enzymes
252 hexose kinase, glucose phosphate isomerase, phosphofructokinase and glyceraldehyde 3-
253  phosphate dehydrogenase [33,36]. The alteration of DNA and glucose metabolism

254  contributes to an inefficient immune system leading to the development of SLE.
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255 In spite of the difficulties in diagnostics and prediction of relapsing periods, the
256  survival rate of SLE patients has significantly improved over the last decades owing to
257  some progress in early diagnosis. The detection of specific antibodies and the development
258  of more efficient treatment strategies for both disease and its comorbidities revealed to be
259  important for the improvement of SLE patients’ quality of life. The detection of anti-
260  double stranded DNA (anti-dsDNA) antibodies, ANA and complement activation are used
261  to support either the diagnosis or the evaluation of disease activity of SLE [37]. Disease
262  activity has a direct impact on the complications and associated comorbidities, depending
263  whether it is more or less active. Side effects of immunosuppressant drugs are also a key
264  factor for the development of complications in these patients. In fact, infections are one of
265 the most frequent comorbidities in SLE patients and are responsible for a major
266  contribution to the morbidity and mortality rate of this disorder [14]. People suffering from
267  SLE showed higher probability to have infections of the nervous system and inflammatory
268  bowel disease. Moreover, they have a substantial higher risk of developing cardiovascular
269  complications (such as coronary heart disease and accelerated atherosclerosis) that may
270  lead to the patient’s death. Usually, the peak of occurrence of cardiovascular disease in

271  SLE is observed 7 to 10 years after the diagnosis of the autoimmune disorder [38].

272 2.1 Diagnosis

273  As reported above, nowadays, SLE diagnostic is based on the assessment of the clinical
274  symptoms and signals evaluated by the physician, and by laboratory tests. The laboratory
275  tests more specific of SLE relies on the detection of specific antibodies, namely the
276  detection of anti-dsDNA , ANA, anti-Sm and anti-RNP antibodies [7,39] The antibodies
277  anti-Sm are detectable in SLE patients comprised in a percentage of 5 and 30% while anti-

278  RNP are detectable in 25-47% of SLE patients. These antibodies are detected by counter
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279  immunoelectrophoresis (CIE), immunoblot and ELISA, and are quite important in clinics.
280  Expression of anti-Sm is always associated with anti-RNP in patients with SLE. Although
281 its mechanism remains uncertain, they seem to have some modulatory effect on monocytes

282 [39,40].

283 Complement components activation are used to support either the diagnosis or the
284  evaluation of disease activity in SLE [37]. These laboratory tests are made to help
285  clinicians to better understand the patients’ health status and to provide the patient an
286  accurate diagnosis, prognosis and treatment. It is of utmost importance to highlight the fact
287  that inadequate use of such tests can lead to misdiagnosis, inappropriate therapy and
288 needless health-care expenses [41]. The presence of specific autoantibodies is a key
289  parameter for the diagnosis of autoimmune diseases like SLE [42]. Throughout the years,
290 several diagnostic techniques have been developed for the detection of these specific
291 antibodies, always bearing in mind the improvement of the specificity and sensitivity of
292  the analysis. The main techniques used are immunofluorescence (IIF), enzyme-linked
293  immunosorbent assay (ELISA) and recombinant autoantigen technology.

294

295  These laboratory techniques have their own advantages and disadvantages; IIF is being
296 replaced by enzymatic immunoassays, ELISA's requires autoantigens to have extremely
297  high purity and the technology of recombinant autoantigens is highly demanding. On the
298  other side, recombinant autoantigens are widely used for the diagnosis of autoimmune
299  diseases since it brought major developments onto diagnostic techniques. The same
300 progress is needed to be made with autoantibodies used as controls in diagnostic tests.
301 However, considering that autoimmune diseases are characterized by remission

302  (asymptomatic periods) and relapsing periods (with acute symptoms) that occur with
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303  different degrees of severity, more reliable biomarkers are needed to predict, or early
304 diagnose, these periods and to evaluate their degree of severity. They are also important to
305 avoid disease related damage of affected organs, to decrease associated morbidity and to

306 help evaluating treatment efficiency.

307 2.2 The role of lipids in SLE pathogenesis

308 Autoimmune diseases are strongly influenced by gene mutations and the immune
309 system will be affected as a consequence. SLE pathogenesis is not only associated with
310 genetic dysregulations but it has also been associated with alteration in lipid metabolism
311 including lipid oxidation. In fact, lupus has been strongly associated with oxidative
312 damage in different levels due to the increase of oxidative stress conditions, which can be
313  correlated with mitochondrial dysfunction and cell death. Enhanced neutrophil death
314 called NETosis is a characteristic event of lupus pathogenesis . Also, oxidative stress and
315 lipid alteration and oxidation have been related with T lymphocyte dysfunctions, as well as
316 to the systemic inflammation. In all of these events, lipids seem to play a fundamental role
317 intheir regulation.

318

319  2.2.1 Oxidative stress and lipids in SLE

320 Since autoimmune diseases have an effect on the innate immunity, response
321 neutrophils, as they are the first line of defence of the immune system, will therefore be
322  affected as well [43]. To eliminate pathogens, neutrophils produce superoxide anion,
323  which is a precursor of several types of ROS. It has been reported that neutrophils in SLE
324  are malfunctioning, which is associated with the increase of ROS production that is
325 implicated in the pathogenesis of this disease [43-45]. In this way, uncontrolled or chronic

326  production of ROS by neutrophils may lead to severe oxidative damage in several

10
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327  Dbiomolecules, in particular in lipids of the membranes [46,47]. Also, a very important
328 finding was the fact that ROS production by neutrophils decreased in patients in relapsing
329  phases when compared to patients in remission [43]. This reduction has also been seen in
330  other autoimmune diseases such as multiple sclerosis, Behcet's disease and Guillain-Barre
331  syndrome [48-50], supporting the importance of neutrophils™ dysfunction in autoimmune
332 diseases. A possible explanation for this reduction could be the exhausted status of
333  neutrophils due to overproduction of ROS during active phase of the disease [45].
334  However, Elloumi et al suggested that in neutrophils, after the oxidative burst and the
335  production of ROS, there is a second stage with lower levels of ROS production in these
336 immune cells, inferred by the observed decrease of malondialdehyde levels, a lipid
337  peroxidation product, in neutrophils of patients with lupus [43]. They also observed that,
338  within patients, malondialdehyde levels were higher in patients in relapsing than in patients
339 in remission stages, which is indicative of higher levels of oxidative stress during
340  aggressive periods of this disease. [43].

341 SLE is a multifactorial disorder, lipids and lipid metabolism have been correlated
342  with this autoimmune disease in several ways. The overproduction and increase of ROS
343  and oxidative stress is usually associated with lipid peroxidation and alteration in lipid
344  metabolism [51]. Reaction of ROS with lipids in membranes can lead to the formation of
345  lipid hydroperoxides that can be further degraded into small reactive carbonyl species,
346  such as 4-hydroxynonenal (4-HNE), a toxic aldehyde that can react with proteins and
347  modify their structure and function. The 4-HNE is proven to be significantly elevated in
348  SLE [52]. People with SLE suffer from inflammation, oxidative stress and alteration of
349  energy production pathways, alongside with a prothrombotic state and a disturbance in the

350 lipid profile. Besides malondialdehyde and lipid peroxidation products, elevated levels

11
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351  were also observed for gamma-glutamyl peptides, gamma-glutamyltransferase, leukotriene
352 B4 and 5-hydroxyeicosatetraenoic acid [36]. Lipids™ oxidation can also lead to the
353  formation of other products such as F2 isoprostanes, formed by oxidation of arachidonic
354  acid, and found in plasma and urine of SLE patients [53]. Isoprostanes are biomarkers of
355  oxidative stress and are usually elevated in acute phases of the disease [51]. Overall, it is
356  well accepted that oxidized lipids have a significant role in the pathogenesis of lupus,

357  however their action is far from being completely elucidated.

358 2.2.2 NETosis and lipids in SLE

359 Neutrophils™ dysfunction is also associated with their degradation through a
360 specific activation-induced cell death process called NETosis, which is similar to
361 apoptosis. The result of this process is the formation of a transient web-like organelle
362  known as neutrophil extracellular trap (NET) [54]. The development of NET has been
363  recognized as a significant mechanism in SLE’s pathogenesis, that is associated with
364  NETosis, characteristic of this AID (Figure 1) [55]. NET is responsible for the release of
365 active oxidative enzymes that will induce a proatherogenic mechanism. Those enzymes
366 can modify HDL to such an extent that they lose their anti-inflammatory and
367  vasoprotective properties and start failing in mediating reverse cholesterol transport [56].
368  This data is in agreement with the altered lipoprotein profile that is characteristic of SLE"
369  patients and is going to be addressed further ahead.. Oxidized lipids, for example oxidized
370 cardiolipin and oxidized phosphatidylethanolamine (PE), have been reported as important
371  players in apoptosis and ferroptosis, it would be interesting to develop more research in
372  order to understand the role of lipids and oxidized lipids in NETosis.

373 In addition to NETosis, apoptosis of SLE lymphocytes, mitochondrial dysfunctions,

374  the enhancement of the inflammation cascade and the oxidative stress conditions that occur

12
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375  inthese patients also contribute for the multifactorial aspect of SLE. Dendritic  cells
376 (DC) are considered the professional APCs and their main function is to prime naive T
377  cells activation [57]. DC have been correlated with SLE pathogenesis, essentially in the
378 induction and progression of this disease [58]. However, their action is not completely

379 clear so far.

380
Autoantibodies
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381

382 Figure 1. Schematic representation of NETosis™ role in SLE pathogenesis. Under
383  sufficient concentrations of ROS, a neutrophil undergoes NETosis to form NET, which is a
384  web-like structure that contains nucleic acid and nucleic protein as well as cell remnants.
385  NET is the source of several autoantigens. Those autoantigens will activate plasmacytoid
386  dendritic cells to release IFN-o and consequently prompt autoimmune destruction.
387  Adapted from H.T. Lee et al [11]. Cellular and autoantibodies pictures withdrawn from

388  “BigPicture” [59].
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389  2.2.3 T lymphocytes, mitochondrial dysfunction and lipids in SLE

390 The incorrect functioning of mitochondria in lupus T lymphocytes leads to an
391 elevated mitochondrial transmembrane potential or persistent mitochondrial
392  hyperpolarization [60]. This hyperpolarized state of mitochondria is found to be markedly
393  higher in SLE patients than in healthy controls which may lead to cell death pathways
394 [32,60,61].

395 Chronic inflammation is one key characteristic of SLE and it is exacerbated by
396  oxidative stress and mitochondria dysfunction. Leishangthem et al found significantly
397 increased levels of superoxide anion free radicals in mitochondria of lupus’ patients which
398 s suggestive of mitochondria dysfunction [61]. Lipids in mitochondria play an important
399 role in controlling mitochondria functions; they are part of the membrane transport events;
400 therefore, the lipid specific regulation of channel transport mechanisms is a decisive aspect
401 related to membrane functions. Malfunctioning of lipid specific mitochondrial membrane
402 transport may have a dangerous effects on cellular health status and raise cell based disease
403 states [62]. T cell dysfunction in SLE have also been correlated with altered lipid
404  metabolism [63]. It was determined that T lymphocytes of SLE patients have an altered
405  glycosphingolipid profile in their membranes, specifically, lactosylceramide,
406  globotriaosylceramide and monosialotetrahexosylganglioside levels were significantly
407  increased when compared with healthy controls [64]. Although glycosphingolipids are not
408  so abundant in cell membranes, they are very important in inflammation/immune response
409  and cell-cell signalling.

410 There are some evidences that alterations in lipid profile and in lipid metabolism in
411  these patients have an important role in SLE pathogenesis. Therefore, it is of utmost

412  importance to improve the screening methodologies to evaluate the alterations in lipid
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413  profile of SLE and other AID patients by using robust and accurate approaches. Omics
414  platforms and lipidomics, in particular, are suitable tools to contribute to understand the
415 role of dysregulation in lipid metabolism in SLE and also in other AID. Besides,
416 lipidomics is also important to comprehend how these alterations are reflected in the
417  complexity of the biologic processes and for fingerprinting lipid profile alterations for new

418  potential biomarkers.

419

420

421 3. Lipidomics in SLE and in other autoimmune diseases

422 The identification of the lipid profile at a molecular level in biological systems is

423  nowadays performed using lipidomic approaches which could be used to identify
424  biomarkers and to understand the contribution of lipids in disease pathogenesis, useful for
425  new therapeutic strategies. The main analytical technique in lipidomics is MS combined
426  with LC or GC. MS is an extremely sensitive technique and it requires a very small
427  quantity of sample. Lipidomics starts with sample collection followed by lipid extraction
428  The lipid extract is analysed in a mass spectrometer to identify the individual lipid
429  species, usually using a LC-MS approaches [65]. The acquired data is analysed by using
430 bioinformatics tools and statistical analysis.

431

432 In spite of the lack of knowledge regarding the variation of the lipid profile at a
433 molecular level in SLE, there is evidence that lipid metabolism suffers alterations namely

434 in lipoprotein metabolism during the course of SLE disease [52,66—73].
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435

436 Disturbance of lipoproteins levels was reported in patients with SLE. Dyslipidemia,
437 an imbalance of lipids in the blood, is known to have a significant influence in
438  atherogenesis [66]. Dyslipoproteinemia deregulation was observed in SLE, namely by low
439  levels of HDL cholesterol and elevated levels of both VLDL cholesterol and triglycerides
440 (TG) [67]. Lupus patients also show increased concentrations of oxidized LDL and an
441  anomalous chylomicron metabolism, which is consistent with the higher levels of 4-HNE
442  [52,68,69]. Levels of oxidized LDL detected by the monoclonal antibody EO06 are
443  significantly higher in SLE patients and are associated with cardiovascular disease that
444  develop in SLE [74,75]. SLE’s dyslipoproteinemia has a multifactorial origin and it is yet
445  unclear which factors are definitely involved in the pathophysiology of this disorder [70].
446  Treatment using some drugs, in particular steroids, contribute to this dyslipoproteinemia
447  especially when they are administrated at a high dosage. Dislypidemia can also occur as a
448  consequence of renal failure, one of the most common comorbidities of SLE. Thus, renal
449  involvement and disease activity are some other factors that seem to have the most
450 influence on this characteristic lipoprotein pattern of SLE patients [71-73]. HDL is a cell
451  cholesterol efflux promoter through the reverse cholesterol transport system and prevents
452  LDL oxidation as well, thereby it has an atheroprotective role in the organism. NETosis, as
453  described above, may be a fundamental intervenient in the mechanism implicated in this
454  HDL dysregulation [76]. SLE patients have a much higher risk of developing
455  cardiovascular diseases and this high susceptibility may be partially due to impaired HDL
456  metabolism. In this way, the development of strategies to improve HDL metabolism could
457  have promising effects on the lipid metabolism, ameliorating patients™ lipoprotein values

458  and disease management [77,78].
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459  Disease activity is one factor that may have a leading role on the changes of the patients
460 lipid profile. Differences in the lipid profile between flare and remission need to be
461  considered to better understand lupus lipid metabolism. So far, and to the best of our
462  knowledge, there is only one study that evaluates the changes in lipoprotein values
463  between flare and remission of adult patients with SLE, but no significant differences were
464  observed [70]. The study only detected a tendency of lipoproteins™ values during flare to
465  be worse when compared with the same parameters during remission. Patients in flare had
466  higher values of total cholesterol, LDL and TG and lower values of HDL comparing to the
467  same lipoproteins’ values in patients in remission[70]. The tendency to higher levels of
468 LDL, main targets of ROS, would promote the enhance ox-LDL levels, with contribution
469 to inflammation and atherogenesis risk factors for SLE relapsing and
470  comorbidities.Lipoprotein dysregulation in SLE patients has been associated with high
471  active phases of the disease. It is also considered a risk factor for the development of
472  cardiovascular diseases, once they have an atherogenic lipoprotein profile [66]. Lipidomics
473 is a high throughput method that allows to evaluate the variation of lipids at a molecular
474  level and has been used for the study of several chronic diseases. It is now well known that
475  changes in lipids at molecular level can occur as a consequence of metabolism adaptation
476 in a disease environment therefore can be used as important biomarkers of the disease.
477  Lipidomics at molecular level is important to disease pathology explanation, identification
478  of changes in lipid metabolism, discovery of new biomarkers and definition of new
479  treatment strategies [79]. The study of the variations on the lipid profile at a molecular
480 level using lipidomics has been applied in some autoimmune diseases, for instance
481  rheumatoid arthritis and multiple sclerosis, however little is known about this issue in SLE

482  (Table 3). Nonetheless, there are already a few studies that provide some evidence
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483

484

485

486

487

488

489

490

491

492

493

494

495

considering a possible adaptation of the lipid profile regarding FA, free FA (FFA), PL,

lysoPL (LPL), sphingolipids, TG and 4-HNE species profiles in SLE patients.

Table 3. Lipidomics studies on AID. Research made on PubMed data base under the terms

lipid profile, lipidomic(s), phospholipid(s) and fatty acid (all studies published until 2019

were analysed). All the studies that did not use MS techniques were not taken into

consideration.

Autoimmune disease

Lipidomic approach

Class of lipids

Reference

Systemic Lupus

Erythematosus

GC-MS;

MDMS-SL

FA; FFA; PL; LPL;

Sphingolipids; TG;

4-hydroxyalkenal species

[38,52,80-83]

Rheumatoid Arthritis GC-MS; LC-MS/MS FA; PL [84-91]
MALDI-TOF/TOF; GC-MS; PL; FA; Sphingolipids;
Multiple Sclerosis [92-97]
ESI-MS; LC-MS Very long chain FA
Systemic Sclerosis LC-MS/MS PL; LPL [98]
Psoriasis GC-MS; HPLC-MS FA; Sphingolipids; PL [99-103]
Polymyositis/ GC-MS; FA; TG; PL; LPL;
[104]
Dermatomyositis LC-MS/MS Sphingolipids
Celiac disease HPLC-MS; GC-MS PL; FA [105-107]
Lipidomics revealed a marked increase in TG, individual lyso-

-phosphatidylethanolamine (LPE) molecular species and total LPE levels, and a significant

decrease in some species of PE and phosphatidylcholine (PC), as it is detailed (Table

4)[52,83]. Serum total concentration of TG were increased, with markedly differences in

its FA composition. It was determined a raise in TG either with 16:1, 20:3, 20:2, 20:1 or
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496  22:6 FA [52]. The most significantly increased LPE species included 20:4 and 22:6 FA
497  [52]. All plasmenylphosphatidylethanolamine (pPE) and plasmenylphosphatidylcholine
498  (pPC) species, which are a subclass of PE and PC respectively, were substantially reduced
499 in SLE patients’ serum [52]. The species that suffered the most statistically significant
500 reduction were pPE species of 16:0-20:4 and 18:0-20:4 and pPC species of 18:0-18:0 and
501 16:0-18:2. The authors attributed the reduction of these species to three major metabolic
502 pathways: decrease of phospholipase A activation, peroxisomal dysfunction and
503  peroxidation-mediated degradation. Oxidation of pPE is considered the major mechanism
504  responsible for the reduction of pPE levels, which is corroborated by the increase of 4-
505 HNE. It is important to consider that under oxidative stress conditions pPE species have an
506  anti-oxidant role, which also supports the favourable oxidation and decrease of the content
507  of its non-oxidized precursors. Another possible hypothesis proposed by the authors was
508 that the activation of phospholipase A> was decreased, however, this hypothesis was
509 discharged because there was not an accumulation of alkenyl LPE. The peroxisomal
510 dysfunction hypothesis was also rejected since it appears to be normal in SLE patients,
511 once plasmanylphosphatidylethanolamine and plasmanylphosphatidylcholine levels were
512 unchanged [52]. pPE may become a biomarker for diagnosis/prognosis of SLE whereas its
513  reduction is strongly associated with disease activity (SLEDAI), oxidative stress (ROS)
514  and pro-inflammatory cytokines. It has also been reported an increase in plasma levels of
515 PE species (16:0-18:2), (18:0-18:2), (18:1-18:2), (16:0-22:6) and (18:0-22:6), and also an
516 increase of phosphatidylinositol (PI) species with (18:0-18:2) [83]. It was determined a
517  reduction as well in other PE species such as PE (16:0-18:1), (18:1-20:4), (20:0-20:0) and
518 (20:0-20:4), in PI species with (18:1-20:4) and a reduction in lyso-phosphatidylcholine

519 (LPC), namely, LPC 18:2 [83].
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520 The total content of sphingomyelin (SM) and ceramide species in SLE patients is
521 not different from that found in healthy people. On the other side, it was described that the
522 FA composition of both SM and ceramide species was modified in patients with SLE[83].
523  In SLE patients it was identified a significant increase in SM with N18:0, N18:1 and N22:0
524  comparing to the healthy control group (“N” stands for the amide linage of the acyl chain).
525 In ceramide species, it was determined a significant decrease in ceramides with N22:0,
526  N23:0 and N24:0 with a hydroxyl group on the second position of the acyl chain and a
527  significant increase in N24:1[83].

528 FA composition of plasma and red blood cells can be changed by diet and steroids
529 use, consequently, those alterations also affect circulating lipid profile and thus PL's
530  composition [38]. The variation of FA in PL have a direct impact on the fluidity of cell
531 membrane of immune cells [108]. Moreover, changes in FA composition in PL of
532  membranes of immune cells can affect the quantity and quality of essential FA, which are
533 released by phospholipases and to be available for the production of inflammatory
534 mediators that are released by these cells. Essential FA that are used in eicosanoid
535  synthesis derive from PL pools. For instance, arachidonic acid (AA, 20:4n-6) that
536  promotes production of inflammatory molecules, while eicosapentaenoic acid (EPA,
537  20:5n-3) is a precursor of anti-inflammatory mediators [109]. Plasma levels of FA depict
538 recent dietary fat intake while red blood cells levels reflect longer dietary patterns. There
539 are a few reports that suggest a relationship between FFA metabolism and SLE
540 [37,110,111]. FFA can change their levels according with disease activity [112-114].

541 High levels of saturated FA and low concentrations of PUFA have been detected in
542  plasma of SLE patients, which were correlated with autoimmunity and inflammatory

543  processes [110]. It was also found that oleic acid and AA are decreased in patients with
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544  lupus and that higher disease activity are usually associated with a lower level of linoleic
545  acid [37]. Using LC-MS and GC-MS technologies, Wu et al found that medium-chain FAs
546  and serum FFA were upregulated, while long-chain FAs (including ®-3 and -6 essential
547 FA) were markedly downregulated, which is suggestive of oxidative conditions [115].
548  Most probably, the decrease of PUFA could be correlated with oxidation of the unsaturated
549 FA due to the increase of ROS products associated with enhanced oxidative stress
550  conditions. However, with GC-MS platforms, Shin and co-workers detected significantly
551 higher levels of palmitoleic and oleic acids (known as anti-inflammatory FA) once they
552  regulate the activation of immune cells (as well as myristic and eicosenoic acids). On the
553  other side, they found markedly decreased concentrations of caproic, caprylic, linoleic,
554  stearic, AA, eicosanoic, behenic, lignoceric and hexacosanoic acids [82]. In general,
555 having in consideration the total content of FFA, saturated FFA levels were reduced and
556  PUFA concentrations were increased [82]. On the contrary, it was also discovered that
557  these patients have lower levels of EPA (which is an ®-3 PUFA) and a reduction of ®-3
558 index along with a significantly higher ratio of the inflammatory mediator AA to EPA,
559  which is clearly favouring an inflammatory environment [38]. These findings are not in
560 agreement with those reported before presenting the need for more studies in this field.
561  Hereupon, alterations in FA profile in SLE may result from low dietary intake (however it
562  cannot be generalized to every SLE patient due to body mass index differences), lipid
563  peroxidation and/or defects in essential FA desaturation and elongation enzymatic
564  reactions. However, there are controversial findings regarding the changes of FA profiles
565 and its correlation with disease activity, which suggests that more studies are needed in this

566  field of lipidomics [82,111]. Some of these MS studies present contradictory results which
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567  may be due to the different methods used for lipid extraction, the type of analysed sample,
568  the number of patients under study or even the chosen lipidomic approach (Table 4).

569 It seems that lipid metabolism in SLE can be improved with dietary fish oil
570  supplementation, which have been shown to have lipid lowering effects. Fish oil has in its
571  composition omega-3 PUFAs, specially EPA and DHA. EPA will promote the formation
572  of anti-inflammatory mediators and thus having an anti-atherogenic and anti-inflammatory
573  effect [116]. Therefore, fish oil supplementation is prone to balance immune,
574  atherosclerotic and inflammatory events in patients suffering from lupus [117,118]. It was
575 noticed an increase in EPA and DHA incorporation into cell membranes as well as a
576  decrease in AA after fish oils supplementation, as well as the level of lipoproteins [80]. In
577 fact, TG, VLDL concentrations and the ratio of total to HDL decreased, and it was
578  detected a significant elevation of HDL levels in the group of SLE patients that were
579 receiving fish oil supplementation [80]. However, the effects of fish oil supplementation
580 are dependent of the dose administrated. Also, the administration of highly purified EPA
581 alone has proved to have beneficial effects on the lipid profile of patients with SLE by
582  decreasing the oxidative stress. After treatment, patients showed significantly increased
583 levels of EPA, comparing with the pre-treatment period, as well as markedly decreased
584  concentrations of AA [81].

585 Through multi-dimensional mass spectrometry-based shotgun lipidomics it was
586 found an increase of the levels of 4-hydroxyalkenal species [52]. The elevation of 4-
587  hydroxyalkenals levels alongside with the upregulation of LPE and the increased levels of
588 oxidized LDL mention above, are undoubtedly indicative of lipid peroxidation [52,68].

589 Isoprostanes are biomarkers of lipid peroxidation formed through the non-enzymatic
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590 peroxidation of AA. The urinary 8-isoprostane levels were determined to be significantly
591  decreased in SLE patients™ after the administration of the EPA treatment [81].

592 All of these studies clearly demonstrate the role of lipids in inflammatory
593  processes, in immunity, and in the onset and development of AID. Also, lipidomics has
594  potential as a tool to aid both in AID diagnosis and therapeutics by allowing a detailed
595 lipidome profiling of SLE and AID patients, which is a first step for the identification of
596  new lipid biomarkers of disease.

597

598 Table 4. Main lipid species that showed variation in SLE reported in published lipidomics

599  studies, in PubMed data base, using MS approaches.

600
601 4. Concluding remarks and future perspectives
602 Lipids have a plethora of important biological functions and play key roles in many

603 intra and intercellular signalling pathways that are related with the maintenance of cell and
604  tissue homeostasis. Alterations in lipid profile and individual lipid molecular species are
605 important players of several pathologies, including SLE and other AID. There are
606 evidences that there are alterations in lipids and in lipids metabolism in SLE patients,
607  showing the importance that lipid regulation has in SLE pathogenesis. SLE is usually
608  associated with dyslipidemia. Some studies also reported alterations of some molecular
609 lipid species, from particular classes of lipids, such as variation of plasmalogens and FA.
610  Oxidized PL were also reported in few studies. Alteration in lipids seems to be a common
611 issue in SLE, that has been scarcely addressed and are far from being completely

612  elucidated. Therefore, it is of outmost importance to improve the screening methodologies
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613  to evaluate the alterations in lipid profile of SLE, also useful in other AID. Lipidomics is
614 nowadays the best methodological approach to understand the modulation of lipid
615 metabolism in SLE, and advance knowledge on SLE’s pathology. Lipidomics is a
616 promising tool to better understand autoimmune diseases  lipidome, enabling the
617 identification of potential disease biomarkers. Thus, it would contribute to a more precise
618 and early diagnosis, evaluation of disease progression, to predict relapse episodes, and
619 evaluate therapy outcomes. Utmost, lipidomics approaches could be a promising tool to
620  personalise medicine, allowing the reduction of the morbidity and mortality of SLE and
621  other AID.
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